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ABSTRACT: Minor leucine tRNA species, tRNA" and tRNA®, from Escherichia coliB have been
reported to recognize leucine codons UUA and UUG [Goldman, E., Holmes, W. M., and Hatfield, G. W.
(1979)J. Mol. Biol. 129 567—-585]. In the present study, these two tRN®Aspecies were purified from

E. coli A19, and the nucleotide sequences were determined by a post-labeling methoct.e‘tmma
found to correspond to the tRNA gene reported &6 $RNA [Yoshimura, M., Inokuchi, H., and Ozeki,

H. (1984) J. Mol. Biol. 177 627—644]. The first letter of the anticodon was identified to be
2'-O-methylcytidine (Cm). tRNé\e“ was identified as the minor leucine tRNA that has been sequenced
previously (tRNﬁteU“R) [Yamaizumi, Z., Kuchino, Y., Harada, F., Nishimura, S., and McCloskey, J. A.
(1980)J. Biol. Chem. 2552220-2225]. There was an unidentified modified nucleoside (N*) in the first
position of the anticodon of tRNj&”. Nucleoside N* was isolated to homogeneityAdso unit). By H

NMR spectroscopy, nucleoside N* was found to be'-@2znethyluridine derivative with a substituent
having a—CH,NH,"CH,COO™ moiety in position 5 of the uracil ring. On the basis of these NMR analyses
together with mass spectrometry, the chemical structure of nucleoside N* was determined as 5-carboxy-
methylaminomethyl-20-methyluridine (cmnrflm). Nucleoside N* was thus found to be a novel type

of naturally occurring modified uridine. Because of the conformational rigidity of Cm and éhjmmin

the first position of the anticodon, these tRNAspecies recognize the leucine codons UUA and UUG
correctly, but never recognize the phenylalanine codons UUU and UUC.

Many tRNA molecules have modified nucleosides at the tRNAY) (2), 5-carboxymethylaminomethyluridine (cmPlh
first position of the anticodon (position 34), which are yeast mitochondrial tRNg) (3), 5-carbamoylmethyl-2
supposed to have essential roles in codon recognitipn ( O-methyluridine (ncrfium; yeast cytoplasmic tRNAYY, 2-
Particularly, leucine tRNA species that correspond to the O-methylcytidine (Cm), 2, 5, 6, 5-methylcytidine (rPC;
UUR codons (R= A and G) often have a modified yeast tRNA®™) (7), and 5-formyl-2-O-methylcytidine
pyrimidine substituted at position 5 and/d#t&droxyl group,  (f5Cm; cytoplasmic tRNAs from bovine liver)8). Other
such as 20-methyluridine (Um: soybean chloroplast  nucleosides have been found from various organisms, but
their chemical structures remain unidentifi€dj (0.
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this tRNA have not been identified. TheuYgene was found
to correspond to tRNg;, which indicated that the uni-
dentified nucleoside is encoded b T (15). On the other
hand, the unidentified nucleoside of tRi, was indi-
rectly concluded to be Cni§).

In the present study, we purified tRNA and tRNA®
from E. coli and determined the nucleotide sequences by a
post-labeling method. It was revealed that tRAFA and
tRNA'geu are theleuY andleuX products, respectively, and
that the nucleosides in position 34 are 5-carboxymethylami-
nomethyl-2-O-methyluridine (cmnrflUm) and Cm, respec-
tively.

EXPERIMENTAL PROCEDURES

Isolation of tRNA® and tRNA®" from E. coli. E. coli
A19 cells were harvested in the late logarithmic phase of
growth, and crude tRNA was prepared from them as
described by Zubayl(/) except that treatment with alkali
was omitted. tRNA™ and tRNA® were purified by suc-
cessive chromatography on columns of DEAE-Sephadex
A-50 (Pharmacia) at pH 7.51.8, 19, benzoylated DEAE-
cellulose (BD-cellulose, Boehringer-Mannhein®0), and
Sepharose 4B (Pharmacia) using a reverse salt gra@ignt (
and DEAE-Sephadex A-50 (Pharmacia) at pH 422)(
Assay of amino acid acceptor activity of tRNA using crude
E. coliaminoacyl-tRNA synthetase was carried out according
to Nishimura et al. 18), where 5-10 uL of each fraction
was used for the measurement of the acceptor activity of
each amino acid species.

DEAE-Sephadex A-50 Column Chromatography at pH 7.5.
The crudeE. coli tRNA (110 000Azs0 units) was dialyzed
against 20 mM TridHCI buffer (pH 7.5) containing 8 mM
MgCl, and 0.365 M NaCl (buffer A). The dialysate was
loaded on a DEAE-Sephadex A-50 column (4.8.45 cm)
equilibrated with buffer A. Elution was performed, at a flow
rate of 67 mL/h, with 20 L of a linear gradient of NaCl (from
0.375 to 0.525 M) and Mggl(from 8 to 16 mM) in buffer
A, and fractions of 30 mL were collected. Fractions contain-
ing tRNA;*" and/or tRNA®" were pooled as several frac-
tions, and tRNAs were precipitated by the addition of 2.5
volumes of ethanol.

BD-Cellulose Column Chromatographyach of precipi-
tated tRNA fractions of the DEAE-Sephadex A-50 column
chromatography (pH 7.5) was dissolved in 20 mM £H
COONa buffer (pH 6.0) containing 0.35 M NaCl (buffer B),
and loaded on a BD-cellulose column (1:5 140 cm)
equilibrated with buffer B. Elution was performed, at a flow
rate of 10 mL/h, first wih 1 L of alinear gradient of NaCl
(from 0.5 to 1.0 M) in buffer B, and second Witl L of a
linear gradient of NaCl (from 1.2 to 2.5 M) and ethanol (from
0% to 20%) in buffer B, and fractions of 5 mL were
collected. Fractions containing tRNA and/or tRNA®
were pooled, and tRNAs were precipitated by the addition
of 2.5 volumes of ethanol.

Sepharose 4B Column Chromatograptyrecipitated
tRNAs of the pooled fractions of the BD-cellulose column
chromatography were dissolved in 10 mM §€HDONa
buffer (pH 4.5) containing 6 m\8-mercaptoethanol, 10 mM
MgCl,, and 1.3 M (NH).SO, (buffer C), and loaded on a
Sepharose 4B column (0:8 60 cm) equilibrated with buffer
C. Elution was performed with 220 mL of a linear reverse
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salt gradient of (NH),SO, (from 1.3 to 0 M) in buffer C at
the flow rate of 4.6 mL/h, and fractions of 2 mL were
collected. Fractions containing tR® or tRNA® were
pooled.

DEAE-Sephadex A-50 Column Chromatography at pH 4.0.
Pooled fractions of Sepharose 4B column chromatography
were dialyzed against 10 mM GHOONa buffer (pH 4.0)
containing 10 mM MgC] and 390 mM NaCl (buffer D).
The dialysate was loaded on a DEAE-Sephadex A-50 column
(0.7 x 140 cm) equilibrated with buffer D. Elution was
performed, at a flow rate of 5 mL/h, first with 480 mL of a
linear gradient of NaCl (from 0.4 to 0.8 M) in buffer D, and
fractions of 2 mL were collected. Fractions containing
tRNA;® and/or tRNA® were pooled, and tRNAs were
precipitated by the addition of 2.5 volumes of ethanol.

Sequencing of tRNA by Post-labeling Methdcleotide
sequences of tRNAs were analyzed by the post-labeling
method 23—25). tRNA;*" and tRNA® as obtained by
column chromatography were further purified by electro-
phoresis on 10% and 20% polyacrylamide gels and on a 15%
polyacrylamide gel in the presence?M urea. These tRNA
species were treated with formamide, and théeBmini of
degradation fragments were labeled wit#P (25). For
obtaining 5-32P-labeled mononucleotides, these labeled frag-
ments were digested by nuclease P1 (0.5 mg/mL) in 1 mM
CH3COONH, buffer (pH 5.4), and, in some cases, by snake
venom PDase (0.2 mg/mL) in 50 mM Ti4$ClI buffer (pH
8.0).

Two-Dimensional TLC Analyses of NucleotidEisese 5
32p-labeled nucleotides were identified by autoradiography
of two-dimensional thin-layer chromatograms %55 cm)
with solvent system | [the first dimension, isobutyric acid/
concentrated ammonia/water (50:1:29 v/v/v); the second
dimension, 2-propanol/concentrated HCl/water (70:15:15 viv/
Vv)]. Furthermore, for the band corresponding to position 34,
the B-3%P-labeled nucleotide was examined by autoradiog-
raphy of two-dimensional thin-layer chromatograms .0
10 cm) with solvent system | and with solvent system Il
[the first dimension, isobutyric acid/concentrated ammonia/
water (66:1:33 v/v/v); the second dimension, 100 mL of 0.1
M sodium phosphate buffer (pH 6.8) containing 2 mL of
1-propanol and 60 g of ammonium sulfat@py.

Preparation of Dinucleotide pN*pA from E. coli tRIﬁFA
Purified tRNA;®" (160 Az units) was digested by nuclease
P1 (1 mg/mL) in 10 mM CHCOONH, buffer (pH 5.4) at
37 °C for 14 h. The digest was spotted at the end of a
cellulose TLC plate (20x 20 cm) and developed with a
solvent system, isobutyric acid/concentrated ammonia/water
(50:1:29 viviv). pN*pA was extracted from a peak band
between those of pU and pC and loaded on a DEAE-
Sephadex A-25 column (0:8 20 cm) equilibrated with 0.01
M trimethylammonium bicarbonate buffer (pH 8.0). Elution
was performed with 100 mL of a linear gradient of
trimethylammonium bicarbonate buffer (pH 8.0) from 0.01
to 2.0 M, and fractions of 1 mL were collected. pN*pA was
eluted as the main peak, which was confirmed by two-
dimensional TLC analyses.

Analytical and Preparatie HPLC of NucleosidesThe
purified tRNA;®" or tRNA:™ (about 1 Agso unit) or the
purified dinucleotide pN*pA (0.033 Aggo units) was di-
gested by bovine pancreatic RNase A (1 mg/mL), 0.2 mg/
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mL snake venom PDase (0.2 mg/mL), al&dcoli PMase T
(0.04 mg/mL), in 50 mM TrisHCI buffer (pH 8.0) at 37C a,b,c.d 18 %
for 4—14 h. HPLC was performed using a Shimadzu LC- ] 518 { £
4A chromatography system equipped with a UV detector. 40 é i le ”;
A Shimadzu Shim-pack PC18 column (5<050 mm) and a - ;o ‘é
Shimadzu Shim-pack CLC-ODS column (6:0150 mm) | %0 Py i 1 8§
were used for analytical HPLC and preparative HPLC, & é VA i 14 8
respectively. Elution was performed isocratically with 2.5 < 207 AR R N { s
mM ammonium formate buffer (pH 5.1) containing 5% 755 WoOVR 15 g
methanol at a flow rate of 0.9 mL/min. 10r { S04 &

H NMR Spectroscopyucleoside N* (0.4Az¢0 Units) or A % %QQO §
dinucleotide pN*pA (0.5Az units) was dissolved in 0.4 030500 300 a00 508
mL of 2H,0 (99.6%), evaporated in an NMR tube (5 mm), Fraction Number

and dissolved in 0.35 mL oH,0 (100%). The pH of the FiGUrRE 1. DEAE-Sephadex A-50 column chromatography of the
sample solution was measured as a direct pH meter reading- €l tRNA fraction at pH 7.5.

(not corrected for the difference from théHpvalue) and

adjusted by the addition of 0.5 RHCI or 0.5 M NaGH. *H RESULTS

NMR spectra (400 MHz) of nucleoside N* at 2& were Unambiguous Isolation of tRNA' and tRNA®™ from E.
recorded with a Bruker WM400 spectrometer. Chemical ¢oji For the purpose of the present study, it was necessary
shifts (ppm) of proton resonances of nucleoside N* relative ; obiain authentic samples of tREA and tRNA® from
to the methyl proton resonance of sodium 2,2-dimethyl-2- £ ;i First, crude tRNA (110 00@ugo units) was loaded
silapentane-5-sulfonate were obtained by the use of ang, 4 column of DEAE-Sephadex A-50 at pH 788( 19.
internal standard dert-butyl alcohol (1.231 ppm). Chemical | oy cine-accepting activity was eluted as four peaks (Figure
shifts and spin-coupling constants of nucleoside N* at pH 1). It has already been reported that tliﬁﬁand tRNAL;e”
8.5 were determined by spectral simulation using a computerare eluted in the middle of the gradient in the same column
program NMRSIM g7). pKa values together with their  cpomatography29). Therefore, fractions 272390 were
standard deviations were obftalned_by the anal)_/ses of pHpooIed as four samples a, b, ¢, and d (Figure 1), and each of
dependences of proton chemical shifts by a nonlinear least-y,ese was fractionated by BD-cellulose column chromatog-
squares method. Thes&gvalues are corrected neither for raphy @0), where both tRNA® and tRNA® require
the difference betheen direct pH meter readings afttl P onanol to be eluted from the colum2dj. In fact, for each
values nor for théH-?H isotope effgct on g, Usually these of samples a and b, the leucine-accepting activity was
two factors compensate largely with each other, so that thesgjeected in fractions eluted from the BD-cellulose column
PKa values ol:_)tallned here may be regarded as approximatéyy g puffer with 20% ethanol (data not shown). Such
values of [, in *Hz0 solut|on..' . fractions probably containing tRNA' and/or tRNA®
Mass Spectrometryrhe purified nucleoside N* (0.2z60 were pooled (samples aBD and bBD from samples a and b,
units) or an authentic cmritd (1 Aggo unit) was dissolved  respectively).
in a solution of N,O-bis(trimethylsilyl)trifluoroacetamide/ Each of these pooled samples (aBD and bBD) was
trimethylchlorosilane/pyridine (99:1:10), and then heated at fractionated by Sepharose 4B column chromatography with
100°C for 1 h. After rempval of silylation reagents under a reverse salt gradier2) as shown in Figure 2. The major
vacuum, the sample was introduced by direct probe. A masstRNALeU species in sample aBD was eluted at the beginning
spectrum was recorded with a JEOL JMS-DX300 instrument of the gradient (Figure 2B), while the major tRNAspecies
with ionization voltage of 70 eV and ionization current of in sample bBD was eluted at the end of the gradient (Figure
300 uA. 2A). In the same column chromatography, tRiAis

MS2 RNA-Directed Protein Synthesis itro. tRNAf"“ eluted last and tRN?u is eluted first, among five tRN/&Y
and tRNA® were purified finally by electrophoresis on Species fronE. coli (29). Accordingly, fractions 108115
10% and 20% polyacrylamide gels and on a 15% polyacry- in Figure 2A were pooled as the tRIA fraction and
lamide gel in the presencef @ M urea. tRNAs were  fractions 306-60 in Figure 2B were pooled as tRI§A
aminoacylated with“C-leucine (Amersham, 330 mCi/mmol)  These tRNA® species were further purified by chromatog-
and used in MS2 RNA-directed protein synthesis in vitro as raphy on a column of DEAE-Sephadex A-50 (pH 4.02 (
described 28). Reactions (0.2 mL) contained-3 nmol/ 22). Finally, about 200Az units each of tRNA™ and
mL of each purifiedC-Leu-tRNA= species, or 7 nmol/  tRNA:*" were obtained. The purity of each of them was
mL of bulk tRNA aminoacylated with*C-leucine, as well more than 95%, judging from their leucine-accepting activity
as 1 mM nonradioactive leucine. Following incubation at and the patterns of electrophoresis on 10% and 20%
37 °C for 15 min, samples were digested with trypsin, polyacrylamide gels and on a 15% polyacrylamide gel in
subjected to electrophoresis at pH 328)( and autoradio-  the presencefo/ M urea.
graphed. Bands were excised from the pH 3.5 separation, On the basis of each of the three chromatographic patterns
sewn onto a fresh sheet of Whatman 3MM paper, subjecteddescribed by Hurd et al2Q), we identified our tRNAeY
to the second-dimension electrophoresis at pH 28, @nd species unambiguously to be tRFA and tRNA®, re-
autoradiographed. Spots were cut out and counted in aspectively. In fact, there has been some confusion in the
scintillation counter. literature concerning the numbering of five isoaccepting
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FiGure 2: Sepharose 4B column chromatography: tF§f’\‘I‘A
fraction (A) and tRNA® fraction (B).

tRNA species 12, 14, 21, 29-32). However, the number-
ing of the tRNA®! species here is unambiguous, since the
elution times of tRNA® and tRNA® are remarkably
different from each other in the Sepharose 4B column
chromatography21, 29 as shown in Figure 2. Therefore,
the present identification of tRNA" and tRNA® is con-
sistent with the original numbering by Kelmers et @1
using RPC-5 columns.

Nucleotide Sequence of E. coli tRf#A The nucleotide
sequence of tRNZfi“ except for the first and second

Horie et al.

for as long as 10 h at 37C (Figure 4A,B). However, by
treatment with PDase fa} h at 37°C, spot-34 completely
disappeared and a new spot was observed in the TLC
autoradiogram (Figure 4C). Therefore, spot-34 is not due to
a mononucleotide pN(34) but due to a dinucleotide pN(34)-
pN(35), which was completely resistant against nuclease P1
but readily digested by PDase resulting in the formation of
32p-labeled pN(34) (Figure 4B,C). This was confirmed with
a different solvent system for TLC (solvent system Il) (Figure
4D,E). In TLC autoradiograms with these two solvent
systems, the positions of the spots due to pN(34) do not agree
with those of any modified nucleotides identified so far.
Therefore, the nucleoside in position 34 of tRi¥Afrom

E. coliis a novel naturally occurring modified nucleoside
(designated hereafter as N*).

Nucleoside in Position 35 of E. coli tRIfA To identify
the nucleoside in position 35, which could not be labeled
with 32P by the post-labeling method, tRNA (2.0 Axo
units) was digested by nuclease P1 and applied to two-
dimensional TLC (10x 10 cm). The dinucleotide pN*(34)-
pN(35) was extracted from the TLC spot, digested with
PDase, and then applied to TLC again. Two spots were
clearly detected by UV absorption; one was the spot of pN*
as found in Figure 4D, and the other was identified to be
pA (Figure 5). Accordingly, nucleosides in positions 34 and
35 were found to be an unidentified nucleoside N* and an
unmodified A, respectively (Figure 3A). Thus, the anticodon
of tRNA;* is now determined to be N*AA.

Large-Scale Preparation of Nucleoside N* from E. coli
tRNA®". The nuclease P1 digest of purified tREFA (160
Ao UNIts) was fractionated by one-dimensional TLC. The
dinucleotide pN*pA (about Azs0 Units) was extracted from
the spot and purified to homogeneity by DEAE-Sephadex
A-25 column chromatography. For trial, 0.@3s0 units out
of this purified pN*pA was digested by PMase and PDase,
and subjected to HPLC with an ODS column (Figure 6). In
the chromatogram, only two peaks were observed (Figure
6B). The second peak was clearly assigned to adenosine,
and, therefore, the first peak was assigned to nucleoside N*
(Figure 6B). In the chromatogram of PDase/PMase digest
of tRNA};*" under this condition (Figure 6A), a peak was

positions of the anticodon was determined by the post- pbserved at the same elution volume as that of the peak of

labeling methodZ3) as shown in Figure 3A. As far as the
determined sequence is concerned, tRNAs identical

nucleoside N* as prepared from the purified pN*pA (Figure
6B). This indicates that nucleoside N* was not degraded

with tRNAbeLj‘R which had been sequenced and considered during the course of the purification of pN*pA. Thus, pN*pA

to be tRNA®" (12). Modified nucleoside residuesi¥8),
D(16), Gm(18), D(20),W(32), msi°A(37), W(39), T(54),

(3 Ao units) was digested by PMase and PDase and
fractionated by HPLC under the same condition as above,

andW(55) (according to the universal numbering of residues and each of the two peaks was collected. The nucleoside of

in tRNA) (33), were identified by the positions of spots

the second peak was confirmed to be unmodified adenosine

in TLC analyses in the course of the post-labeling sequenc-by *H NMR spectroscopy. From the absorbance at 260 nm

ing.

Nucleoside in Position 34 of E. coli tR§fA As for
position 34, an unidentified spot (spot-34) was found in the
TLC autoradiogram (Figure 4A), which is close to the
authentic sample of queuosinerBonophosphate, pGB4).

of separated nucleoside N* and adenosine (Figure 6B) and
the molecular extinction coefficient at 260 nra,dy) of
adenosine (14.9 10%), ez60 0f Nnucleoside N* at pH 5.1 was
estimated to be 9.4 10°. Thus, 0.9A2¢ unit (ca. 1uzmol)

of nucleoside N* was purified to homogeneity.

On the other hand, the band corresponding to position 35 UV Absorption Spectra of Nucleoside N* from E. coli
was missing in the first sequencing PAGE autoradiogram tRNA';e“. UV spectra of nucleoside N* were measured in
(data not shown). The phosphodiester bond between nucleothe pH range 2.612.0 (Figure 7). The UV spectra at pH
sides in positions 34 and 35 is resistant against the formamide2.0-6.5 are nearly the same as one another, where the
treatment. This®?P-labeled nucleotide (spot-34) was not absorption maximum is at 265 nm and the minimum is at
digested at all by further incubation with nuclease P1 even 232 nm. As pH is raised to 12.0, UV spectra change with a
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Ficure 3: Nucleotide sequences of thﬁﬁﬁ((A) and tRNAge” (B) from E. coli A19. Nucleoside N* in the first position of the anticodon
(position 34) of tRNA®" has been identified in the present study to be cfiumm
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The 8-32P-labeled fragment terminating in position 34 was digested FIGURE 6: Reversed-phase HPLC of PDase/PMase digesEs of
with nuclease P1 fol h (A) and for 10 h (B and D), and also  coli tRNA;* (A) and the purified pN*pA (B).

digested with PDase (C and E), and then analyzed with solvent

system | (A, B, and C) and solvent system Il (D and E). Arrows
indicate the spots of pN*pA (A, B, and E) and pN (C and D). 04
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pC FiIGURE 7: UV spectra of nucleoside N* fror. coli tRNAf’”. pH
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nificantly shallow. These properties of nucleoside N* are

similar to those of T (5-methyluridine), suggesting that, for
Ficure 5: Spots of pN*, pN*pA, pCm, and pCmpA in two-  nycleoside N*, a methyl or a methylene group is linked
dimensional thin-layer chromatography with solvent systems | directly to position 5 of a uracil ring. Further, Figure 7
(upper) and Il (fower). suggests that the deprotonation/protonation of uracil basemoi-
pseudo-isosbestic point around 247 nm. At pH 12.0, the ety of nucleoside N* occurs around pH 8.4. Such a ld p
absorption maximum is shifted to 262 nm with a lower of protonation/deprotonation of uracil moiety as compared
molecular extinction coefficient, and the minimum is sig- with that of 5-methyluridine (K. = 9.7) @5) is possibly
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E. coli tRNAAL‘eU in 2H,0 (pH 6.5). Resonances are indicated for FIGURE9: pH dependence of proton chemical shifts of nucleoside
the ribose protons [H1H2, H3', H4', H5, and H%], the 2-O- N* from E. coli tRNAke“. Resonances of the H6 proton of
methyl protons [20-CHjg], the H6 proton of the pyrimidine ring pyrimidine moiety and the Ci{1) and CH(2) methylene protons
[H6](,26)1]nd the methylene protons of the 5-substituent, {@Hand of the 5-substituent are indicated @s A, and ®, respectively.
CH(2)].
these indicate that thé-Bydroxyl group of the ribose moiety
of nucleoside N* is methylated.

Pyrimidine Moiety and 5-Substituent of Nucleoside N*

Table 1: Proton Chemical Shifts and Spin-Coupling Constants of
Nucleoside N* and Urh

assign N* um from E. coli tRNA®. As shown in Figure 8, there is no pair
Chemical Shift of doublet resonances corresponding to protons in positions
ribose 1 5.965 5.977 5 and 6 of the pyrimidine ring (H5 and H6) of uridine, while
;:Egzgg 32%2 3:222 there is a singlet resonance at 8.006 ppm (pH 8.5). This
ribose 4 4.077 4.122 singlet resonance is probably due to the H6 proton, because
ribose 5 3.928 3.922 its chemical shift is similar to those of H6 protons of
ribose & 3.807 3.813 5-methyluridine derivatives2(). Therefore, it is concluded
Egzgg 29006 %.%%%P that position 5 of the pyrimidine moiety of nucleoside N* is
CHo(1) 3.688 nd substituted possibly with a methylene group. In fact, in Figure
3.726 ngl 8, there are two pairs of methylene proton resonances at
CHy(2 3.358 n
CHg( ) 38 A 0o 3.688/3.726 ppm [AB pattern, GkL)] and at 3.358 ppm

[singlet, CH(2)] at pH 8.5. These two pairs of methylene

Coupling Constant

protons are not spin-coupled with each other. One of these

{:Egi:ﬂ;z g'gig gg'gggg é'g two methylene groups is probably bonded directly to position
riboseds 6.179 (0.066) 5.9 5 of uracil ring. No other nonexchangeable proton resonance
riboseJys 2.831 (0.067) 2.9 was observed for nucleoside N*. The same set of proton
f!gosejw 1278% ((8-82?) 1245';3 resonances was observed for the nucleoside N* moiety of
rinosedss: — . . — . . . %

CHo(1) e _13.42 (0.62) nd dinucleotide pN*pA (data not shown).

a Standard deviations are listed in parentheses.

pH Dependence of Proton Chemical Shifts of Nucleoside
N* from E. coli tRNA;e“. Figure 9 shows the pH depen-
dence of chemical shifts of these resonances of the H6 proton

because of the presence of a positively charged group (orof the pyrimidine moiety and the GKL) and CH(2)

groups) in the 5-substituent.

methylene protons of the 5-substituent in a range of pH from

'H NMR Spectroscopy of Nucleoside N* from E. coli 1to 12. The proton NMR spectra at neutral pH were identical

tRNALle“: Ribose Moiety2'-O-Methylated.The 400 MHz
IH NMR spectrum of nucleoside N* i#H,O (pH 8.5) was

before and after the NMR measurements at pH 1 or 12,
indicating that nucleoside N* is stable even at pH 1 and 12.

measured (Figure 8). All of the ribose proton resonances In this pH range, all these three pH profiles indicate the
(H1', H2, H3, H4', H5, H5") were assigned as indicated presence of three titratable groups. By the least-squares
in Figure 8 by spin decoupling. The chemical shifts and spin- analysis, the threelfa values were obtained to be 2.13, 8.28,
coupling constants for these ribose proton resonances ofand 10.02 with their standard deviations of 0.01, 0.01, and
nucleoside N* were compared with those of unmodified 0.02, respectively. The intrinsic chemical shifts of four
uridine at 23°C (36) (Table 1). The H2resonance (4.039 ionization states were also obtained as listed in Table 2.
ppm) is upfield shifted by as much as 0.301 ppm from that Chemical Structure of 5-Substituent of Nucleoside A§:.

of U, while the H1 and H3 resonances (5.961 and 4.327 shown in Figure 9, only the CiR) methylene proton
ppm, respectively) are downfield shifted by 0.060 and 0.106 resonance is shifted significantly aroun&(2.13), sug-
ppm, respectively, from those of U. These chemical shifts gesting that a carboxyl group is directly bonded to this
of ribose proton resonances of nucleoside N* are much the methylene carbon. Further, thi&pvalue of 2.13 is close to
same as those of -®-methyluridine (Um) 87) (Table 1). that of the carboxyl group of glycine Kp = 2.35), and the

In fact, there is a methyl proton resonance at a chemical chemical shift of this methylene proton resonance is close
shift of 3.503 ppm, which agrees with that of tHeCmethyl to that of the methylene proton resonance of glycine (3.94
proton resonance of Um (3.509 ppm at Z8) (37). All of ppm at acidic pH, 3.55 ppm at neutral pH, and 3.22 ppm at



Modified Nucleosides oE. coli Leucine tRNAs Biochemistry, Vol. 38, No. 1, 199913

compared with these proton resonances of the substituted
uracil moiety, the chemical shift differences between the two
nucleosides are much more significant for ribose protons,
pKa Values of N* and cnifU because of the presence of thé@methyl group in

PKa nucleoside N*.

Table 2: K, Values of Nucleoside N* and Synthetic cmfln(A)
and Intrinsic Chemical Shifts of the Four lonization States of N*
(B) Derived from pH Dependence of Proton Chemical Shifts

assign N* cmnrfu Mass Spectrometry of Nucleoside Nucleoside N* was
CH,NH,CH, 10.018 (0.016) 10.185 (0.048) trimethylsilylated and analyzed by mass spectrometry. As
base 3H 8.283 (0.010) 8.151 (0.041) shown in Figure 11A, a molecular ion wittvz 705 was
COOH 2.126 (0.012) 2.129 (0.048) observed. This is consistent with the structure of nucleoside

cmnnPUm with five TMS groups (Figure 11B). lonsvz
588, 574, 488, 414, and 218 were assigned as shown in
Figure 11B, while ionsn/z291/290, 217, 201, and 159 were

Intrinsic Chemical Shifts of the
Four lonization States of N* and cmifhh

intrinsic chemical shift

found to be consistent with common ions ¢f@-methyl-

nucleoside H6 Ch(1) CHy(2) i | ide 79 40, Theref h hemical
N 7.645 (0.002) 3.400 (0.002) 3.139 (0.001) ribonuc eo_S| e 39, 40. er_e ore, Eeue_ chemical stru_cture
7.902(0.003)  3.660(0.004)  3.319(0.003)  Of nucleoside N* fromE. coli tRNA,™ is now unambigu-
8.201 (0.001) 4.022 (0.001) 3.609 (0.001) ously identified as cmnPum. Furthermore, it was confirmed
8.237(0.002)  4.091(0.002)  3.995(0.003)  that the present natural sample of nucleoside N* is identical
cmnnfU 7.615(0.005)  3.398(0.005)  3.139 (0.005)

7.881 (0.010)
8.143 (0.004)
8.190 (0.007)

3.662 (0.010)
4.022 (0.004)
4.092 (0.007)

3.319 (0.009)
3.607 (0.005)
3.987 (0.011)

to a chemically synthesized cmAldm (41) by comparison
of the 400 MHz'H NMR spectra.

Nucleotide Sequence and Modified Nucleosides of E. coli
tRNA®. The nucleotide sequence of tREA was also
determined by the post-labeling methd2B) as shown in

o Figure 3B. Thus, the present tRIfA is identified to be
'O\HAWH NH Su6 tRNA corresponding to the S6 amber suppressor
i | /g tRNALeU although modified nucleosides of @tRNA had
chon N o not yet been identifiedl®). All of the modified nucleosides
‘o of tRNAE® were identified from the positions of spots in
TLC analyses in the course of the post-labeling sequencing.
In common with tRNA®, identified bases were*d(8),
D(16), Gm(18), D(20),W(32), msiA(37), W(39), T(54),
andW¥(55). Cm was found in position 34 (the first position
of the anticodon) of. coli tRNAL® (Figure 12); the spots

aIkaIin+e pH) @8). These data indicate the presence of ot \cm and pCmpA were found in the autoradiogram of
—NH2"CH,(2)COO " (at neutral pH) in the S-substituent.  {he thin-layer chromatogram corresponding to position 34

Thus, the [, of 8.28 may be assigned to the deprotonation it the standard condition of nuclease P1 digestion (Figure
of _th_e uracil moiety, which is lower than that of 5-methy- 12C). Only the spot of pCm was found with the longer time
Ll;‘rltilgepg:?t?;l)?.Z%a(lsrg)egrg?neilrt:g grizapl)u?netﬂfetgesﬂijesstﬁggﬁt of digestion (10 h) (data not shown). For confirmation, the
. . nucleoside composition of this tRI\!ﬂf was analyzed by
as discussed above. On the other hand, Kip10.02 may ODS HPLC; Cm was identified from the retention time in

be assigned to the deprotonation of this amino group in thethe chromatogram (Figure 13) and the UV spectrum (not

5-substituent. Accordingly, the 5-substituent of the uracil ;
moiety of nucleoside N* is likely to be-CH;(1)NH;"CH,- i??&ﬂ% Thus, Cm was determined to be about 1 mol/mol

(2)COO0 . o -~ )
Comparison of Proton NMR Spectra between Nucleoside ~ SPecificity of Codon Recognition by E. coli tRjfand
tRNAS®" in Protein Synthesis invitro Directed by MS2

N* from E. coli tRNA® and 5-Carboxymethylamino- . S _
methyluridine.Thus, by!H NMR spectroscopy, it is sug- Phage RNAThe highly purified and characterized pre-
parations of tRNA®™ and tRNA® were aminoacylated

gested that nucleoside N* frofd. coli tRNA;® is 5-car- . _ | wer ICylatec
boxymethylaminomethyl‘20-methyluridine (designated as  With **C-leucine and used in protein biosynthesis in vitro

cmnnPUm hereafter) (Figure 10). Therefore, the pH depen- directed by bacteriophage MS2 RNARE). The tRNA®
dence of proton resonances [H6, &), and CH(2)] of and tRNArL,eu purified nearly to homogeneity28), and
nucleoside N* were compared with those of an authentic partially purified tRNASS, (12) was also tested for com-
sample of 5-carboxymethylaminomethyluridine (critt) parison. Amounts of these tRNA species in the reaction
which has the same base moiety as crfldm. As listed in mixture (0.2 mL) are listed in Table 3. Radioactive proteins
Table 2, cmnrflJ has three titratable groups wittiKpvalues synthesized in vitro were digested with trypsin and subjected
that are much the same as those of nucleoside N*. Betweento the first-dimension electrophoresis at pH 3.5 as shown in
nucleoside N* and cmnft, the intrinsic proton chemical  the left panel of Figure 14. Peptide bands were sewn onto a
shifts of all the four ionization states agree within 0.01 ppm fresh sheet of paper and subjected to the second-dimension
for CHy(1) and CH(2) methylene protons, and within 0.06 electrophoresis at pH 1.28). The right panel of Figure 14
ppm for H6 proton. Consequently, the base moiety including shows the analysis of band E containing the peptide fragment
the 5-substituent of nucleoside N* froR coli tRNAL® is of the replicase (“replicase 5"28). The region of MS2 RNA
identified to be 5-carboxymethylaminomethyluracil. As coding for this peptide has only one leucine codon, UUA,

a Standard deviations are indicated in parentheses.

OH OCH,

FiGURe 10: Structure of nucleoside N* fror. coli tRNA;®".
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Ficure 12: Autoradiography of two-dimensional thin-layer chro-
matograms of 532P-labeled nucleotides fror&. coli tRNAL®.
Nuclease P1 digests of th#-labeled tRNA fragments terminating
in positions 37 (A and D), 36 (B and E), and 34 (C and D) were

Table 3: Quantitation of'fC]Leucine Incorporation into Peptides
Isolated in the Right Panel of Figure a4

amount added initial incorporation band E
(uCil0.2 mL) (cpmx 10°°/0.2 mL) (cpm)

sample (source)
14C-Leu-tRNALeu

1(H) 0.075 13.9 75
1 (H) (duplicate) 0.075 13.5 51
4 (H) 0.075 16.6 230
5(H) 0.075 11.3 105
5(N-1) 0.075 18.3 264
4 (N-2) 0.116 27.8 409
5(N-2) 0.116 22.9 206
bulk (S. M.) 0.164 39.7 218
blank-bulk (S. M.) 0.164 9.9 45

(no added MS2 RNA)

aSources: H= G. W. Hatfield. These were tested for coding by
Goldman et al. (1979). Mol. Biol. 129 567-585. N-1= S. Nishimura,
first sample (1983). N-2= S. Nishimura, second samples (1985). S.
M. = Schwarz-ManrE. coli B tRNA.

twice as high as that by tRN;E\“(TabIe 3). This tendency

analyzed in the course of nucleotide sequencing by two-dimensionalagrees with that in the case of the previously prepared

TLC with solvent system | (AC) and solvent system Il (BF).
Arrows indicate the spots of pi%A (A and D), pA (B and E),
and pCm (arrow 1) and pCmpA (arrow 2) (C and F).

A Cllu G A Az
Y
L 0.01
CmTL Gm
A 0
B
Az
0.01
. k 0
0 10 20 30

Elution Volume (ml)
Ficure 13: Reversed-phase HPLC of PDase/PMase digedEs of
coli tRNAS®" monitored withAxgo (A) and Aggo (B).

corresponding to the leucine in position 86 of the replicase.
Table 3 lists the radioactivities extracted from the bands in
the right panel of Figure 14.

Both of the present preparations of tRifAand tRNA®
are now shown to recognize the leucine codon UUA; the
efficiency of recognition of codon UUA by tRN'gﬁu is

tRNA;® and tRNA®™ (28) (Table 3). tRNAS, (12) ap-
pears to have similar properties to those of tFiﬁ‘Awhich

is consistent with the above sequencing analysis. As for the
recognition of other codons, all of the patterns of electro-
phoresis indicated that the specificities of the present
tRNA;® and tRNA® are much the same as those reported
previously @1). Leucine codons UUA and UUG are recog-
nized well by both tRNA® and tRNA®", although, among
the four combinations, the recognition of codon UUA by
tRNA:®" is about half as efficient as the other three cases.
By contrast, codons UUU and UUC of phenylalanine are
not at all recognized by tRNA" or tRNAE®.

DISCUSSION

The nucleotide sequence of tRA from E. coli A19
was found to be identical to that of the species previously
named tRNASH, (and also tentatively called tRNAY),
except for the first position of the anticodod?j. The
nucleotide sequence of tRl\jﬂf indicated that this species
is the product of the $6 (supR, leuX) gene (3, 19. The
codon-reading properties of each tRNA were similar to those
of the corresponding species frai coli B. In this study,
we unambiguously identified the modified nucleosides in
position 34 of these tRNA species as cntim and Cm,
respectively. The modified nucleoside N in position 34 of
tRNASSE had incorrectly been concluded to be a modified
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Ficure 14: Autoradiogram of the tryptic digest of MS2 RNA-directed proteins synthesized in vitro and labeled with Vé@elusu-
tRNALeU species. See Table 3 for identification of sources of each tRNgoacceptor used: left panel, the first-dimension electrophoresis
at pH 3.5; right panel, the second-dimension electrophoresis at pH 1.9 of band E obtained by the first-dimension electrophoresis.

adenosine; the dinucleotide, pNpA (actually pcridmpA), In addition, the 2hydroxyl group of the U(34) is
was confused with pN because of the resistance to nucleassubstituted by the methoxy group in tR§A In the

P, digestion, and therefore was regarded as a modified xm°s?U-type modified uridines, thiocarbonyl moiety forces
adenosine on the basis of the UV absorption spectra with athe ribose conformation to the G8ndo form through steric
large contribution from the adenosine residue of the dinucle- interaction with the 2hydroxyl group in the C2endo form
otide. Moreover, the modified nucleoside of tRifA had (1, 42. 2-O-Methylation enforces the same type of interac-
also been suggested to be Ch6) the tRNA sample used tion through the introduction of a bulky group on the part
in the mass spectrometry analysis was fractionated by BD- of the ribose ring45). The 2-O-methyl group is forced to
cellulose column chromatography, but not by Sepharose 4Borient to the 2-carbonyl moiety in the Géndo form due to
column chromatography, and therefore was a mixture of steric repulsion with 3phosphate ¥, 45. The fact that
tRNAL® and tRNA®". The present work has clarified the tRNA;* has a 20-methylated uridine derivative supports

identities of both tRNée“ and tRNAte“ and their modified the theory that the interaction between position 2 of the
nucleosides in position 34. pyrimidine ring and position '2in the ribose ring 42, 45
e sUm i ition 34 of controls codon recognition through regulation of the ribose
Th(—:-LelrJnodlflcatmn of U to cmnitum _|n position 0 . conformation. Both the substitution at position 5 of the uracil
tRNA,™ seems to affect the conformational property of this jng and 2-0-methylation regulate codon recognition by
nucleotide residue. Through NMR analyses, we have alreadyconrolling conformational rigidity of the anticodon.
shown that two types of uridine modifications in position
34 regulate the conformational rigidity/flexibility of the
anticodon, thus facilitating accurate and efficient codon
recognition {, 42. The modification from U to 5-methyl-

The nucleotide sequences of UUR-reading leucine tRNAs
from many organisms have been analyzed, but chemical
structures of the nucleosides in the first position of the
anticodon have been determined for only a small number of

2-thiouridine derivatives (xfs?U) makes the ribose ring  ypNA species. The nucleoside at position 34 of leucine tRNA
preferentially adopt the C&ndo conformation. It seems that, species fromMycoplasma caplicolun{46) and Bacillus

in this case, the thiolation at position 2 of the uracil ring has ¢ piilis (Murao, K., personal communication) has been
a larger contribution to the conformational rigidity than the  yatermined as cmnigm through comparison with our
addition of the long side chain at position&2]. However, sample. Bean chloroplast tRIﬁW (9) and potato mito-
the long side chain can also substantially contribute to the chondria tRNA®(NAA) (10) have a modified nucleotide
conformational preferencéy In fact, minor arginine tRNA ~\ ..v 71 ¢ profiles similar to those of pcmrigm. A
reading codons AGA and AGG have 5-methylaminomethyl- ¢y 1opjasmic leucine tRNA species froSaccaromyces cer-
uridine (mnniU) in position 34, which is modified only at evisiae has 5-carbamoylmethyl-D-methyluridine (ncrf
position 5 of the uracil ring, and this modification causes Um) (4). S. cereisiae mitochondria have a tRNA species
significant conformational rigidity of the anticodon loof3 which has cmnifU at position 34 8), while one of the
44) In the case of tRN&?u, the uridine in pOSitiOI’] 34 is Soybean Ch|0r0p|ast tRNAU Species has Ul’T\ZI Accord-
modified to a 5-methyluridine derivative, cmfldm. 5-Car- ingly, all the modified uridines previously identified in the
boxymethylaminomethyl moiety, while it has an extra first position of the anticodon of UUA/G-reading leucine
carboxyl group as compared to 5-methylaminomethyl moiety tRNAs are 5-methyl- or'20-methyluridine derivatives. Only
in tRNA}', is expected to have a significant contribution to one exception, halobacterium tRNA has unmodified
the conformational rigidity of the anticodon. uridine in the wobble position. For most organisms one or
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both of the modifications in position 5 of the uracil ring and
position 2 of the ribose ring are needed in tRNA species
with the UAA anticodon in order to minimize the level of

misreading of the phenylalanine codons.

The modification of C(34) in tRNL'—\e“ also has some
contribution to conformational rigidity of the anticodon, as
the interaction of the "2methoxy group with the keto group
of the base ring and'®hosphate also occurs in the case of
cytidine derivativesl, 45. In many cases where a confor-
mationally rigid modified cytidine is present in the first
position of the anticodon, the tRNA is not allowed to
recognize adenosine as the third position of the codon, as in
the case of tRNAet and tRNAP (47). Many studies have
presented the potentiality of cytidine to pair with adenosine
(48, 49. Thus, it was natural to assume that the Cm
modification prevents unorthodox pairing with A in the third
position of the codon. Therefore, it was puzzling that
tRNAS* recognizes codon UUA while it has a conforma-
tionally rigid modified nucleoside Cm at position 34.
Recently, it was found in our laboratory that tRAFA
reads codon UUA when a relatively small amount of Leu-
tRNA;® is available but that it never recognizes the
UUU/C phenylalanine codons even when Phe-tRNA is
scarcely available50). Thus, the primary role of the Cm
modification may be prevention of misrecognition of pyri-
midines as the third letter of the codons. Further analysis is
needed to clarify whether the Cm modification (and other
types of cytidine modifications) has significant effects on
the recognition of codons terminating in A.

Cytidine derivatives previously identified in position 34
of some UUR-reading leucine tRNA species are unmodified
C (47, Cm (2, 5, §, m°C (7), and Cm (8). The 5-formy-
lation of C causes a drastic conformational rigidify 45,
51), while how the methylation at position 5 of the cytosine
ring affects the ribose puckering is not yet clear.

In summary, the first positions of the anticodon of both
E. coli tRNA}®" and tRNA®" are occupied by conforma-
tionally rigid modified pyrimidines, and, by virtue of the
modifications, these leucine tRNAs do not recognize non-
cognate phenylalanine codons.
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