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ABSTRACT

The primary sequences of all the tRNA precursors which contain
intervening sequences and which accumulate in the Saccharomyces cerevisiae
rnal mutant are presented. A combination of DNA and RNA sequence analysis
has led to elucidation of the primary sequence of four hitherto
uncharacterized precursors. The location of the intervening sequence has in
all cases been unambiguously determined by analysis of the intermediates in
the splicing reaction. Secondary structures based upon the tRNA cloverleaf
are shown for all the tRNA precursors and discussed with respect to common
recognition by the yeast splicing endonuclease.

INTRODUCTION

Transfer RNA splicing in the yeast Saccharomyces cerevisiae has been well

described in recent years. The initial report by Goodman et al. (1) showed
that three different tRNAIYT genes are not colinear with the mature RNA
product but contain an intervening sequence of 14 base pairs (bp) interrupting
the anticodon loop. The sequence of an ochre suppressor allele (§_Iﬂ) of one
of the tRNAIYT genes was shown to contain the same intervening sequence, thus
providing good evidence that removal of the intervening sequence was a
necessary step in the ©biosynthesis of the mature suppressor tRNA.
Subsequently, three tRNAPhe genes were shown to contain intervening sequences
of 18 or 19 bp (2) bearing no obvious homology to the tRNATYT intervening
sequence other than in their position with respect to the mature RNA sequence.
The discovery that tRNA precursors accumulate in the yeast rmal mutant (3)
prompted a detailed investigation into the identity of these precursors and an
analysis by RNA fingerprinting of the precursor-specific sequences (4). The
identities of individual precursors were confirmed in some cases by
hybridization to a collection of E. coli recombinant plasmid clones containing
known tRNA genes (5). 1In this way, five known tRNAs, including tRNATYT and
tRNAPhe, were shown to accumulate as precursors in the rnal mutant. By

fingerprint analysis, it was shown that the precursors to tRNATYT and tRNAPhe
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differed from the mature sequences by the presence of additional
oligonucleotides consistent with the presence of the intervening sequence. A
wild type yeast extract was shown to be capable of precisely removing the
intervening sequence from the precursor to generate the mature tRNA sequence
(4,6).

Studies on the mechanism of the yeast tRNA splicing reaction initially
described the existence and sequence of linear intermediates, the two tRNA
halves and the intervening sequence, generated in crude extract in the
absence of ATP and the chemical nature of the termini of these fragments as
isolated from crude extracts, a hydroxyl group at the 5' end and a
phosphatase sensitive group at the 3' end (7,8). The positional isomer (2'
or 3') was not revealed by the method of analysis but the mobility of the 3'
terminal oligonucleotide and the phosphatase sensitivity suggested a
phosphomonoester. Furthermore, removal of this group from the 5' tRNA half
prevented ligation to the 3' half. More recently, a reevaluation of the
mechanism of the reaction using partially purified splicing endonuclease and
ligase revealed that 2',3'-cyclic phosphodiester termini are initially
generated by the endonuclease (9) and that, prior to ligation, the 5'
terminus of the 3' tRNA half is phosphorylated and activated by addition of
AMP (10) in a fashion much resembling the mechanism of T4 RNA ligase (11).
Ligation occurs either with or subsequent to opening of the cyclic
phosphodiester to the 2' position to generate a 3',5'-phosphodiester, 2'-
phosphate structure at the junction. The subsequent removal of the 2'
phosphate has not been reported in vitro using the purified activities but
can be implied from RNA analysis of products of splicing in crude extracts
reported below.

The sequences of three additional tRNA precursors whose identities were
known from colony filter hybridization have been reported, the data deriving
from both DNA and RNA sequence analysis (12,13). The present paper completes
the characterization of the primary and putative secondary structures of the
remaining uncharacterized substrates and catalogs the splicing endonuclease
substrates that accumulate in the rnal mutant. Although we know that RNA
splicing is not an obligatory step in the biosynthesis of all yeast tRNAs, we
do not know whether the precursors which are presented here are the only
substrates for tRNA splicing in yeast. At the present time, they define the

range of substrates for this particular step in yeast tRNA biosynthesis.
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MATERIAL AND METHODS
Preparation of 32p-labelled tRNA for sequencing.

Uniformly 32p-1abelled tRNA precursors were prepared and isolated as
previously described (14) with modifications in the gel system which are
presented below and in Results. The 5' and 3' half tRNA fragments and
introns were prepared from uniformly 32p-labelled pre-tRNAs as previously
described (8). Terminally labelled pre-tRNAs were generated using yeast
CCA*tRNA nucleotidyl transferase and unlabelled RNA which was prepared from

the rnal mutant of Saccharomyces cerevisiae, strain tsl36, as described

elsewhere (15). The labelled RNAs were separated in a two-dimensional
polyacrylamide gel electrophoresis system. This two-dimensional system
consisted of a first dimension 10%Z (¥/v) polyacrylamide (30:1,
acrylamide:bis-acrylamide) gel containing 4 M urea, 1 mM EDTA and 90 mM Trise
borate (pH 8.3) and a second dimension 20% (¥/v) polyacrylamide (30:1,
acrylamide:bis-acrylamide) gel containing 7 M urea, 1 wM EDTA and 90 mM Tris*
borate (pH 8.3). Each intron-containing tRNA precursor was identified by
colony filter hybridization to matrices of clones selected from the Hind III
collection described by Beckmann et al. (5) and an Eco RI genomic library
(unpublished data).

Nucleic acid sequencing.

The sequences of terminally 1labelled pre-tRNAs were determined by
partial digestions of the 3' end-labelled RNA with alkali or base-specific
ribonucleases: RNase U2 (adenosine-specific), RNase Phy M (adenosine- and
uridine-specific), RNase A (pyrimidine-specific) and RNase Tl (guanosine-
specific) under denaturing conditions and polyacrylamide gel electrophoresis
as previously described (15,16,17,18). Two-dimensional oligonucleotide
mapping (fingerprinting) of uniformly labelled RNA was accomplished as
described previously (19). DNA sequences were obtained using both the

chemical (20) and chain termination (21) methods.

RESULTS

Isolation and identification of pre—tRNAs.

The RNA species of approximately 4.5S size which accumulate in the rnal
yeast mutant at the non-permissive temperature have been identified as pre-
tRNAs by colony filter hybridization to recombinant plasmids known to contain
yeast tRNA genes (5). These pre-tRNAs were further identified as containing
introns by incubation with the yeast tRNA splicing enzymes (22). Figure 1

summarizes the precursor identities including their former designations in
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previously published work (4,22). From Figure 1 it is obvious that the
original 11/12 designation underestimated the numbers of precursors to
tRNAg'é'g. Some of the eleven RNA species which hybridize to pGKN-1 and pGKN-2
(the hybridization is not sensitive to minor sequence variations in the
intervening sequence) may be attributable to partial 3' terminal maturation.
Those RNAs which are on a 45° diagonal toward faster mobility in both
dimensions have not been detected on duplicate gels separating pre-tRNAs that
have been 3' terminally labelled using nucleotidyl transferase (i.e., only
intact CCApy species are observed). There are five RNA species in this
region of a two-dimensional separation of 3' end-labelled pre-tRNAs which
hybridize to pGKN-1 which is known (by sequence data) to contain only the
tRNA(PJag gene. The other pre-tRNAs which have been identified and sequenced
in the work presented here are pre—tRNAlIJkﬁ and pre-tRN Lig A gene encoding
tRNALYS has been sequenced previously and shown to contain an intervening
sequence (23). We have confirmed that the precursor to this tRNA accumulates
in the rnal mutant and have unambiguously assigned the location of the
intervening sequence. It should be noted that the relative mobilities of
pre-t:RNAIu'{}‘?l and pre-tRNAPhe djffer between Figure 1 and previously published
data (22). The salient difference between the two gel systems is the
anticipated amount of denaturation (7 M versus 4 M urea, respectively).
Furthermore, the increased urea concentration decreases the resolution
between pre—tRNA‘l:'eA‘x and 5S rRNA and increases the resolution of at least four
precursors to tRNAEEg.

DNA sequence analysis.

Extensive fingerprint analysis of the precursors, intermediates and the
spliced mature-sized tRNA revealed that two of the unidentified precursor
RNAs, designated 19 and 11/12, had not previously been reported as mature
yeast tRNAs. Their primary structure has been established by sequencing

cloned genes. In the case of the two genes for precursor 19, plasmid pGKN-11

Figure 1. Separation of tRNA precursors. Two-dimensional polyacrylamide gel
electrophoretic separation is shown. Uniformly 32p_jabelled RNA was isolated
(as previously described (14)) at the non-permissive temperature from a
temperature-sensitive diploid yeast, M304, that is homozygous at the rnal
locus. (A) Autoradiography. (B) Schematic representation and identification
of the RNA species. The two dimensions indicated at the top left of the
schematic are: first, 10Z polyacrylamide (30:1 acrylamide:bis-acrylamide), &4
M urea; second, 20Z polyacrylamide (30:1 acrylamide:bis-acrylamide), 7 M
urea. Both dimensions contained 90 mM Tris°borate, pH 8.3, 1 mM EDTA.
Correspondence between the identified precursors and their designations in
previous work (22) are as follows: pre-Ilegay=precursor 19; pre-Leugpp=pre-
tRNALeU; pre-sergga=pre-tRN Ser. pre-Leuppg=precursor 13; pre-Pro4=precursor
12; pre-Pro3=precursor ll; pre-Lysyyy=precursor 9a.
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contains a 0.73 kilobase (kb) Eco RI fragment inserted in pBR322 and plasmid
pGKN-7 contains two Eco RI fragments in pBR322 (5 kb and 2 kb), the larger of
which contains the gene as shown by hybridization (24). The two genes and
their flanking regions were sequenced by the chemical method (20) according
to the strategy outlined in Figure 2. The sequences of the non-transcribed
strand flanking regions are shown in Figure 2A and the sequences of the genes
are presented in Figure 4 as RNAs. Fingerprint analysis of precursor 19
(Ogden and Harrell, unpublished data; 9) is consistent with the sequence
between positions 1 and 133 (the terminal CCAgy not being encoded) and
confirms the position of the intervening sequence (see Fig. 4). The sequence
of the mature tRNA can be folded into a conventional cloverleaf secondary
structure, indicating that it decodes AUA and corresponds to tRNA[H(%' The
two genes show a single difference, within the mature portion of the coding
sequence at position 119, which is also observed in the RNA fingerprint
analysis of precursor 19 (data not shown). This demonstrates that both genes
are transcribed in vivo in the rnal mutant.

Two clones containing tRNA genes which hybridize with precursor 11/12
and a lower abundance RNA species with distinct mobility on two-dimensional
polyacrylamide gel systems (pre-Prol) were similarly subjected to extensive
restriction mapping and sequence analysis. Plasmid pGKN-1 contains a 1.1 kb
Eco RI fragment of yeast DNA inserted in pBR322 and plasmid pGKN-2 contains a
4.1 kb Eco RI fragment in pBR322. The chemical sequencing data for pGKN-1
was additionally confirmed by enzymatic sequencing (chain-termination method
(21)) of the Eco RI fragment cloned in M13mp9. The sequences of the non-
transcribed strand flanking regions are shown in Figure 2B. The sequences of
the tRN Pég genes are presented in Figure 4 as RNAs. Fingerprint analyses of
precursors in the 11/12 region (data not shown) were consistent with the DNA
sequences obtained (the terminal CCAgy not being encoded) and confirms the

position of the intervening sequence as assigned in Figure 4.

Figure 2. Gene Flanking sequences of yeast tRN Ile and tRNAPTO, The
sequences of flanking regions of 4 yeast tRNA genes are shown: (A)Jt Ile-1
and tRN 116-2 and (B) tRNAPLO. oOnly the non-transcribed strand is shown for
simplicity although both sgtqands were sequenced. Flanking sequences are
numbered from the gene using a minus or plus symbol for 5' or 3' flanking
sequences, respectively. Restriction sites used for sequencing are located
as follows: pGKN-7--Hae III at 84 and Xho I at 125; pGKN-1ll--Eco RI at -93,
Xho I at 125; pGKN-1--Eco RI at -488, Hinf I at -156 and 22, Sph I at 65
(confirmatory data obtained using Rsa I at +359, +41, -4 and -79 and Taq I at
-355, =238 and -199); pGKN-2--Sph I at 65, Hinf I at 22 and Xho I at +72.
Numbers without minus or plus symbols refer to nucleotide positions in the
gene as shown in Figure 4. Arrows below the sequence mark repetitive
sequences and can be matched via the associated number.
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Figure 3. Enzymatic sequencing of pre-tRNAL®U, Pre-tRNAL®U, labelled at the
3' end was subjected to limited hydrolysis Dy a variety of reagents according
to standard procedures (15,16,17). Following separation of the products by
gel electrophoresis, the sequence was read directly from the autoradiograph.
The portion of the autoradiograph shown corresponds to the intervening
sequence which is presented in bold type. A brief portion of the mature
sequence is also shown. The single sequence heterogeneity detected within
the intervening sequence is indicated, The nucleases used in sequencing are
as follows: Up=RNase Uy (1 x 101 u/uRNA); M=RNase PhyM (1 u/ug RNA);
A=RNase A (1 x 1076 u/ug RNA); Tl=RNase T1 (1 x 10~2 u/ug RNA). Base
specificities are indicated in brackets, OH™ represents hydrolysis with
alkali (non-specific). The control is untreated end-labelled RNA.

RNA sequence analysis.

The two remaining precursors, formerly designated 9a and 13, have been
shown by RNA fingerprint analysis (19) and end-labelled RNA sequencing
Lys Lys Leu

(16,17) to correspond to precursors to tRNAUﬁ.U (tRNAzy) (25) and tRNAZSH
(26), respectively. The precursor fingerprints do show additional

oligonucleotides and the absence of oligonucleotides corresponding to the
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mature anticodon loop sequences (data not shown). The DNA sequence of a tRNA
gene corresponding to tRNA(%ﬁ has been published (16). Our data confirm the
published sequence. The correct position of the intervening sequence within
the mature tRNA was deduced directly from RNA fingerprint data (not shown).

We chose to determine the primary sequence of the intervening sequence
of pre-tRNAlﬁig by enzymatic sequencing of 3' terminally labelled precursor
(Fig. 3) as previously described (15,16,17). The nucleotide sequence of the
tRNA portion (not shown) of the precursor is in agreement with the published
sequence (26). The sequence derived for the intervening sequence in the
precursor to tRNA{fi‘(‘; is supported by the identity of additional
oligonucleotides in RNase A fingerprint analyses (data not shown).

The fingerprint analysis of the spliced ¢tRN Li‘é was additionally
informative. The ligated junction occurs following a guanosine. The 3'
adjacent RNase Tl oligonucleotide (CUCUG) is present in molar yield. This
indicates that the splice junction produced in this experiment is completelv
sensitive to RNase Tl. This would not be the case if the 2' position at the
junction were blocked by a phosphomonoester as is observed when partially
purified splicing ligase is used to produce mature tRNA (10). Similar RNase
Tl sensitivity at the splice junction (although not to the same extent) has
been previously reported (7). The most reasonable explanation for the
different results between the crude and partially purified splicing
activities is that the crude fraction (4) used in these experiments contained
an activity which removed the 2'-phosphate group—a step presumed to be
obligatory in the yeast tRNA splicing pathway as it is currently envisaged
(9,10). This result is also found for the other mature-sized tRNAs produced
in crude yeast extracts although the proof, relying as it does on
chromatographic and electrophoretic mobility of the junction species, is less

compelling than in this particular case.

DISCUSSION

This paper completes an analysis of the primary sequence of the known
yeast tRNA splicing substrates. A combination of DNA and RNA sequencing has
revealed that tRNAs for eight amino acids accumulate at the nonpermissive
temperature in the yeast rnal mutant as precursors containing intervening
sequences. We have not sequenced every gene for each tRNA and certainly
additional minor variants, masked by low abundance or by the method of RNA
analysis and the general insensitivity of molar yield calculations, will be

uncovered in due course. This point is particularly well illustrated in the
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Figure 4. Sequences of yeast tRNA precursors containing intervening

sequences. Sequences of tRNA precursors that accumulate in the rnal yeast
mutant at the non-permissive temperature are summarized. Heavy arrows mark
the positions of the 5' and 3' intron ends. The anticodon triplet is
indicated adjacent to the sequence by square brackets. The variations in
sequence that have been observed for each pre-tRNA family are indicated by
the double-headed arrows. The sequence shown for pre-t:RHAI]-e is that
containing tRNAIle=l found in pGKN-7; the variation (for tRNAIle-2) is found
in pGKN-11. 1In cases where there are more than two sequence variations, the
variants are shown in layers. The sequence variations for pre-tRNAPIQ
include two sequences obtained from sequencing pGKN-1 and pGKN-2 (inmer an
outer layers, respectively) and one sequence from another gene sequenced by
C. Cummins (middle layer; manuscript in preparation). An additional intron
sequence variation in pre-tRNAPLQ has been reported elsewhere (15).
References for sequence information and intron position assignments were
obtained as follows: pre-tRNAIYT (1,4); pre-tRNAPRe (2,4); pre-tRNALYS (23;
this paper); pg:—tRN Ser (12); pre-tRNATTP (13); pre-tRN PEERN(?I; this

. - i - : A e i
g:g::;: pre-tRNALSH (1375 pre tRNAZEY (this paper, 26) and pre-t AGAS (this

case of precursors to tRNAngg (see Fig. 1). The data indicate a probable
minimum of 5 precursors to tRNASrGE of which the sequences of three variants
are presented in Figure 5. Sequence analysis of two 3' end-labelled RNA
species from the same region of the two-dimensional polyacrylamide gel
revealed two additional intervening sequence variants (Lee and Knapp,

unpublished data; 15). For clarity in Figure 4, these have not been shown
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TABLE 1

POSITIONS OF VARIATION IN INTERVENING SEQUENCES

region 1 ARTICODON LOOP region 2
INTRON: COMPLEMENT-
INTRON IN TYR PHE LEUU AG LEUC AA PROUGG
TOTAL LENGTH 14 18,19 19 32,33 28,31
POSITION OF
ANTICODON LOOP 9-11 6-11 12-17 7-11  25-28
COMPLEMENT

POSITION(S) OF
SEQUENCE VARIATION: b c
REGION 1 5 4 4 4 multiple

REGION 2 - - - 19°  multiple?

4The numbers (counting starts with the first nucleotide of
intron) and sequence refer to the one given in Fig. 5.

bshown in_Fig. 5.

CThe tRNA genes present a more complex picture. Three
variants, representing one or two base substitutions, can
be observed in Fig. 5. Two other sequences, pre-prol and
pre-pro4, are more varied. Pre-Prol has four changes:
deletion of #8 and #16 and base substitutions at #21 and 22
(A to G). Pre-pro4 has eight changes: deletion of #1-3 and
6-8, insertion of A after #10, and base change at #12 (U to A).
Insertion of two or one pyrimidines after #30 in pre-prol
and pre-pro4, respectively.

but they contain several small sequence changes which are summarized in Table
1.

Classifying the precursor tRNAs according to the translational role of
their mature counterparts, variability within the classes can be found within
the anticodon (Leugcps and Leuppg), within other portions of the mature tRNA
(Ile) and most commonly within the intervening sequence (Tyr, Phe, Leu, Pro).
It is also known that isoacceptor tRNAs (e.g., for Ser (12,27) and Pro (28))
can differ in whether they are transcribed from genes containing intervening
sequences or not.

The two tRNA%kE sequences present an interesting case. Southern blot
hybridization of pre-tRNALle to restriction digests of total yeast DNA
indicate two copies of the gene (data not shown). The sequences of both are
presented in Figures 2A and 4. In this instance, although the anticodons are

the same, the two tRNAs differ by a single base in the TYC loop. The
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intervening sequences are identical and there is considerable conservation of
the 5' flanking sequence to position -38. This latter observation is notable
in that most yeast tRNA genes that have been sequenced seldom exhibit
homology in 5' or 3' flanking regions. Both genes are observed to be equally
active in vivo in the rnal mutant (as judged from molar ratios of the
appropriate RNase Tl oligonucleotide (9)). Presumably the base change in
what has been defined as the distal promoter element in other yeast tRNA
genes (29) does not impair expression in this case.

The presence of an intervening sequence within a tRNA gene does not
correlate with either high or low copy number or with the level of usage of
the mature tRNA in decoding known yeast genes (reviewed in 30). For example,
the gene encoding tRNAggz is single copy and the codon UCG, which can only be
read by this tRNA in yeast, is very infrequently used. Nevertheless, this
represents an instance where cell viability rests heavily on a faithful
splicing reaction. Similarly, the two genes for tRNA%ﬁﬁ contain intervening
sequences and the tRNAs decode rarely used AUA codons. On the other hand,
tRNA%iK and tRNAEEg genes are multicopy and the tRNAs are frequently used.
Intervening sequences appear to be distributed throughout yeast tRNA genes
without regard for tRNA function. It is true that in our analysis so far, a
given anticodon is either always associated with an intervening sequence or
not, however the intervening sequences may show heterogeneity in terms of
length and/or sequence.

Figure 4 summarizes the sequences of precursors of the nine tRNAs that
accumulate at the nonpermissive temperature in the rmal mutant. Not all
variants are shown in the figure to avoid ambiguity. Additional sequences
are referred to in the legend or in Table 1. The sequences are presented in
secondary structures which maintain the four helical stems of the tRNA and
maximize favorable free energies (hand estimated using the guidelines of
Tinoco and coworkers (31)) of the base pairing in the anticodon loop-
intervening sequence regions. In two precursors (Ile and Pro) alternate
structures with similar free energies are possible. 1In those cases we chose
the structure which conformed with structure-probing data (15). 1In all nine
precursors, a portion of the anticodon loop including part or all of the
anticodon may form base pairs with a complementary sequence in the
intervening sequence. Additional secondary structure is possible in the
cases of precursors which have larger introns (i.e., Ile, Leugpa, Trp and
Pro). The sites of cleavage by the splicing endonuclease are in single-
stranded regions except for the 5' site in pre-tRNA%ﬁ% which is shown base-
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paired in the structure having the most favorable estimated free energy. It
is probable that at least some of these common structural features will prove
to be recognition points for the yeast splicing endonuclease. The partially
purified endonuclease has been shown to cleave all nine precursors equally
well (9) and the significance of these structural features 1is under
investigation. Table 1 presents a summary of sequence variations among
intervening sequences found in these pre-tRNAs. The one region of the
intervening sequence that is invariant 1is the region which contains the
sequence which is complementary to the anticodon loop.

The function of intervening sequences in yeast tRNA genes is not
immediately apparent from an inspection of their occurrence. Early
experiments were directed towards exploring a transcriptional role for the
intervening sequences in this subset of genes (32) and, with the subsequent
description of the split internal promoter for eukaryotic tRNA genes
(reviewed in 32), further investigations along these lines were pursued (33).
A powerful and different approach investigated the effects of precisely
deleting the intervening sequence from a suppressor allele of a tRNAIYT gene
(SUP6) on suppressor function in vivo (35,36). It was found that suppressor
function was impaired if the gene containing the deletion was present in
single or low copy (as opposed to its presence on a multicopy 2 micron
plasmid derived vector when suppression was not distinguishable from that
conferred by the intact suppressor gene). Furthermore, a difference in
modification in the anticodon was clearly shown between in vivo tranmscripts
from the normal versus the deletion-containing suppressor gene. This result
suggests that at least in this system (tRNATYY) the pseudouridylate
synthetase responsible for introducing the modification in the anticodon
recognizes the precursor and not the mature sequence.

The relationship between intervening sequences in tRNA genes of S.
cerevisiae and of other organisms is another mystery. Heterologous splicing
studies, where precursors from one system (most frequently, S. cerevisiae,

S. pombe or Drosophila) are processed in extracts from another (most

frequently X. laevis) generally in a coupled transcription/processing system
(15,36), suggest some common features for the precursors. This does not
always appear to be displayed at the secondary structure level wupon
ingpection (37,38) but no experiments along the lines of those done in S.
cerevisiae (15,39) have been pursued. Possible secondary structure in the
intervening sequence-anticodon loop region is not always found in pre-tRNAs

from other organisms, suggesting that the tRNA splicing endonucleases from

9380



Nucleic Acids Research

various organisms recognize preferentially different pre-tRNA structural
features. Conversely, the conservation of position of the intervening
sequence in nuclear tRNA genes among organisms suggests a common basis for
structural recognition by the tRNA splicing ligases. This 1is indeed
observed, however, the nature of the reaction catalyzed as well as the
specificity of the reaction for tRNA is variable (reviewed in (40) and
references therein). It is not known whether these alternate mechanisms are
involved in homologous tRNA splicing systems. S. cerevisiae remains the
best studied system with regard to tRNA splicing. It is anticipated that the
scope of the reaction, as represented by the substrates defined in this work,

will yield to further biochemical and genetic analysis.
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