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ABSTRACT
The nucleotide sequence of glutamate tRNA1 from Schizosaccharomyces

pombe was determined to be pU-C-C-G-U-U-G-U-mlG-G-U-C-C-A-A-C-G-G-C-D-A-G-G-
A-U-U-C-G-U-C-G-C-U-U*-U-C-A-C-C-G-A-C-G-G-G-A-G m5C-G-G-G-G-T-T-C-G-A-C-U-C-
C-C-C-G-C-A-A-C-G-G-A-G-C-C-Ar . The sequence differs markedly from that of
S. cerevisiae tRNAGlU. S. pome glutamate tRNA1 can be aminoacylated by the
homologous glutaminyl-tRNA synthetase as well as by the corresponding enzyme
from S. cerevisiae.

INTRODUCTION
Transfer RNA biosynthesis is a complex process involving the transcrip-

tion of tRNA genes into precursor RNA molecules which are subsequently modi-
fied to form minor nucleotides at specific sites and from which excess nucleo-
tides are trimmed off at both ends to produce mature-sized tRNA (1). The re-

cent finding of intervening sequences in yeast tRNA genes absent in the cor-

responding mature tRNA (2,3) added yet another facet to the intricate series
of enzymatic events (4,5) culminating in the formation of mature tRNA.

A current research interest in this laboratory is the transcription and
processing of yeast tRNA genes (6). The sequence analysis of the mature tRNA
species is a prerequisite to the investigation of the related precursor tRNA
molecules. The knowledge of additional tRNA sequences of s. pombe may shed
more light on the considerable sequence diversity of its tRNAs with those
from Saccharomyces cerevisiae. Therefore we undertook to purify the major
tRNAGlu and to determine its nucleotide sequence.

MATERIALS AND METHODS
General. Most of the materials, chemicals and enzymes, and methods used
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in this work were described previously (7,8).
Preparation of tRNA. Uniformly labeled (32P)tRNA was extracted from

S. pombe grown in the low phosphate medium EMM1 (9) containing carrier-free

(32P)orthophosphate. The labeled unfractionated tRNA obtained was subjected
to tRNA-anticodon affinity chromatography (10); tRNAPhe, which has an anti-
codon complementary to that of tRNAGlu, was affixed to the column support.
Passage of the labeled unfractionated tRNA through such a column caused the
(32P)tRNAGlu to be retained, which was subsequently eluted. The eluted tRNA
was further purified by two-dimensional polyacrylamide gel electrophoresis
(11). Two tRNAGlu isoacceptors were obtained by this procedure; Figure 1
shows a representative autoradiogram of the tRNA species after separation by
two-dimensional gel electrophoresis. The nucleotide sequence of the faster-
moving of the two isoacceptors (tRNA1lu in Figure 1) is presented in this
paper.

The corresponding unlabeled isoacceptor was obtained from s. pombe grown
in a 0.5% yeast extract-3% glucose medium to late logarithmic phase and puri-
fied analogous to the procedures described earlier (12) by chromatography
on benzoylated DEAE cellulose, Sepharose 4B, and RPC-5, followed by two-di-
mensional polyacrylamide gel electrophoresis. In contrast to the affinity
column chromatography used for separating the radioactive tRNA, the succes-
sive chromatographic procedures used to purify the non-radioactive tRNA led
only to tRNAGlu, the major isoacceptor. This tRNA could be charged to
1500 pmoles/A260 unit at the end of the RPC-5 separation and to 1300 pmoles/

A260 unit at the end of the two-dimensional electrophoresis. The gel-puri-
fied tRNAGlu was found to be free of contaminants on fingerprinting; the de-

1., 91Ir. ,. %> 'IC-7I kZ rea k

Figure 1.
- Autoradiogram of (32P)tRNA

AN^-AEs' species (from the anticodon
affinity column) separated
by two-dimensional poly-
acrylamide gel electrophoresis.

9 tRNA
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crease in its charging capacity is probably related to changes in tRNA con-
formation as a result of electrophoresis in a urea gel.

Sequence Analysis of Glutamate tRNA. The nucleotide sequence was elu-
cidated by using both uniformly in vivo labeled radioactive tRNA and non-
radioactive tRNA post-labeled in vi_tro (7,8).

Complete RNase A or RNase Ti digests of in vivo labeled tRNAGlu were
analyzed by standard methods (13). The sequences of the longer and more

complicated oligonucleotides were confirmed by using non-radioactive tRNA1Glu
The latter was sequenced by the procedures described (7,8).

Modified Nucleosides. They were identified in RNase T2 hydrolysates of
oligonucleotides derived from uniformly labeled tRNA after two-dimensional
chromatography (11). In addition, unlabeled tRNAGlu was digested to nucleo-1
sides by P1 RNase and alkaline phosphatase digestion. The resulting mix-
tures were analyzed by HPLC chromatography (14).

Aminoacylation of S. pombe tRNAGlu Crude aminoacyl-tRNA synthetase
1.-

preparations were obtained from S. pombe as well as S. cerevisiae by homo-
genizing the cells in 0.15 M potassium phosphate (pH 7.5) - 0.01 M MgC12 -
0.02 M 2-mercaptoethanol - 10% glycerol (v/v), followed by successive cen-
trifugations at 30,000 g and 100,000 g. The final supernatant was diluted
to contain 0.075 M potassium phosphate (pH 7.5) and passed through a DEAE
cellulose column to remove endogenous tRNA; the proteins were then eluted
with 0.1 - 0.3 M potassium phosphate. The active fractions were dialyzed
against 0.01 M Tris-HCl (pH 7.5) - 0.01 M MgC12 - 0.02 M 2-mercaptoethanol -
50% glycerol (v/v), and used in studying the aminoacylation kinetics of S.
pombe tRNAGlu as follows. The reaction mixtures (0.1 ml) contained 50 mM
potassium cacodylate (pH 7.5), 10 mM MgCl2 - 60 mM KC1, 2 mM ATP, 2 mM CTP,
0.1 mM (14C)glutamate (296 mCi/mmole), 33 jg of crude S. pombe or S. cere-
visicae synthetase proteins, and 5 different concentrations of purified s.
pombe tRNAGlu ranging from 2 x 10-7 M to 1.5 x 10-6 M. Incubations were

carried out at 250C. Aliquots (20 jl) of the reaction mixture were with-
drawn for determination of the extent of aminoacylation at 5 different time
intervals ranging from 1 to 2C minutes. From the VO (initial velocity) of
aminoacylation obtained at the various tRNA concentrations, the Km was cal-
culated using the Eadie-Hofstee plot.

RESULTS
The nucleotide sequence determination of the oligonucleotides from
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complete Ti or pancreatic RNase digests was performed with uniformly labeled
(32P)tRNAGlu and the results confirmed by fingerprints of post-labeled non-

radioactive tRNA fragments. Overlapping of the RNase Tl fragments was

carried out by sequencing gel or partial P1 nuclease digestion analysis of
5'-end or 3'-end labeled intact tRNA.

Pancreatic RNase Digestion Products. Uniformly labeled (32P)tRNAGlu
was digested with pancreatic RNase, and the products were separated by
electrophoresis on cellulose acetate at pH 3.5 in the first dimension and
homochromatography on PEI plates in the second dimension. Figure 2 shows
the resulting fingerprint. Fifteen oligonucleotide fragments were found;
their molar yields were as indicated in Table I. Analysis of these pan-

TABLE I

Pancreatic lase End Products

4W4

Figure 2

Fingerprint of a complete RNase A

digest of uniformly labeled

(32P)tRNAG1 u

creatic RNase fragments by further digestion with Tl RNase and exhaustive

digestion with T2 RNase, and the deduction of their nucleotide sequence are

shown in Table II. Most of the fragments could be characterized by the com-

bined results of Ti RNase and T2 RNase digestions, with the exception of
fragments p2, p3, p4, and p7. For these four oligonucleotides, the following
additional analyses were performed.

Sequences of Fragments p2, p3, and p4. Each of these fragments was ana-

lyzed by partial digestion of the uniformly labeled (32P)oligonucleotide
with spleen phosphodiesterase and subsequent two-dimensional homochromatog-
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Frament Iblar Vtieds
Nui r Sequen sred FroE Far

P1 6-G-G-G-T 0.2 1

p2 6-6r-AG-C- 0.6 1

p3 G-B-A-G-C- 0.6 1

P4 A-BCD-B-U- 0.6 1

P5 PU- 1.0 1

p6 B-BC- 1.1 1
P7 6-B-U- 1.1 1

Ps B-A-C- 2.1 2

P9 UL*-u 1.5 1

plO A-A-C- 2.1 2

p11 B-C- 3.3 2

p12 B-B- 3.9 3

p13 A-C- 0.9 1

p14 U-* 0- + - 6.0 6

p1S C- 11.0 14

p16 ADM I
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raphy on DEAE-cellulose thin layer plates. The sequence was deduced by the
characteristic mobility shifts generated by successive removals of indivi-
dual nucleotides from the particular oligonucleotide fragment. In each case,
the sequence assignment was confirmed using pancreatic digests of the non-

radioactive tRNA, by partial snake venom phosphodiesterase digestion of the
corresponding fragment which had been post-labeled at the 5'-end with 32p.

Sequence of Fragment p7. Digestion of the uniformly labeled fragment
p7 with Tl RNase yielded U and a second product with the electrophoretic
mobility of a dinucleotide upon electrophoresis at pH 3.5. On T2 RNase di-
gestion, the same fragment yielded G, U, and a third nucleotide with chro-
matographic behavior compatible with mlG (designated G* in Table II). When
the corresponding 5'-end labeled fragment was subjected to complete P1
nuclease digestion, the resulting 5'-end nucleotide was found to be modified.
Hence fragment p7 must be the G*-G-U. This sequence was confirmed by par-
tial digestion of the 5'-end labeled fragment with snake venom phosphodi-
esterase followed by two-dimensional homochromatography.

TABLE II

Analysis of Pancreatic Rlase End Products

Fra_mt T2 RAase Products
Nhlr A A F UOthers Ti RNase Products Conclusion

pl 4.2 T-(i.O) G-(4.4),T-(i.0) G-G-G-G-T-

p2 1.0 1.2 3.4 C-(1.0),A-G-(1.2),G-(2.6) G-G-G-A-G-c-b
p3 1.0 0.8 2.6 C-(l.O),A-G-(1.2),G-(2.3) G-G-A-G-C_b
P4 2.1 1.8 1.0 A-G-(1.1),G-(1.3),A-U-(1.0) A-GAG-A-U-b
PS pA p0- p2-

p6 1.J 2.1 G-(2.0),C-(1.0) -G6C-

P7 0.9 1.0 6-(0.8) Ae--(i.o),u(i.o)G*-r-uib
Ps 1.0 1.1 0.8 A-C-(l.O).G-(0.8) G-A-C-

P9 1.0 U*-(0.8) U*-U U*-U

plO 1.0 2.1 A-A-C- A-A-C-

pll 1.0 1.1 6-(0.9),C-(I.0) G-C-

p12 0.6 1.0 6-(0.9),U-(1.0) A-U-

P13 1.0 1.0 A-C- A-C-

p14 +0a 7-u-ni-on -

aThis Urwial was identified as a mixt ofUa,.-. and n- by thin laeyr chromatography.
hiqamece dtmed by fate aelys as decribid In tt.

Tl RNase Digestion Products. Digestion of the uniformly labeled (32p)_
tRNAG u with Tl RNase gave the standard two-dimensional fingerprint shown in
Figure 3. Sixteen fragments were found; their experimentally determined
molar yields are shown in Table III. Analysis of the Tl RNase digestion pro-
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ducts and their sequences are shown in Table IV. Only six fragments (tl,
t9, tl2, t13, t14, and t15) could be unambiguously sequenced by the combined
results of additional pancreatic and T2 RNase digestions. The remaining
fragments of the Ti RNase digest were further analyzed as follows.

2 3

_9
AW

IV: 2

: *O

Figure 3
Fingerprint of a complete RNase
Tl digest of uniformly labeled
(32p )tRNAGl u .

TABLE III
Tl Mese End Products

repent Molar Yields
uIer Sequence sured Froum Fno Sequence

tl pU-C-C-A- 1.0 I1

t2 C-U-U*-U-C-A-C-C-A- 0.3 1

t3 A-C-U-C-C-C-C-G- 0.8 1

t4 U-C-C-A-A-C-C- 0.4 1

tS C-A-A-C-G- 0.4 1

t6 A-U-U-C-G- 1.0 I

t7 T-n-C-G- 1.0 1

t8 C-D-A-G- 0.9 1

t9 A-C-G- 0.8 1

t1O U-Ge-G- 1.0 1

til U-C-C- 1.0 1

tl2 U-U-C- 1.0 1

t13 A-G- 0.90 2

t14 C-C- 2.3 1

t15 G- 6.7 8

tl6 C-C_AUO 0.7 1

TABLE IV
Aralysis of T1 UIse End Products

Frpmst T2n 5se Prodcts
NkibenA--t IF OtIw Phocreatic IMst Prducts Concluslon

tl 2.1 1.0 pU-(10) C-(1.0),C-(2.0),pU-(1.0) pU-C-C-G-

t2 3.6 1.0 1.0 1.3 U*-(. 5) A-C-(0.9)CG6-(I.O,C-(3.3). C-U-U*-U-C-A-C-C-t-4

13 5.2 1.0 1.0 1.2 A-C-(.1)C6-(1.0),C-(4.0),U-(1.1) A-C-U-C-C-C-C-6C-
14 3.4 2.2 1.0 1.2 A-A-C-(1.2)C6-(1.0),C-(2.2). U-C-C-A-A-C-C-8

U-(1.1)
tS 2.2 2.1 1.0 A-A-C-(1.2).C-(1.0),C-(1.0) C-A-A-C-C-&
16 1.3 1.0 1.0 2.2 A-U-(1.0)C-(1.O),C-(1.1),U-(0.9) A-U-U-C-C-a
17 1.4 1.0 T:tll Cr-(.O),C-(1.O).T-(1.0)y?-(0U9) T-Y-C-6-8

t8 1.1 1.1 1.0 D-(0.9) A-C-(I.0),C-(0.9) 0-(0.9) C-D-A-&-a
t9 1.2 1.2 1.0 A-C-(1.1)C6-(1.0) A-C-C-

t1O 1.0 1.0 C-(0.8) C-C-(0.9),U-(1.0) U-C-C6-
t1l 1.2 1.0 1.2 C-(1.U).C-(0.9).U-(0.8) U-C-e*

1t2 1.0 2.4 C(1.0),U-(1.8) U-U-C-

113 1.3 1.0 A-C- A-C-
t14 0.9 1.0 C-(1.0),C-(0.9) C-6-

15C6 C-CAOa
alequeece detened by fwther alysen as decribed in text.
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Sequence of Fragment t2. T2 RNase digestion of the uniformly labeled
fragment t2 indicated that its composition was (C4,A,U2,S)G. Partial snake
venom phosphodiesterase digestion of the corresponding 5'-end labeled oligo-
nucleotide yielded the sequence C-U-U*-U-C-A-C-C-G. The autoradiogram ob-
tained from the two-dimensional homochromatography of the partial digest
(Figure 4) is of interest. As the snake venom phosphodiesterase removed
consecutive nucleotides from the fragment C-U-U*-U-C-A-C-C-G beginning from
the 3'-end, the successive spots on the autoradiogram representing C-U-U*-U-
C-A-C-C-G, C-U-U*-U-C-A-C-C, C-U-U*-U-C-A-C, C-U-U*-U-C-A, C-U-U*-U-C, C-U-
U*-U, and C-U-U* were found to be double, suggesting that each of these~w..
Figure 4 Figure 5
Autoradiogram of partial digestion Autoradiogram of partial digest of
of 5'-end 32P-labeled fragment t2 5'-end 32P-labeled fragment t3 with
with snake venom phosphodiesterase. snake venom phosphodiesterase. B
B denotes the position of the xylene denotes the position of the xylene
cyanol FF. cyanol FF.

oligonucleotides existed in two forms: containing a thiolated or a non-thio-
lated thiouridine derivative. Only the two uppermost spots representing
C-U and C were single, as expected. The autoradiogram also indicates a dif-
ficulty of the snake venom phosphodiester to digest past the modified
nucleotide U*; consistent with this interpretation, the spot representing
C-U-U* was extremely dark as a result of accumulation of this partial di-
gestion product, whereas the spots representing C-U and C were very faint
by comparison.

Sequence of Fragment t3. Pancreatic RNase digestion of the uniformly
labeled fragment t3 gave rise to (C4,AC,U)G. Partial spleen phosphodiester-
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ase digestion of the same fragment indicated that the first three nucleo-
tides were A-C-U. Hence the sequence of the fragment is A-C-U-C-C-C-C-G.
The same sequence was obtained by partial snake venom phosphodiesterase di-
gestion of the 5'-end labeled oligonucleotide and two-dimensional homochro-
matography (Figure 5).

Sequence of Fragment t4. The sequence of this fragment was determined
to be U-C-C-A-A-C-G by partial snake venom phosphodiesterase digestion of the
5'-end labeled oligonucleotide.

Sequence of Fragment t5. T2 RNase digestion of the uniformly labeled
fragment t5 indicated that its composition was (C2,A2)G. Pancreatic RNase
digestion of the same fragment gave rise to (C,A-A-C)G. Partial spleen phos-
phodiesterase digestion of the fragment showed the leading nucleotide to be
C. Therefore the sequence of t5 is C-A-A-C-G. The same sequence was obtain-
ed by partial snake venom phosphodiesterase digestion of the 5'-end labeled
ol i gonucl eoti de.

Sequence of Fragment t6. The sequence of this fragment was found to
be A-U-U-C-G by partial spleen phosphodiesterase digestion of the uniformly
labeled oligonucleotide as well as by partial snake venom phosphodiesterase
digestion of the 5'-end labeled oligonucleotide.

Sequence of Fragment t7. T2 RNase digestion of the uniformly labeled
fragment t7 and thin layer chromatography yielded the composition (T,T,C)G.
The nucleotide sequence was unambiguously determined by partial snake venom
phosphodiesterase digestion of the 5'-end labeled fragment to be T-'T-C-G.

Sequence of Fragment t8. The composition of this fragment was shown by
T2 RNase digestion of the uniformly labeled oligonucleotide and thin layer
chromatography to be (C,A,D)G. The nucleotide sequence of C-D-A-G was estab-
lished by partial snake venom phosphodiesterase digestion of the 5'-end
labeled fragment.

Sequence of Fragment tiO. Pancreatic RNase digestion of the uniformly
labeled fragment tlO yielded U and a dinucleotide with the same electro-
phoretic mobility as the dinucleotide found in fragment p7. On T2 RNase di-
gestion of fragment tlO, the products were U, G, and a G* with chromato-
graphic behavior identical to that found in fragment p7. These data plus the
information on fragment p7 established the sequence of tlO as U-G*-G.

Sequence of Fragment til. The sequence of U-C-G was established by
partial spleen phosphodiesterase digestion of the uniformly labeled frag-
ment til as well as by partial snake venom phosphodiesterase digestion of
the corresponding 5'-end labeled ol igonucleotide.
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Sequence of ragment t16. The sequence of this fragment was shown to
be C-C-AOH by partial snake venom phosphodiesterase digestion of the 5'-end
labeled ol igonucleotide.

Overlapping of Oligonucleotide Fragments and Determination of the Total
Sequence. Partial P1 nuclease digestion of 5'-end and 3'-end 32P-labeled

intact tRNAGlu coupled with two-dimen-
sional homochromatography was used to

pU establish the sequence of approximately
20 nucleotides at the 5'- and 3'-ter-
minus of the tRNA molecule. An example
of the use of this procedure analyz-

*, :U ing the 5'-terminal sequence of tRNAGlu
G U iS shown in Figure 6. Further overlaps

were established by sequencing gels per-
G

formed on 5'-end as well as 3'-end
labeled tRNAGlu as is shown in Fig. 7.C

A The information obtained from the par-
A tial P1 digests and a number of sequenc-E ~~~~~~~~~c
G ing gels permits the oligonucleotide

fragments found in the fingerprints to
be ordered in a unique sequence, shown
in the cloverleaf form in Figure 8.

Characterization of Modified

Figutorediogram ofa6Plnuclease Nucleotides. T2 RNase digestion of the
Autoradiogram of a P1 nuclease laee 32 .
partial digest of 5'-end 32p_ uniformly labeled ( P)oligonucleotides
labeled intact tRNAGlu. B de- obtained from fingerprinting followed
notes the position of the xylene
cyanol FF. by thin layer chromatography led to

identification of the following modi-
fied nucleotides: 1 mole of G* (present in fragments tlO and p6); 1 mole of
D (present in fragments t8 and p14); 1 mole of U* (present in fragments t2
and p9); 1 mole of T (present in fragments t7 and pl); 1 mole of T (present
in fragments t7 and p14).

The above results were confirmed by high-pressure liquid chromatography
analysis of the nucleosides derived from non-radioactive tRNAGlu (14). By
this procedure, the G* was identified as mlG andU*was identified as 2-thio-
uridine-5-acetic acid methyl ester.

_____________________
Glu

* eprfds.pmeRNGlucolAminoacylation of s. pombe tRNAGlu The purified s. pombe tRNA could
be aminoacylated by the crude synthetases from S. pombe as well as from S.
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cerevisiae. The Km for the S. pombe synthetase was 1.9 x 10 7 M and that
for S. cerevisiae 2.0 x 10 7 M. The Vmax for S. pombe was 0.98 pmole/min
while that for S. cerevisiae synthetase was 0.26 pmole/min for a similar
amount of crude synthetase proteins (33 ig each).

a ;..: F r, ,>,

____=;ct4
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-: ;.
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aNF r F
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_ eN
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Figure 8

Cloverleaf model of S. pombe tRNAGlu
U* is 5-methyloxycarbonylmethyl-2-
thiouridine.

GLUTAMATE, ($ poohe)

AOH
C
C
0

pU * A
C. 0
C. 0

U. A
U. A

DC* C

CAA 1u c c cc A

A *4GCCG ***C

AU T

C. a
D.C
U A
C U
D.C

C C
UU* A

U

B

Figure 7.

Sequencing gel of 5'-end 32P-labeled
intact tRNAG1u. -E, incubation with-
out enzymes; U2, partial digest of U2
RNase; F, partial digest of formamide
("ladder"); TI, partial digest of Tl
RNase; Pa, partial digest of pancrea-
tic RNase. Panel A is from the 5'-end
of the tRNA molecule and begins with
the nucleotide G at position 4. Panel
B is from the region some distance
away from the 5'-end of the tRNA mole-
cule and begins with the nucleotide G
at-position 23.

DISCUSS ION
The nucleotide sequence of S. pombe

tRNAGlu differs at 18 positions from
that of s. cerevisiae tRNAGlu (15)
(Figure 8). The anticodon loops in
the two tRNAs are identical, as are
the D-loop and the T-'Y-C-G loop and
its stem. We tested the recognition
of S. pombe tRNAGlu by S. pombe syn-
thetase as compared to S. cerevisiae
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synthetase, and found that the Km values with the two crude enzyme prepar-
ations were identical. This parallels the findings made with tRNAPhe from
S. pombe that lacks the specific sequences that had been proposed as recog-
nition site for s. cerevisiae phenylalanyl-tRNA synthetase (16).

As documented by Figure 1, passage of the uniformly labeled unfraction-
ated S. pombe tRNA through a tRNAPhe-affinity column led to the isolation
of two isoacceptors of tRNAGlu. The retention of both isoacceptors by the
affinity column implies that their anticodons are similar or identical. Pre-
liminary sequencing studies indicate that this in fact is the case. Inter-
esting is that the nucleotide sequence of the minor tRNAGlu differs even2
more drastically from the one found in S. cerevisiae (17). The nucleotide
sequences of lysine tRNAs from Drosophila and rabbit (as an example) are
identical despite the evolutionary distance between these organisms (8). It
is puzzling to observe the diversity of tRNA sequences in two yeast species
placed into the same family by some taxonomists.
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