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Yeast tRNA precursor mutated at a splice junction is correctly
processed in vivo;
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ABSTRACT Yeast mutants with decreased expression of a
tRNATyr gene were obtained by selection for functional inactiva-
tion of the tyrosine-inserting ochre suppressor SUP4 and subse-
quent screening for production of the tRNA gene product in vivo.
One mutant with reduced suppressor activity was characterized
by a decreased quantity ofthe suppressor-specific. tRNA; a precur-
sor to this tRNA,. matured at. both 5' and 3' termini but still con-
taining a 14-nucleotide intervening sequence, was present in an
amount >7-fold that in the parent, By RNA sequence analysis of
the accumulated precursor, we have identified the mutation as an
A-GG transition at the 5' splice junction. Similar analysis of the
mature tRNA produced in this mutant demonstrated that the in-
tervening sequence was accurately excised. We conclude that the
specific sequence of nucleotides at this splice junction affects the
efficiency but not the fidelity ofprocessing.

The ochre suppressor SUP4 arises through a G-C to TA base
pair change in the position corresponding to the 5' nucleotide of
the anticodon (2). Mutants selected for decreased suppressor
activity were screened for production of the precursor and ma-
ture SUP4 gene product in vivo. In one such mutant, the IVS-
containing precursor was present in an amount >7-fold that in
the parent. By RNA sequence analysis of the accumulated pre-
cursor, we have identified the mutation as an A- G transition
at the 5' splice junction. Similar analysis ofthe mature suppres-
sor tRNA (present in reduced amounts) demonstrated that the
intervening sequence was accurately excised. We conclude that
this sequence alteration affects the efficiency but not the fidel-
ity ofprocessing.

Many eukaryotic genes are not colinear with the mature, func-
tional products that they encode (for a review, see ref. 1). In the
yeast Saccharomyces cerevisiae, a subset of tRNA genes, in-
cluding those for tRNATYr, tRNAPhe, tRNAUC,;, tRNATrP, and
tRNA3u, contain intervening sequences (IVS) (2-8). Precursors
with these additional internal nucleotides have been identified
(4-6) in a temperature-sensitive mutant of yeast with an un-
known defect in RNA metabolism (9). These molecules are ma-
ture at both 5' and 3' termini, suggesting that IVS excision is a
late step in the biosynthetic pathway.
A first step in understanding the biological significance of

tRNA splicing is the identification of those features of the pre-
cursor that determine the accuracy and efficiency of IVS pro-
cessing. A comparison (8) of primary and proposed secondary
structures offive such precursors reveals large variations in IVS
size (13 to '=60 nucleotides) and sequence. In striking contrast
is the conserved location of the IVS relative to the mature se-
quences: in all cases it is found one nucleotide in the 3' direction
from the anticodon. Furthermore, each ofthe precursors can be
fit to a common secondary-structure model in which the anti-
codon is base-paired to a complementary sequence within the
IVS. With the exception of this "extended anticodon stem," all
other characteristic features of the cloverleaf are maintained.
This picture is consistent with a mechanism in which the speci-
ficity of the splicing reaction is determined by recognition of
common structural features within conserved portions of the
precursor.

To test these predictions we have used a genetic approach.
By analogy to results from prokaryotic systems (10), selection for
reduced activity of a nonsense suppressor tRNA should yield a
high proportion of mutations within the tRNA structural gene
that generate defective substrates for processing. The SUP4 lo-
cus, one of eight genes in S. cerevisiae that code for the cyto-
plasmic species oftRNATYr (11, 12), includes a 14-base-pair IVS.

MATERIAL AND METHODS
Strains. The SUP4 and ochre-suppressible alleles used in this

study were obtained from the Berkeley Stock Center, Berkeley,
CA. All strains contain the ochre-suppressible alleles ade2-1,
lysl-l, his5-2, and trp5-48 as well as canl-100, an ochre mu-
tation in the structural gene for arginine permease.

Mutant Selection. Cells capable of expressing the SUP4
tRNAT~' gene are sensitive- to the toxic effects of the arginine
analogue canavanine; mutants defective in the function or
expression of the suppressor will have a resistant. phenotype.
Canavanine-resistant colonies were selected as described by
Rothstein (13). Only those- mutants that showed reduced
expression of at least one auxotrophic marker were further
considered.

Meiotic Recombination Analysis. Mutations lying within the
SUP4 structural gene were identified by measuring the fre-
quency at which ochre suppression was regenerated by meiotic
recombination between the SUP4 mutation; at~the first (5') nu-
cleotide in the, anticodon, and the anti-suppressor mutation.
Individual diploid colonies produced by matings of mutants
with sup' strains were replica-plated to sporulation plates (14).
After 3 days the sporulated cells were replica-plated to media
lacking histidine, tryptophan, or lysine. Control (sup+/sup')
diploids gave rise to colonies at a frequency of5 per 10 tetrads.

Preparation of 32P-Labeled tRNATYr and PretRNATYr. In-
dividual RNA species were prepared as described (4), except
that cells were grown at 30'C and labeled for 1 hr.

RESULTS^
The canavanine-resistant mutant a122 was phenotypically ade&
but exhibited residual suppression of the other ochre alleles
lysl -l, trp5-48, and his5-2. This argues that the anti-suppressor
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mutation is not a reversion from SUP4 to sup'. Recombination
between a122 and SUP4 could not be reproducibly detected
over the background of spontaneously arising ochre suppres-
sors. However, when crossed with other SUP4 mutants whose
genetic distances relative to the anticodon have been deter-
mined, a122 gave rise to SUP4 recombinants at frequencies that
allowed us to construct an- internally consistent linear map (un-
published data). These findings argue that the a122 phenotype
resulted from a single mutation very closely linked to the SUP4
anticodon.
To determine whether a122 is defective in a step of tRNA

expression prior to function ofthe mature fully processed prod-
uct, we analyzed RNA from mutant and parent cells labeled for
1 hr with 32P. Two-dimensional gel electrophoresis (cf. ref. 4)
yielded precursor to tRNATYr (pretRNATYr) of .90% purity.
Quantitating the amount of precursor derived-from the SUP4
locus was complicated by the fact that the corresponding prod-
ucts of the other seven tRNATYr loci comigrated with the sup-
pressor species. This problem could be circumvented by ex-
ploiting the G-NU mutation in the SUP4 anticodon. With the
elimination ofthis RNase Tl-sensitive site, the anticodon of the
suppressor was then contained within a single RNase Ti oli-
gonucleotide (P1) 19 residues in length, which could be readily
separated

s~up+ (5') A-C-U-G-U-A-A-U-U-U-A-U-C-A-C-U ACp(3')
P2

SUP4 A-C-U-U-U-A-A-U-U-U-A-U¶C-A-C-U-A-C-Gp,
P1

from the 15-nucleotide product (P2) of the sup' RNA by homo-
chromatography on DEAE-cellulose. The results obtained with
precursor from the SUP4 parent are shown in Fig. la. Quan-
titation of these oligonucleotides (Table 1) indicated that the
SUP4-specific product comprises -10% of the total pretRNATYr
population, in good agreement with the theoretical prediction
of 12.5%.

RNase Ti digestion ofpretRNArYr from ai22 yielded a unique
pattern. The SUP4-specific product Pi was missing, and two
novel oligonucleotides (P4 and P5) appeared in high yield (Fig.
lb). This suggests that ai22 arose by the creation of an RNase
Ti site within the sequence ofP1. By sequence analysis ofthese
products (Table 1), the alteration in ai22 could be identified as
an A-GG transition one nucleotide in the 3' direction from the
anticodon. The sup+, SUP4, and al22 sequences are thus re-
lated to each other as follows:

sup+ (5')A-C-U-G,-U-A-A-U-U-U-A-U-C-A-C-U-A-C-Gp (3'
P2

SUP4 ,A-C-U-U-U-A-A-U-U-U-A-U-C-A-C-U-A-C-Gp

I P1

a122 ,A-C-U-U-U-A-G U-U-U-A-U-C-A-C-U-A-C-Gp,
P4 P5

The ai22 product P5 was present-in 0.63 molar yield relative
to the analogous oligonucleotides from the seven wild-type
tRNATYr loci (Table 1). Because the SUP4 parent contained P1
in 0.09 molar yield, we estimated that the level of the mutant
precursor was increased 7-fold relative to that of SUP4 pre-
tRNATYr.

'If the ai22 gene were transcribed with the same (i.e., not
higher) efficiency as was SUP4, this elevated level would sug-
gest that the mutant precursor may be processed with reduced
efficiency. Yet because ai22 expressed residual suppressor ac-
tivity, some amount of functional suppressor tRNA must be
formed. Moreover, because the ai22 mutation involves the
phosphodiester bond that is cleaved in the normal splicing re-
action, the substituted nucleotide will appear in the mature
tRNA if the mutant precursor is recognized with the same fi-
delity as is the wild-type substrate. The sequences within the
anticodon loops ofthe processed products then would be related
as follows:

a . b
* B
_ .~~~~

- ~~~~~~~o I~~~~~~I" 0

Af&

AV

c .9.

cca

00(::: C:,0::

F4cc~ ACUUUAG

QAAUCWG

UU^CCACUACGGP3
-( 2 UAAUUUAUCACUACG

LP1 , ACUUUAAUUUAUCACUACG

FIG. 1. IRNase T1 digestion prod-
ucts of pretRNATyr. Precursor from
SUP4 (a) and mutant a122 (b) were
digested with RNase T1 as described
by Barrell (15). Oligonucleotide frac-
tionation was by electrophoresis at pH
3.5 on cellulose acetate in the first di-
mension and by homochromatography
on DEAE-cellulose plates at 600C in
the second dimension. Oligonucleo-
tides unique to SUP4 or ai22 are in-
dicated by arrows. (c) A composite rep-
resentation of the autoradiographs
shown in a and b in which the dark cir-
cle is the oligonucleotide (P1) specific
to SUP4 pretRNATyr, hatched circles
are ai22-specific, and open circles are
common to both species. The dashed
circle indicates a product that occurs
in variable yield in both SUP4 and
a122 pre-tRNATyr; it is distinct in both
composition and mobility from P5. Mo-
lar yields ofthe numberedproducts are
given in Table 1. P1 migrated 3 cm
from the origin in the second dimen-
sion. B, The reference dyexylene cyanol.

fP5 UUUAUCACUACG

WI
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Table 1. Composition and molar yields of ribonuclease T1 digestion products of tRNATYr and pretRNATyr
Source of Molar Products of digestion Molar
tRNA Oligonucleotide Sequence yield RB with RNase A yield*

SUP4 P1 A-C-U-U-U-A-A-U-U-U-A-U-C-A-C-U-A-C-Gp 0.09 0.1 A-A-Up,A-Up,A-Cp,Cp,GpUp ND
P2 U-A-A-U-U-U-A-U-C-A-C-U-A-C-Gp Lot 0.22 A-A-Up,A-UpA-Cp,Cp,Gp,Up ND
P3 U-A-A-U-U-U-A-C-C-A-C-U-A-C-Gp 0.22 A-A-Up,A-Cp,Cp,Gp,Up ND

a122 P2 U-A-A-U-U-U-A-U-C-A-C-U-A-C-Gp 1.0t 0.22 A-A-UpA-Up,A-Cp,Cp,Gp,Up ND
P3 U-A-A-U-U-U-A-C-C-A-C-U-A-C-Gp 0.22 A-A-Up,A-Cp,Cp,Gp,Up ND
P4 A-C-U-U-U-A-Gp 1.03 0.70 A-GpA-Cp,Up ND
P5 U-U-U-A-U-C-A-C-U-A-C-Gp 0.63 0.42 A-UpA-Cp,GpUp,Cp ND

SUP4 Ml A-C-U-U-P-A-i6A-A-W-C-U-U-Gp 0.13 A-i6A-A Ip, 0.17
A-Cp, 0.14
Gp,Cp,Up ND

M2 I-A-i6A-A-P-C-U-U-Gp 1.0 A-i6A-A-Wp, 1.0
Gp,Cp,Up ND

M4 D-D-D-A-A-Gp 1.05 A-A-Gp,Dp ND
a122 M2 I-A-i6A-A-P-C-U-U-Gp 1.0 A-i6A-A-Ip, 1.0

CpUp,'Tp ND
M3 A-C-U-U-T-A-m'Gp [0.18]Y A-m'Gp,§ 0.10

A-Cp, 0.08
UpIp ND

M4 D-D-D-A-A-Gp + A-I-C-U-U-Gp 1.11 A-A-Gp, 1.04
A-Wp, 0.09
Cp,Gp,Up,Dp ND

All RNase T1 and RNaseA products oftRNATYrand pretRNATYr from SUP4- and a122-containing strains have been quantitated and characterized
by modified base analysis and by analysis of redigestion products with RNases A and T1, respectively. We report in this Table only those RNase
T1 oligonucleotides that differ among these RNAs. The oligonucleotides listed are the digestion products shown in Figs. 1 and 2. Molar yields of
T1 oligonucleotides were calculated by normalizing the radioactivity in each product to the sum of that from the sup' products P2 and P3 (in the
case ofpretRNATyr) or to the sup' fragmentM2 (in the case oftRNAT"r).RB is the mobility relative to that ofthe indicator dye xylene cyanol. Products
ofredigestion with RNase A were characterized by their electrophoretic mobility and composition as determined by complete digestion with RNase
T2. Modified base analysis by two-dimensional ascending chromatography was performed as described by Saneyoshi et al. (16).
* ND, not determined.
t The eight genes coding for tRNAT'Yr are identical except for the presence of a sequence polymorphism within the IVS (2, 5).
t The molar yield value ofM3 is probably an overestimate due to contamination by nearby spots.
§ The RNase A digestion product A-m1Gp differs in its mobility on DEAE-paper at pH 3.5 (RB = 0.70) from that of standard A-Gp (RB = 0.59).

sup+ (5'),ACU iA6AATCUUGp 3')
I M2

SUP4

a122

ACUU*Ai6AA*CUUGp
m l

ACUU*AGAWCUUGp
M3 M4

The SUP4-specific RNase Ti oligonucleotide Ml could be
resolved from the sup' counterpart M2 (Fig. 2a). This oligo-
nucleotide was not found in the a122 fingerprint (Fig. 2b). There
was instead a spot (M3) with mobility and composition consis-
tent with the predicted Tl cleavage. The rest of the anticodon
was contained in a Ti oligonucleotide (M4) which comigrated
with D-D-D-A-A-Gp (D = dihydrouridine). These results
(Table 1) are consistent with the conclusion that mature tRNATYr
arises in a122 by cleavage of the mutant precursor at the same

position as wild-type pretRNATYr-i.e., next to the mutated
nucleotide in the 3' direction.
To estimate what proportion of the a122 precursor was ac-

curately processed, we first compared the yields of mature
SUP4 and a122 tRNATYF. In the parent strain, SUP4-specific
tRNATYr, was present-in 14-17% ofthe amount oftRNATYrprod-
ucts from the other seven loci. The amount of al22-specific
tRNATYr, estimated by analyzing the RNase A redigestion prod-
ucts of M3 and M4 (Table 1), was 8-10%. This suggests that the
amount oftRNA accurately matured from the mutant precursor
was only 30-50% less than that from SUP4 pretRNA Yr.

Conceivably this reduction can be accounted for solely by a
decreased efficiency of processing. Alternatively, some pre-
cursor might have been degraded, or inaccurately cleaved at
multiple sites, or both. The ratio of mature tRNATYr to sup+or
SUP4 precursor is 40:1. In a122, however, this ratio was reduced
to 7:1, suggesting that the mutant precursor was in fact pro-
cessed more slowly. Under the conditions of our experiments,
mature tRNATVrand its, IVS-containing precursor were the only
two tRNATYr gene products detected in significant yield. In the
parent strain the two SUP4-specific products accounted for 14
± 2% ofthe products from all tRNATYrgenes. Because the prod-
ucts of the a122 allele constituted 11 ± 1% of the total, they
cannot be substantially less stable than those ofthe SUP4 gene.
In summary, then, we estimated that at least 63% (10% vs. 16%)
and perhaps as much as 100% of the a122 precursor was not
degraded and was accurately processed.
The A-GG mutation in a122 tRNATYr should have resulted

in formation of the dinucleotide A-Gp after RNase A digestion
of the RNase Ti oligonucleotide M3 (Table 1). The observed
dinucleotide exhibited an altered electrophoretic mobility;
RNase T2 digestion revealed that the guanosine residue had
been modified to 1-methylguanosine (Table 1). As a result of
the a122 mutation, therefore, the modified adenosine (i6A) ad-
jacent to the anticodon was, replaced by a methylated guanosine.

DISCUSSION
We have employed a strategy based on the rationale that mu-
tations which reduce the-expression ofa suppressor tRNA gene
will be recovered in a genetic selection for mutants with de-
creased suppressor function. In the mutant a122, precursor to

Genetics: Colby et al.
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MDMI %ACUUYAISAM'CUUG
C 0QM2 YAISAAYCUUG°d N3e ACUUYAm1GDOOAAG M40 M3Aw U~O

.p CUCUCG
DDGmGO

O TTCG

AbG

FIG. 2. RNase T1 products of tRNATYr. Autoradiographs ofRNase T1 oligonucleotides from mature tRNA 'Ty ofSUP4 (a) and mutant a122 (b)
are schematically represented in the composite line drawing (c). Oligonucleotide fractionation was by electrophoresis at pH 3.5 on cellulose acetate
in the first dimension, and on DEAE-paper in 7% (vol/vol) formic acid in the second dimension. All other details are as in the legend to Fig. 1.
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FIG. 3. Nucleotide sequences of pretRNATY'r from sup', SUP4, and a122. The primary sequence of the wild-type precursor was determined by
Knapp et al. (5). The DNA sequence of the SUP4 locus has been shown (2) to be identical to that of the sup+ allele except for the G-.U mutation
at position 36. Our data (Table 1) confirm this nucleotide alteration in the RNA sequence and indicate that the sequence of a122 pretRNAT'r differs
from that ofSUP4 only at position 39. For simplicity, the solid lines have been used to represent sequences apparently identical to those in the wild-
type precursor. The anticodon is indicated by brackets. Large arrows identify the sites of excision and ligation (see text). The secondary structures
shown are those predicted at free energy minima according to rules derived by Tinoco et al. (19) and Borer et al. (20). They were generated by using
a computer program written by J. E.-McMahon of Lawrence Berkeley Laboratory. These rules predict the existence oftwo predominant structures
differing only by the presence or absence ofthe base pair indicated by small dots. The best estimates for the difference in G' between these two forms
is 0-1 kcal. These values suggest that the base-paired structure would comprise 30-50% of the population.
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SUP4 tRNA is inefficiently processed. Because residual sup-
pressor activity is retained, the genetic phenotype ofthe mutant
could derive from a reduced rate of formation of fully functional
tRNA. However, we have observed only a modest (30-50%)
reduction in the apparent concentration of the a122 product.
Thus, it is also possible that suppressor activity is reduced be-
cause of the substitution ofm G at the position normally oc-
cupied by i6A. A mutant unable to synthesize the i6A modifi-
cation has in fact been identified among SUP4 anti-suppressors
(17). It will be of interest to compare the suppression efficien-
cies oftRNAs containing m'G, i6A, or an unmodified A residue
adjacent to the anticodon.

The fact that all five species of yeast tRNA known to contain
a guanine residue next to the anticodon in the 3' direction are
also modified to m'G (18) argues that the presence of this mod-
ification in a122 is a secondary consequence of the A- G mu-
tation. Because we do not observe m'G in the IVS-containing
precursor, we conclude that 1-guanine methyltransferase rec-
ognizes a G residue 3' to the anticodon, but only when this re-
gion is in the conformation of the mature tRNA.

Splicing of pretRNATYr from sup' entails the cleavage of
phosphodiester bonds between nucleotides at positions 39 and
40 and positions 53 and 54 (Fig. 3). Knapp et aL (5) identified
these sites in the wild-type precursor by isolation of the half-
molecule intermediates; we have inferred that the locations are
the same in the SUP4 product. From sequence analysis ofRNase
T1 oligonucleotides in tRNATYr and pretRNA Yr that are
uniquely present in the a122 strain, we have shown that the
correct sites are still recognized in the mutant precursor. We
conclude from these results that a unique sequence of nucleo-
tides at the splice junction is not absolutely required for accurate
excision of the IVS. The accumulation of a122 precursor in an
amount 7 times that of the SUP4 product, however, argues that
the efficiency of this process is significantly affected by the
A- G mutation.

In an attempt to understand how a precursor containing this
alteration might be recognized as an inefficient substrate, we
have compared probable secondary structures of pretRNATYr
with those of four other spliced tRNA precursors (8). In all cases
the two sites of endonucleolytic cleavage occur a fixed distance
from the top ofthe anticodon stem. Whereas in all five wild-type
precursors the anticodon can be base-paired in its entirety to
a complementary sequence within the IVS, an examination of
the most stable structure for SUP4 pretRNATYr (Fig. 3) suggests
that this feature is not essential for efficient processing. Simi-
larly, it would appear that the 3' splice junction can be recog-
nized efficiently, whether it occurs within a base-paired region,
as it does in the case of the SUP4 precursor, or in a loop. Thus,
the only feature of secondary structure that distinguishes the
mutant precursor is the location of the 5' splice junction within
a region that can exist in a fully base-paired form (see legend
to Fig. 3).

It remains to be seen whether this postulated alteration in
secondary structure is, in fact, responsible for the impaired
processing of the a122 precursor. We have analyzed a number
of additional SUP4 mutants that also exhibit significant reduc-
tions in the efficiency with which the IVS is removed from pre-
tRNATYr. Based on fine structure genetic mapping, it appears
that the majority of these mutations lie within the structural
gene but outside (5' and 3' to) the IVS. Although sequence anal-
ysis ofthese mutants is still in progress, these results are already

reminiscent of the picture that has emerged from prokaryotic
processing studies (1, 21): the primary determinants of recog-
nition appear to be comprised of domains of the precursor des-
tined to become the product of the processing reaction. Thus,
biologically significant rates of splicing may depend on recog-
nition of secondary and tertiary structural features of the pre-
cursor common to those of mature tRNA. These features also
may specify the precise sites at which cleavage occurs, because
we have shown that the primary sequence at one such site does
not alter the fidelity of the reaction. Although further specula-
tion is premature at this time, it is interesting to compare these
results with experiments of others (22, 23) that have emphasized
the conservation of sequences across splice junctions in mRNA
precursors and the importance of maintaining the integrity of
these boundaries. Conceivably this points to a fundamental dif-
ference between tRNA and mRNA splicing.
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