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A genetic approach was used to isolate and characterize Saccharomyces cerevisiae genes affecting tRNA
processing. Three mutants were isolated which were able to process and utilize splicing-deficient transcripts
from inactivated Schizosaccharomyces pombe suppressor tRNA genes. Extragenic recovery of suppressibility
was verified by the suppression of nonsense mutations in LEU2, HIS4, and ADEI1. One mutant, SPLI-1, was
chosen for detailed analysis on the basis of its increased synthesis of mature suppressor tRNA over wild-type
cell levels as determined by Northern (RNA) analysis. This mutant exhibited strong suppression exclusively
with the defective tRNA gene used in the mutant selection. Genetic analysis revealed that a single, dominant,
haplo-lethal mutation was responsible for the suppression phenotype. The mutation mapped on chromosome
III to an essential 1.5-kb open reading frame (L. S. Symington and T. D. Petes, Mol. Cell. Biol. 8:595-604,
1988), recently named NFSI (S. G. Oliver et al., Nature [London] 357:38-46, 1992), located adjacent

(centromere proximal) to LEU2.

tRNA biosynthesis is a complex multistep process. In
eukaryotes, tRNA genes are transcribed into tRNA precur-
sors which contain 5’ and 3' flanking sequences, lack the
3'-terminal CCA sequence, and in some cases also contain
an intron (7, 38). After maturation of the 5’ and 3’ termini of
an intron-containing precursor tRNA, the intervening se-
quence is excised and the two tRNA half-molecules are
ligated. Splicing of the intervening sequence is a multistep
process that occurs in an enzyme complex on the inner
surface of the nuclear membrane (4). In Saccharomyces
cerevisiae, at least five enzymatic activities are required for
tRNA splicing. In the first step, an endonucleolytic cleavage
liberates the intron and generates two tRNA half-molecules.
Before ligation can occur, the 2',3'-cyclic phosphate of the
5'-half-molecule is cleaved to a 2'-phosphate and the 3'-half-
molecule is phosphorylated. After adenylation of the ligase
enzyme, the two half-molecules are joined in an ATP-
dependent ligation step. A specific phosphatase releases the
splice junction 2'-phosphate from the mature-size tRNA
molecule to complete the reaction. Knowledge of the gene
organization, enzymology, and localization of the tRNA
splicing pathway in S. cerevisiae is quite detailed. The
endonuclease activity has been partially purified and associ-
ates with a membrane-bound complex containing three poly-
peptides of 31, 42, and 51 kDa (35). The cyclic phosphodi-
esterase, kinase, and ligase activities have been shown to
copurify with a single 95-kDa polypeptide (10, 34) located on
the inner surface of the yeast nuclear membrane (4). The
three activities are arranged sequentially along the length of
the ligase protein, and the encoding gene has been shown to
be essential for cellular viability (33). The 2'-phosphatase
activity requires NAD"* as a cofactor and mediates the
cleavage and transfer of the splice junction 2’-phosphate to
an unidentified acceptor molecule, possibly the NAD* co-
factor (22, 23, 49).
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Genetic selections in S. cerevisiae have yielded several
mutants that indirectly influence tRNA biosynthesis or affect
a small subset of intron-containing tRNAs, e.g., rmal-1,
los1-1, STPI, and tpd1. The mutants rnal-1 and losI-1 show
in vivo accumulation of end-matured, intron-containing pre-
cursor tRNAs and unprocessed rRNAs, but exhibit wild-
type tRNA splicing activity in cell extracts and are thought
to be involved in transport of RNA species across the
nuclear membrane and/or maintenance of the nuclear mem-
brane structure (1, 14). A gene disruption of STPI is not
lethal, but leads to accumulation of a specific group of
intron-containing precursor tRNAs (characterized by an
extra stem-loop structure in the anticodon loop), suggesting
that STPI may encode a ““helper’’ function that provides
proper conformation of the pre-tRNA or directs the tRNA to
the splicing complex or facilitates binding of enzyme and
substrate (46). The zpd1 mutant shows in vivo accumulation
of intron-containing precursor tRNAS®" at the nonpermissive
temperature, but has not been tested for in vitro splicing
activity (45).

Biochemical approaches have also been used to isolate
genes affecting tRNA biosynthesis. The senl-1 mutant con-
fers temperature-sensitive growth and results in pre-tRNA
accumulation in vivo and in vitro (48). Cloning and charac-
terization of SENI show it to be essential for cellular
viability and required for processing of all 10 families of
intron-containing tRNAs (5). Mutant sen2-3 accumulates
tRNA two-thirds molecules (5’ half-molecule plus intron),
which suggests that it may be defective in cleavage at the 5’
splice site of the intervening sequence (12). Antibodies
raised against the SEN2 gene product react with the 42-kDa
subunit associated with endonuclease activity, suggesting
that SEN2 may encode a subunit of the endonuclease
complex (35). The ptal-1 allele causes conditional lethality
and in vivo accumulation of pre-tRNAs at the restrictive
temperature, although cell extracts show normal splicing
activity (29, 30).

It is known that Schizosaccharomyces pombe UGA (opal)
suppressor tRNA genes function in S. cerevisiae as active
suppressors in vivo (13). The resulting S. pombe tRNAs can
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TABLE 1. S. cerevisiae strains constructed in this study

Description

Strain Relevant genotype

M1-rs29 MATa leu2-2yg, his4-260yga ura3-52 trpl-1

M8 MATa leu2-2yGa his4-260yG4 ura3-32 trpl-1
MATa leu2-2;G his4-260y6 ura3-52 TRP1

CK105 MATa SPLI-]1 leu2-2;6a his4-260 ;G4 ura3-52 trpl-1
MATa spll leu2-2yga HIS4 ura3-52 TRPI1

CK119 - -2uca HIS4 ura3-52 trpl-1
MATa spll leu2-2yGa his4-260yg 4 ura3-52 TRP1

CK115 MATa SPLI-1 leu2-2v;6a his4-260y;64 = = =
MATa spll leu2-2yga his4-260yga ura3-52 TRP1 adel-UGA

Haploid strain to generate splicing mutants

Diploid strain to generate splicing mutants

SPL1-1 splicing mutant

Outcrossed CK105 mutant

Outcrossed CK105 mutant

easily be distinguished from the homologous S. cerevisiae
tRNAs since they show minimal cross-hybridization by
Northern (RNA) analysis because of their wide sequence
divergence from S. cerevisiae (47). Therefore, we used a
number of nonfunctional S. pombe UGA suppressor tRNAs
inactivated by single-base mutations (32, 47) to select for S.
cerevisiae mutants capable of splicing the intervening se-
quence of the defective tRNA transcripts to yield active opal
suppressor tRNAs. Restored activity of the tRNAs was
assayed by suppression of nonsense alleles LEU2, HIS4,
and ADE].

MATERIALS AND METHODS

General. The S. cerevisiae strains and plasmids used in
this study are listed in Tables 1 and 2, respectively. Com-
plete and minimal media and plates were prepared as de-
scribed previously (39). Selective minimal media and plates
were supplemented with the amino acids and nucleotides
needed to cover the auxotrophies that were not being
assayed. 5-Fluoroorotic acid (FOA) plates were synthetic
complete plates which contained 6.7 g of yeast nitrogen base
(without amino acids with ammonium sulfate), 20 g of
dextrose, and 1 g of amino acid mix supplemented with 875
mg of FOA (SCM Specialty Chemicals, Gainesville, Fla.)
per liter and 30 mg of uracil. All components for FOA plates,
except the agar, were dissolved by using minimal heat and
were filter sterilized.

Sporulation, ascus dissection, and tetrad analysis were
performed as described before (39). For analysis of marker
segregation, random spore analysis was also performed (36).

Mutagenesis and mutant selection. Functional and defec-
tive sup3-e and sup9-e alleles and sup8-e were cloned on
YCp50 and YRpl7 (28, 32, 47). These constructs were
transformed into the wild-type strain M8 by the lithium
acetate method (15). S. cerevisiae transformants were grown

to saturation in minimal medium selective for plasmid main-
tenance. A total of 10° cells was resuspended in 0.2 volume
of 50 mM sodium phosphate buffer, pH 7.0. Incubation at
30°C for 30 min with 0.15 ml of ethyl methanesulfonate
(Eastman Organic Chemicals, Rochester, N.Y.) resulted in
20 to 30% lethality. The mutagenesis was stopped with 6%
sodium thiosulfate, which was followed by washes with
double-distilled water. The mutagenized cells were divided
into 10 flasks each containing 10 ml of minimal medium
lacking uracil and grown overnight at 30°C. Cells were then
plated on minimal plates lacking uracil and incubated at 30°C
for 3 to 4 days. Colonies were replicated to minimal plates
lacking leucine and histidine to assay for UGA suppressor
activity. Growth on minimal plates after approximately 4
days indicated suppression of the nonsense codons in the
leu2-2, A and his4-260 4 alleles.

Suppressing colonies were picked onto FOA plates to
select for colonies lacking the plasmid. The resultant Ura™
colonies were replica plated to minimal plates lacking
leucine and histidine to ensure that loss of suppression
segregated with plasmid loss. Ura™ Leu* His™ colonies
were presumed to be S. cerevisiae chromosomal tRNA
suppressor mutants and were discarded. Ura™ Leu™ His™
colonies were transformed with the original tRNA construct
to ensure that suppression was restored upon retransforma-
tion. Mutants which exhibited a Ura* Leu* His* phenotype
upon retransformation were chosen for further analysis.

Suppression assays. Opal suppressor activity was assayed
in the original transformed or retransformed mutant strains.
Suppression of the leu2-2\;;, and his4-260,;, markers was
assayed by scoring growth on minimal plates lacking leucine
or histidine or both. The strength of the suppression was
quantitated by counting the number of days required for full
growth of the colonies. Suppression of the adel-UGA
marker was assayed by scoring growth and color on minimal
plates with limiting adenine (7 mg/liter).

TABLE 2. List of plasmids

Designation

Relevant characteristics Source (reference)

YRp17/tRNA clones (e.g., YRpl7/sup3-e A46)

YCpS0/tRNA clones (e.g., YCp50/sup3-e A46)

ESF, H9G, K3B, D10H, G285-2D, J11D, 31C-
B, 52D-H9G, D8B, A2C, C2G, G4B

3.15-kb Clal/Sall inserts into YRp17

1.0-kb HindIIl/BamHI inserts into YCp50

YIpS subclones of chromosome III covering the 140 kb
between MAT and LEU2

Willis et al. (47)
Nichols et al. (28)
Newlon et al. (27)

pRS316 Yeast centromeric shuttle vector CEN6/ARSH4, URA3 Sikorsky et al. (40)
pSPL3.5 nfs1 clone in pRS316 This study
Bcll, Bcll/Xhol, Bcll/Smal clones of pSPL3.5 Disruptions and deletions of the 3.5-kb insert of pSPL3.5 This study
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Northern blot analysis of S. pombe tRNA gene expression.
Low-molecular-weight RNA was prepared by phenol extrac-
tion at 37°C (37). The RNA was resolved by electrophoresis
on a 10% polyacrylamide-8 M urea gel (0.7 mm thick). Each
lane contained 30 pg of RNA, and electrophoresis was
performed at 500 V. Following electrophoresis, the gel was
equilibrated in TAE buffer (40 mM Trizma base, 20 mM
sodium acetate, 1 mM EDTA, adjusted with acetic acid to
pH 7.4) for 15 min. The RNA was electrophoretically
transferred to a Zeta-Probe membrane (Bio-Rad Laborato-
ries) at 60 V for S h, using a Bio-Rad Trans-Blot Cell.

Prehybridization, hybridization, and posthybridization
wash conditions were as described by the manufacturer,
with the final wash at 60°C for 15 min. A 1.0-kb DNA
fragment containing the sup3-e A39 gene was used as a
probe. This fragment was labeled with [a-*’P]JdATP to a
specific activity of 10® cpm/ug by priming denatured DNA
fragments with random hexamers, using Klenow enzyme
(Pharmacia). The probe was separated from unincorporated
[«->2P]ATP by elution over a G-50 spin column (20).

Sequencing. M13 subclones were constructed by using
restriction endonuclease fragments from the 3.5-kb insert in
pSPL3.5 (20). Single-stranded DNA was isolated (24) and
sequenced by the dideoxy method on a Du Pont Genesis
2000 automated DNA sequencing apparatus.

RESULTS

Selection scheme for isolation of mutants affecting tRNA
intron splicing. For mutant selection we used inactive alleles
of two efficient S. pombe UGA suppressor serine tRNAs
(sup3-e and sup9-e) which differ in sequence by a C—»U
change at the tip of the extra arm (Fig. 1). These tRNA genes
are cotranscribed with a downstream initiator methionine
tRNA gene by using the internal control regions of the serine
tRNA gene (21) (Fig. 2, top). These suppressors are active in
suppressing S. cerevisiae UGA mutations (13). Previously,
many mutants were made from these suppressors which
displayed loss of suppressor activity or reduced suppressor
activity in vivo (32, 47). Several of these inactive tRNA
genes were employed to select for mutant enzymes in S.
cerevisiae capable of processing the inactive tRNA precur-
sors to mature, functional tRNA molecules. Figure 1 depicts
the mutants used in this study, their nomenclature, and their
biochemical lesions as determined by Northern analysis (32,
47). The mutant tRNA genes used exhibited defects in
transcription (sup3-e A16 or A19 and sup9-e A53), 5'-end
maturation (sup3-e C2), and splicing (sup3-e A39 and sup9-e
A37:13, C39, A46, Ai47:8, and A68 and sup§-e).

The mutant selection scheme is presented in Fig. 3. For
the isolation of haplo-lethal mutants, a diploid strain, M8,
was constructed. The strain was homozygous for two UGA
nonsense mutants, leu2-2;g, and his4-260y,, and for one
nonrevertible marker, ura3-52, for maintenance of the plas-
mid. A haploid strain, M1-rs29, was also used which carried
the same markers. The inactive tRNA genes were cloned on
yeast plasmids, either the centromeric (single-copy) YCp50
or the ars plasmid (multicopy) YRp17, carrying the URA3
gene for plasmid selection. A His* Leu* phenotype in a
mutagenized cell demonstrated restored opal suppressor
activity, indicating that the inactive precursor tRNA had
been processed to its active form. To verify that suppressor
activity was due to the expression of the plasmid-borne
tRNA gene mediated by the newly generated chromosomal
mutant and not to the generation of a chromosomal opal
suppressor tRNA or to the mutation of the plasmid-borne
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FIG. 1. Nucleotide substitutions in either sup3-e or sup9-e
tRNAS®", shown on the tRNA cloverleaf form. The single-base
mutations resulting in inactive tRNA genes used in this study are
indicated. The nomenclature for mutants derives from the substitut-
ing nucleotide, followed by the position number of the substitution.
An “i” is used to signify insertions which follow the position
number given. The suppressor anticodon is boxed. Dotted lines
indicate base pairing within the unspliced anticodon loop. The two
dashed lines indicate the sites of intron cleavage. sup3-e and sup9-e
differ in one base at the tip of the extra arm.

tRNA gene, Ura™ colonies were selected on FOA plates
(expected phenotype, Ura™ His~ Leu™) and retransformed
with the inactive tRNA gene construct (expected phenotype,
Ura™ His* Leu™).

Isolation of mutants. Three mutants were isolated from
separate mutageneses of approximately 10° cells each. These
mutants facilitated suppression by splicing-deficient tRNAs
only, suggesting that the mutations occurred in gene prod-
ucts involved in tRNA splicing. The mutants displayed no
temperature sensitivity for growth or suppression, and their
opal suppressor phenotypes were dominant as shown by
crossing a mutant haploid derivative with a wild-type strain
(data not shown). Dominance of the isolated mutants is
inherent in this type of genetic selection which utilizes
recovery of a function (recovery of suppression, in this case)
and is, in fact, a major reason for employing this particular
selection. Two mutants, CK104 and VC104, were isolated in
the haploid strain M1-rs29 with sup9-e A46 cloned on
YRp17. CK104 was allele specific in its suppression and
exhibited suppression exclusively with sup9-e A46 on
YRp17. VC104 exhibited suppression with several splicing-
deficient tRNAs, but only when they were cloned onto
YRp17. Both showed an increase in mature tRNA product as
detected by Northern analysis (data not shown). Genetic
analysis of these mutants revealed that the suppression
phenotypes were due to two genes, each displaying partial
suppression phenotypes. A third mutant, CK105, was iso-
lated in the diploid strain M8 with sup3-e A39 cloned onto
YCp50. Northern analysis of CK105 showed a significant
increase in mature tRNA and a concomitant decrease in
intron-containing precursor. Genetic analysis of CK105
demonstrated that a single gene was responsible for the
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FIG. 2. (Top) Diagrammatic representation of the sup3-e/sup9-e dimeric gene. The anticodons of the serine and methionine tRNA genes
are designated AC and the intervening sequence of the serine gene is designated IVS. The sequences corresponding to the 5’ and 3’ internal
control regions (ICR) are hatched for each gene. RNA polymerase III transcription termination occurs in the oligo-T sequence. The two genes
are separated by a 7-bp spacer. (Bottom) Expression of S. pombe sup3-e A39 in CK105 and M8. Northern hybridization analysis of RNA from
CK105 and M8 strains, with and without sup3-e A39 (YCp50). The untransformed strains were grown in complete medium. The transformed
strains were grown in minimal medium selective for plasmid-encoded URA3™* expression. Diagrams depicting the unprocessed dimeric
tRNAS"-tRNAM®! transcript, the intron-containing tRNAS®" transcripts with and without 5’ flanking sequences, and the mature tRNAS®" and
tRNAM®t molecules are drawn on the right. The tRNAS" transcript is depicted as a solid line, and tRNAM®® is drawn as a combination
solid/dashed line. The intervening sequence and 5’ and 3’ flanking regions of tRNAS®" are indicated on the dimeric transcript. The spacer
region between the two tRNAs is drawn as a small, wavy line. The RNA was probed with a 1.0-kb DNA fragment containing the sup3-e A39

gene containing the intron of tRNAS®" and the tRNAM*',

suppression phenotype, and the dominant mutant gene was
designated SPLI-1 (data presented below show that spll
maps to an open reading frame described previously by
Oliver et al. [31] designated nfs1, and joint nomenclature will
be used throughout Results). For the reasons given above,
we continued the analysis only with SPLI-1/NFSI-1.
Suppression with different inactive tRNA genes with SPLI-
1/NFS1-1. To test whether the suppressibility of SPLI-1/
NFS1-1 was specific for sup3-e A39, the heterozygous
mutant strain CK105 was transformed with other S. pombe
tRNA genes defective in transcription, 5’-end maturation,
and splicing. The ability of these tRNA constructs to sup-

press in wild-type and mutant strains is shown in Table 3.
SPL1-1/NFS1-1 only exhibited strong suppression with
sup3-e A39, the inactive tRNA gene used in its isolation. The
suppression observed with sup9-e C39 and sup9-e Ai47:8
was slightly enhanced. However, the weak suppression
exhibited by wild-type strains transformed with C39 and
Ai47:8 suggests that these precursor tRNAs are processed
into functional tRNAs, but at a slower rate than the parent
suppressor tRNA, sup9-e. Therefore, the longer generation
time of the mutant strain (data not shown) may permit
adequate concentrations of mature C39 and Ai47:8 tRNASe"
to accumulate, yielding a stronger suppression phenotype
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Rep]ica-plote to 5-FOA to select
against cells containing plasmid
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Re-transform with original
inactive tRNA gene
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FIG. 3. Mutant selection scheme. The parental strain M8 was transformed with an inactive tRNA gene, resulting in a phenotype of Ura™
Leu™ His™. Next, the transformed strain was mutagenized with ethyl methanesulfonate (EMS) and opal suppressing colonies were selected,
i.e., selection for Ura* Leu* His* colonies. In the next step, the suppressing colonies were cured of the plasmid by growth on 5-FOA plates.
Then the Ura™ colonies were examined for the ability to grow on plates lacking leucine and histidine to determine whether suppressor activity
was dependent on the presence of the plasmid; i.e., a phenotype of Ura™ Leu™ His~ demonstrated co-segregation of suppressor activity and
the plasmid-encoded tRNA. Finally, the cured colonies were retransformed with the inactive tRNA gene and assayed for suppressor activity

as demonstrated by a phenotype of Ura* Leu* His™*.

than that exhibited by wild-type strains. Thus, it appears that
SPL1-1/NFS1-1 is allele specific for the sup3-e A39 suppres-
sor tRNA gene.

Transcription and processing with SPL1-1/NFSI1-1. Differ-
ences in processing of the splicing-deficient sup3-e A39
precursor by wild-type and mutant alleles of spll/nfsl were
examined by Northern blot analysis (Fig. 2, bottom). RNA

from the wild-type strain showed accumulation of the intron-
containing sup3-e A39 precursor tRNA and virtually no
mature A39 tRNAS", RNA from the SPLI-1/NFS1-1(sup3-e
A39) transformant showed a significant increase in the
amount of mature suppressor tRNAS®" relative to the wild-
type strain, consistent with the opal suppression phenotype
of SPLI-1/NFS1-1. Quantitation of the differences in pro-
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TABLE 3. Suppression by SPL1-1/NFS1-1 with different
inactive tRNA genes”

Growth by strain:

tggeA Defect? Vector M8 CK105
(spll/spll) (SPLI-1/spll)

Cc2 P YCp50 - -
Cl4 s YCp50 - -
Gl4 s YCp50 - -
C15 s YCp50 - -
Al9 t, p YCp50 - -
Ai26 s YCp50 - -
C33 s YCp50 - -
A37:13 s YCp50 - -
A37:13 s YRpl7 - -
A39 s YCp50 - +++
C39 s YCp50 + ++
Ad6 s YCp50 - -
Ad6 s YRpl7 - -
A47 s YCp50 - -
Ai47:8 s YRpl7 + ++
U48 t YCp50 - -
C49 t, p YCp50 - -
AS3 t YCp50 - -
A68 s YCp50 - -
sup8-e s YCp50 - -

2 Growth on plates lacking leucine by strains transformed with different
tRNA genes. +++, colony growth in 1 day; ++, 2 days; +, 3 days; —, no
growth.

® t, transcriptional defect; p, 5’ processing defect; s, splicing defect.

cessing of the sup3-e A39 precursor by the wild-type and
mutant strains was determined by scintillation counting of
the relevant radioactive bands cut from a Northern blot. The
amounts of mature tRNA and intron-containing precursor
were standardized relative to the amount of primary tran-
script which was equivalent in both wild-type and mutant
strains. With this protocol, a 300% increase in mature
tRNAS®T and a 20% decrease in intron-containing precursor
were exhibited by the mutant strain relative to the wild-type
strain. The increase in mature product and concomitant
decrease in precursor suggest that increased processing of
precursor tRNA into mature tRNAS" is occurring, thus
implying an effect on tRNA splicing by SPLI-1/NFSI-1.

An increase in the amount mature tRNAM** is also ob-
served in the mutant transformant (Fig. 2, bottom). How-
ever, it is known from previous Northern blot analyses that
the wild-type tRNAM®' is more stable than the mutant
tRNAS®" and that its hybridization consistently exceeds
the combined hybridization of the tRNAS®" intermediates
and mature product (47). This may be because the DNA
probe used for hybridization was perfectly homologous to
tRNAM®* but contained the intron of tRNAS®", making
hybridization to mature tRNAS®" less efficient. Furthermore,
the longer generation time of the mutant strain may contrib-
ute to the increased accumulations of the more stable
tRNAMet,

To determine whether SPL1-1/NFS1-1 exerted an influ-
ence over the synthesis of S. cerevisiae tRNAs, the expres-
sion of six S. cerevisiae tRNA genes (the intron-containing
tRNA genes for tRNAZS,, tRNATP, tRNAP™, tRNAGYG,
and tRNA™ and the intron-less tRNA gene for tRNAA)
and the 5.8S rRNA gene was studied. Oligonucleotides
homologous to the introns and the splice junctions of the
tRNAs and to an internal sequence of 5.8S rRNA served as
probes in Northern blots. Expression of these genes was

J. BACTERIOL.

TABLE 4. Tetrad analysis of strain CK105 (SPLI-1/spll):
segregation of spore viability

No. of
tetrads

Ratio of viable/
nonviable spores®

4 All surviving spore colonies were incapable of suppression when trans-
formed with sup3-e A39.

studied with and without the plasmid-borne S. pombe sup3-e
A39 gene to determine whether the SPLI-1/NFSI-1 gene
product reacted differently in the presence of its preferred
substrate, sup3-e A39. Overall, there was no difference
between the wild-type and mutant strains in their synthesis
of any of the six tRNAs or 5.8S rRNA (data not shown).
Therefore, the synthesis of S. cerevisiae tRNAs (with and
without introns) and 5.8S rRNA does not seem to be affected
by SPL1-1/NFSI-1.

Genetic analysis of SPLI-1/NFSI-1. Tetrad analysis re-
vealed the presence of a haplo-lethal mutation in the original
mutant strain CK105 (Table 4). All surviving spores were
incapable of suppression, suggesting that a single mutation
was responsible for the suppression phenotype and for the
haplo-lethal phenotype. The wild-type gene was named spl!,
for splicing.

The nonrandom segregation of MAT and HIS4 in the
surviving spores (MATa His*, 27; MATa His™*, 6; MATa
His~, 4; MATa His™, 0) suggested that spll/nfs1 was linked
to these loci on chromosome III. Because spores containing
SPL1-1/NFSI-1 were nonviable, the lack of MATa His™
spores implied that SPLI-1/NFS1-1, MATa, and his4-260
mapped to the same copy of chromosome III.

Since the region between MAT and HIS4 had been
mapped and cloned by Newlon et al. (27), we obtained 11
subclones spanning this 140-kb region. Transformants of the
clone carrying spll/nfsl should complement the lethality of
SPL1-1/NFSI-1 and lead to the random segregation of MAT
and HIS4. The different subclones were transformed into
CK105 and maintained by integration into homologous se-
quences on chromosome III or by autonomously replicating
sequences present in the insert DNA. It was found that clone
G4B complemented the lethality of SPLI-1/NFSI-1. Table 5
shows the distribution of spore phenotypes, using a random
spore analysis, of three transformants with plasmids contain-
ing contiguous DNA fragments covering CEN3 to LEU2.
Transformation with 10 of the plasmids maintained the
preponderance of His* MATa spores originally seen when

TABLE 5. Complementation of the haplo-lethality of SPLI-1
by a 7.5-kb DNA insert of G4B

Segregation of markers (% with given
phenotype) in viable haploid spores from

Strain CK105 (SPL1-1/spll) transformants® Total
spores
His* : His™ : His* : His™ :
MATa MATa MATa MATa
CK105:G4B 25 19 19 38 16
CK105:D8B 96 4 0 0 24
CK105:C2G 78 6 13 3 31

2 Random spore analysis was performed.
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FIG. 4. Disruption and deletions of nfs! in the 3.5-kb insert of
pSPL3.5. Three subclones were constructed which created one
URAS3 disruption at the Bcll site and two deletions on either side of
the Bcll site in nfs1. The top drawing shows the pertinent restriction
endonuclease sites and a black box depicting the nfsI gene. The line
immediately below details the sizes of the gene and the flanking
regions. ORF, open reading frame.

spores from the untransformed strain were analyzed (data
shown for two representative plasmids). Transformation
with G4B, however, resulted in the random segregation of
MAT and HIS4 alleles, demonstrating that G4B carried a
copy of spll/nfsi.

The clone G4B contained a 7.5-kb BamHI DNA fragment
located approximately 15 kb centromere proximal from
HIS4. Symington and Petes had identified an essential 1.2-kb
region on this fragment on the basis of the inviability of
spores containing DNA insertions in this region (42). DNA
sequencing of chromosome III revealed that this region
encoded a 1.5-kb open reading frame containing the proper
signals for transcription and translation initiation and termi-
nation, and the gene was designated nfs! (31).

To verify that spll and nfsl were the same gene, we
demonstrated that nfs! was able to complement the haplo-
lethal phenotype of SPLI-1/NFSI1-1. Subclones were con-
structed that disrupted or deleted portions of the nfs! gene
cloned onto pSPL3.5 (a complementing 3.5-kb subclone of
the G4B insert) (Fig. 4). Four clones, including intact
pSPL3.5, were transformed into CK119, a heterozygous
mutant strain, and tetrad analysis was performed. Only
intact pSPL3.5 complemented the haplo-lethal phenotype
(Table 6). However, as a centromeric plasmid, it did not
rescue every SPL1-1/NFSI-1 spore, but resulted in in-
creased 3:1 and 4:0 segregation for viability. In the tetrads
with four viable spores, 2:2 segregation of FOA®:FOA" was
observed, implying that the UR4A3* —pSPL3.5 clone segre-
gated with the SPL1-1/NFSI-1 allele in the two FOAS® spores
and was, therefore, necessary for survival. The untrans-
formed strain and the deletion and disruption subclone
transformants displayed a maximum of 2:2 segregation for
viability and also displayed the nonrandom segregation of
MAT and HIS4 alleles, demonstrating their inability to
complement the haplo-lethal phenotype. Since none of the
disruption or deletion nfsl subclones was able to comple-
ment the haplo-lethality of SPLI-1/NFS1-1, we report that
spll and nfs1 (31) are the same gene and will henceforth be
referred to as nfsl.

To verify that the suppression phenotype of mutant strain
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TABLE 6. Tetrad analysis of CK119 (SPLI-1/spll) transformants
with nfs] subclones: segregation of spore viability

No. of tetrads with given ratio of
viable/nonviable spores

Strain
0% :4~ 1*:37 2¥:27 3*:17 4%:07
CK119* 2 1 9 0 0
CK119:pSPL3.5, intact 1 1 2 3 7
nfs1®
CK119:pSPL3.5, Bcll 3 5 6 0 0
disruption”
CK119:pSPL3.5, Bcll/ 2 6 7 0 0
Xhol disruption®
CK119:pSPL3.5, Bcll/ 2 4 8 0 0

Smal disruption®

“ The phenotypes of the viable spores from these strains displayed the
nonrandom MAT and HIS4 segregation typical of SPLI-1/spll strains.

® The phenotypes of spores from CK119 transformed with pSPL3.5 showed
random segregation of the MAT and HIS4 alleles.

CK105 also mapped to nfs1, a URA3™ disruption of nfsl was
constructed to gene-convert the homologous sequence on
chromosome III, NFS1-1 or nfsl, in the heterozygous mu-
tant strain CK115. This experiment was intended to test
whether the conversion of the NFSI-1 allele by the URA3*-
disrupted nfsl gene would also abolish suppression. Since
the mutant strain CK115 carried only single copies of nfsI
and NFS1-1, conversion of the wild-type nfs! allele would
result in an inviable cell. Therefore, only conversion of the
mutant NFS1-1 allele would be isolated. The mutant strain,
with a stable URA3™* integration, was assayed for opal
suppressor activity by transformation with sup3-e A39 on
YCpS0 and growth on plates lacking adenine and histidine.
In CK11S5 (SPL1-1/spll), white colonies on limiting adenine
formed in 2 days, and there was growth in 4 days on plates
with no histidine. In CK115 (SPLI-1::URA3%/spll), red
colonies formed on limiting adenine, and there was no
growth on plates with no histidine. The disrupted strain was
shown to be incapable of suppressing the adel-UGA and
his4-260 mutations, suggesting that the plasmid-borne nfsl
disruption had gene-converted the NFSI-1 allele, resulting in
elimination of the suppression due to NFSI-1 expression.
Demonstrating the role of nfs! in tRNA splicing, both the
haplo-lethal phenotype and the opal suppression phenotype
of the mutant strain CK105 map to the newly described nfs1
gene.

DNA sequence and amino acid homology of nfsl. We
determined the nucleotide sequence of nfs! (GenBank ac-
cession number M98808), which was also accomplished
when the yeast chromosome III was sequenced (31). The
gene sequence showed good homology to the nifS genes in
the nitrogen-fixing bacteria Azotobacter vinelandii and A.
chroococcum, Anabaena sp., and Klebsiella pneumoniae
(31). A data base search also showed that the dimorphic
yeast Candida maltosa contained a highly homologous gene
located at the same chromosomal position as nfsi, i.e.,
adjacent to LEU2 (31, 44).

An alignment of the amino acid sequence of the deduced
S. cerevisiae NifS protein product of 497 amino acids with
that of C. maltosa and Anabaena sp. (Fig. 5) reveals a very
high level of amino acid identity even though the two yeasts
are evolutionarily quite distant (2). These NifS proteins
represent a distinct class of highly conserved proteins in
which not only is the amino acid sequence conserved across
the divide between prokaryotes and eukaryotes, but the
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FIG. 5. Alignment of nifS-like sequences. The alignment was created with the Pileup routine of the GCG sequence analysis software
package (8). An asterisk denotes positions of identical amino acids. The references for the sequences are (GenBank/EMBL accession no.) as
follows: C. mal, C. maltosa (44), X05459; S. cer, S. cerevisiae (31), Swissprot no. P25374 and GenBank no. M98808; Anabae: Anabaena sp.
(25, 26). For maximum homology of the C. maltosa protein, two frameshifted regions of the published nucleotide sequence (reference 44,
X05459) were corrected, inserting a G after A223 and deleting G425. The known nucleotide sequence contains only the carboxy-terminal half

of the nifS-like open reading frame.

relative position of the nifS homolog is completely con-
served in the genomes of two unrelated yeasts (2).

DISCUSSION

The results presented here demonstrate that extragenic
activation of inactive mutant suppressor tRNA genes can be
used to isolate genes which affect tRNA splicing. Such an
approach is complementary to biochemical strategies. Pre-
sumably, the mutant NFSI-1 activates the mutant precursor
tRNA by, directly or indirectly, splicing the tRNA into its
mature form. While the nature of the nfsI gene product is not
known, it is evident from the sequence and size of nfs! that
this gene cannot encode the splicing ligase or the two smaller
subunits associated with the splicing endonuclease. The
1.5-kb open reading frame of nfs1 would encode a protein of
55 kDa and, therefore, may encode the large subunit of the
endonuclease complex (molecular weight, 51,000 [35]). Al-
ternatively, nfsI may not directly encode any of the enzy-

matic activities of the splicing process but may encode a
protein which facilitates the formation of the correct RNA
structure required for splicing or recognition of this struc-
ture, or nfsl may affect the formation or activity of the
correct multiprotein splicing complex and its location in the
nuclear membrane. The relation of nfs! to the nifS genes of
nitrogen-fixing bacteria, involved in a very different meta-
bolic pathway, may provide insight into the role of nfs! in
yeasts (see discussion below).

The allele specificity of NFSI-1 may suggest potential
sites of recognition on the tRNA by nfsl. NFS1-1 imparts
full opal suppressor activity exclusively with sup3-e A39 and
not with tRNAs carrying mutations at other sites or even
with a substitution at the same site, i.e., sup3-e C39. The
precise splicing problem that occurs with sup3-e A39 or C39
is not known except that the accumulation of intron-contain-
ing precursor with both tRNAs as shown by Northern
analysis (data not shown) implies failure to cleave the
precursor at all as opposed to cleavage at the incorrect
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position. The ability of NFSI-1 to distinguish between
sup3-e A39 and sup3-e C39 may highlight a specific func-
tional group on sup3-e A39 with which NFSI-1 interacts or it
may be due to slightly different tertiary conformations as-
sumed by the two mutant precursor tRNAs.

NFS1I-1 recognizes the tRNA mutation which occurs one
nucleotide after the 3’ splice site, i.e., position 39. This may
implicate NFS1-1 in 3’ splice site cleavage. Although only
limited features of pre-tRNA sequence and structure are
thought to be recognized by the splicing complex, two
general requirements are maintenance of the mature tRNA
cloverleaf structure and exposure of the 3’ splice site in a
single-stranded region (11, 19, 41, 43). nfsI may have a role
in maintaining the positioning and/or structure surrounding
the 3’ splice site for recognition.

Many loss-of-suppression mutants isolated in other stud-
ies were ultimately found to be nuclear transport or nuclear
membrane stability mutants (1, 14). While the mutants
exhibited in vivo accumulation of intron-containing precur-
sor tRNAs, cell extracts showed no defect in splicing activ-
ity. This is not likely to be the case with NFSI-1 because in
vivo and in vitro analyses of the inactive tRNA gene used in
the isolation of NFS1-1, sup3-e A39, both demonstrated that
this tRNA was specifically deficient in splicing. Removal of
the nuclear transport step, as provided by cell extracts, does
not change the processing pattern of sup3-e A39. Therefore,
the ability of NFS1-1 to activate sup3-e A39 is unlikely to be
linked to nuclear transport or membrane stability.

The high degree of amino acid sequence homology exhib-
ited by the nifS-like proteins, including nfs! from S. cerevi-
siae and the C. maltosa homolog, suggests a similar level of
functional homology. Recently, it was shown that the puri-
fied Anabaena nifS gene possesses a new enzymatic activity,
cysteine desulfurase, which is thought to be involved in the
formation of Fe-S clusters in enzymes (5a). Thus, the
requirement of NAD™* for the phosphatase step of tRNA
splicing (23) and the requirement for functional Fe-S clusters
in nitrogenase may be the common thread running through
these seemingly disparate reactions.

An impressive collection of tRNA splicing mutants has
been generated and characterized in order to study the
intricate and interrelated steps of tRNA processing in S.
cerevisiae. NFSI-1 joins this collection of mutants which
encode different gene products involved in tRNA matura-
tion. Genetic selections of the type described here continue
to be invaluable for identifying the total complement of such
proteins and elucidating their relationship to one another.

ACKNOWLEDGMENTS

We are indebted to Vanessa Chisholm for her early and instru-
mental involvement in this project. We thank Beth Rockmill and Ian
Willis for invaluable advice and encouragement. We are grateful to
Carol Newlon for her gift of the chromosome III subclones and
appreciate the gifts of oligonucleotides and advice from Pat O’Con-
nor and Craig Peebles. We are deeply indebted to Steve Oliver for
sharing unpublished results on the nucleotide sequence and homol-
ogy of nfsl.

This work was supported by a grant from the National Institutes
of Health.

REFERENCES

1. Atkinson, N. S., R. W. Dunst, and A. K. Hopper. 1985. Charac-
terization of an essential Saccharomyces cerevisiae gene related
to RNA processing: cloning of RNA1 and generation of a new
allele with a novel phenotype. Mol. Cell. Biol. 5:907-915.

2. Barnett, J. A., R. W. Payne, and D. Yarrow. 1983. Yeast:
characterization and identification. Cambridge University

S. CEREVISIAE MUTATION AFFECTING tRNA SPLICING 1441

Press, Cambridge.

3. Beynon, J. 1988. Unpublished data (GenBank/EMBL accession
no. X12600).

4. Clark, M., and J. Abelson. 1987. The subnuclear localization of
tRNA ligase in yeast. J. Cell. Biol. 105:1515-1526.

5. Culbertson, M. R., and M. Winey. 1989. Split tRNA genes and
their products: a paradigm for the study of cell function and
evolution. Yeast 5:405-427.

5a.Dean, D. Personal communication.

6. DeMarini, D. J., M. Winey, D. Ursic, F. Webb, and M. R.
Culbertson. 1992. SENI, a positive effector of tRNA splicing
endonuclease in Sacchammyces cerevisiae. Mol. Cell. Biol.
12:2154-2164. _

7. Deutscher, M. P. 1984. Processing of tRNA in prokaryotes and
eukaryotes. Crit. Rev. Biochem. 17:45-71.

8. Devereux, J., J. Haeberli, and O. Smithies. 1984. A comprehen-
sive set of sequence analysis programs for the VAX. Nucleic
Acids Res. 12:387-395.

9. Evans, D. J., P. R. Jones, J. R. Woodley, J. R. Wilborn, and
R. L. Robson. 1991. Nucleotide sequence and genetic analysis of
the Azotobacter chroococcum nifUSVWZM gene cluster, in-
cluding a new gene (nifP) which encodes a serine acetyltrans-
ferase. J. Bacteriol. 173:5457-5469.

10. Greer, C. L., C. L. Peebles, P. Gegenheimer, and J. Abelson.
1983. Mechanism of action of a yeast RNA ligase in tRNA
splicing. Cell 32:537-546.

11. Greer, C. L., D. Séll, and I. Willis. 1989. Substrate recognition
and identification of splice sites by the tRNA-splicing endonu-
clease and ligase from Saccharomyces cerevisiae. Mol. Cell.
Biol. 7:76-84.

12. Ho, C. K., R. Rauhut, U. Vijayraghavan, and J. Abelson. 1990.
Accumulation of pre-tRNA splicing 2',3' intermediates in a
Saccharomyces cerevisiae mutant. EMBO J. 9:1245-1252.

13. Hottinger, H., D. Pearson, F. Yamao, V. Gamulin, L. Cooley, T.
Cooper, and D. Séll. 1982. Nonsense suppression in Schizosac-
charomyces pombe: the S. pombe sup3-e tRNASE, gene is
active in Saccharomyces cerevisiae. Mol. Gen. Genet. 188:219-
224.

14. Hurt, D. J., S. S. Wang, Y. H. Lin, and A. K. Hopper. 1987.
Cloning and characterization of LOSI1, a Saccharomyces cere-
visiae gene that affects tRNA splicing. Mol. Cell. Biol. 7:1208-
1216.

15. Ito, H., Y. Fukuda, K. Murata, and A. Kimura. 1983. Transfor-
mation of intact yeast cells treated with alkali cations. J.
Bacteriol. 153:163-168.

16. Jacobson, M. R., K. E. Brigle, L. T. Bennett, R. A. Setterquist,
M. W. Wilson, V. L. Cash, J. Beynon, W. E. Newton, and D. R.
Dean. 1989. Physical and genetic map of the major nif gene
cluster from Azotobacter vinelandii. J. Bacteriol. 171:1017-
1027.

17. Jacobson, M. R., V. L. Cash, M. C. Weiss, N. F. Laird, W. E
Newton, and D. R. Dean. 1989. Biochemical and genetic analysis
of the nifUSVWZM cluster from Azotobacter vinelandii. Mol.
Gen. Genet. 219:49-57.

18. Kennedy, C., and D. Dean. 1992. The nifU, nifS and nifV gene
products are required for activity of all three nitrogenases of
Azotobacter vinelandii. Mol. Gen. Genet. 231:494-498.

19. Lee, M.-C., and G. Knapp. 1985. Transfer RNA splicing in
Saccharomyces cerevisiae. J. Biol. Chem. 260:3108-3115.

20. Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

21. Mao, J., O. Schmidt, and D. Séll. 1980. Dimeric transfer RNA
precursors in Schizosaccharomyces pombe. Cell 19:889-895.

22. McCraith, S. M., and E. M. Phizicky. 1990. A highly specific
phosphatase from Saccharomyces cerevisiae implicated in
tRNA splicing. Mol. Cell. Biol. 10:1049-1055.

23. McCraith, S. M., and E. M. Phizicky. 1991. An enzyme from
Saccharomyces cerevisiae uses NAD™ to transfer the splice
junction 2’'-phosphate from ligated tRNA to an acceptor mole-
cule. J. Biol. Chem. 266:11986-11992.

24. Miller, J. H. 1972. Experiments in molecular genetics. Cold
Spring Harbor Laboratory, Cold Spring Harbor, N.Y.



1442

25.

26.

27.

29.

30.

31

32.

33.

34.

3s.

36.

KOLMAN AND SOLL

Mulligan, M. E., W. J. Buikeman, and R. Haselkorn. 1988.
Bacterial-type ferredoxin genes in the nitrogen fixation regions
of the cyanobacterium Anabaena sp. strain PCC7120 and Rhi-
zobium meliloti. J. Bacteriol. 170:4406-4410.

Mulligan, M. E., and R. Haselkorn. 1989. Nitrogen fixation (nif)
genes of the cyanobacterium Anabaena species strain PCC7120.
The nifB-fdxN-nifS-nifU operon. J. Biol. Chem. 264:19200-
19207. .

Newion, C. S., R. P. Green, K. J. Hardeman, K. E. Kim, L. R.
Lipchitz, T. G. Palzkill, S. Synn, and S. T. Woody. 1986.
Structure and orgdnization of yeast chromosome III, p. 211-
224. In J. Hicks (ed.), Yeast cell biology. Alan R. Liss, Inc.,
New York.

. Nichols, M., J. Bell, M. S. Klekamp, P. T. Weil, and D. Séll.

1989. Multiple mutations of the first gene of a dimeric tRNA
gene abolish in vitro tRNA gene transcription. J. Biol. Chem.
264:17084-17090.

O’Connor, J. P., and C. L. Peebles. 1991. In vivo pre-tRNA
processing in Saccharomyces cerevisiae. Mol. Cell. Biol. 11:
425-439.

O’Connor, J. P.; and C. L. Peebles. 1992. PTAI, an essential
gene of Saccharomyces cerevisiae affecting pre-tRNA process-
ing. Mol. Cell. Biol. 12:3843-3856.

Oliver, S. G., Q. J. van der Aart, M. L. Agostoni-Carbone, M.
Aigle, L. Alberghina, D. Alexandraki, G. Antoine, R. Anwar,
J. P. Ballesta, P. Benit, et al. 1992. The complete DNA sequence
of yeast chromosome III. Nature (London) 357:38-46.
Pearson, D., 1. Willis, H. Hottinger, J. Bell, A. Kumar, U.
Leupold, and D. Séll. 1985. Mutations preventing expression of
sup3 tRNAS®" nonsense suppressors of Schizosaccharomyces
pombe. Mol. Cell. Biol. 5:808-815. ‘
Phizicky, E. M., S. A. Consaul, K. W. Nehrke, and J. Abelson.
1992. Yeast tRNA ligase mutants are nonviable anhd accumulate
tRNA splicing intermediates. J. Biol. Chem. 267:4577-4582.
Phizicky, E. M., R. C. Schwartz, and J. Abelson. 1986. Saccha-
romyces cerevisiae tRNA ligase: purification of the protein and
isolation of the structural gene. J. Biol. Chem. 261:2978-2986.
Rauhut, R., P. R. Green, and J. Abelson. 1990. Yeast tRNA-
splicing endonuclease is a heterotrimeric enzyme. Science 265:
180-184.

Rockmill, B., E. Lambie, and G. R. Roeder. 1990. Spore

37.
38.

39.

41.
42.

43.

45.

47.

49.

J. BACTERIOL.

enrichment. Methods Enzymol. 194:146-149.

Rubin, G. 1975. Preparation of RNA and ribosomes from yeast.
Methods Cell Biol. 12:45-64. v v
Sharp, S. J., J. Schaack, L. Cooley, D. J. Burke, and D. Séll.
1985. Structure and transcription of eukaryotic tRNA genes.
Crit. Rev. Biochem. 19:107-144.

Sherman, F., G. R. Fink, and J. B. Hicks. (ed.). 1986. Methods
in yeast genetics. Cold Spring Harbor Laboratory, Cold Spring
Harbor, N.Y.

. Sikorsky, R. S., and P. Hieter. 1989. A system of shuttle vectors

and yeast host strains designed for efficient manipulation of
DNA in Saccharomyces cerevisiae. Genetics 122:19-27.
Swerdlow, H., and C. Guthrie. 1984. Structure of intron-con-
taining tRNA precursors. J. Biol. Chem. 259:5197-5207.
Symington, L. S., and T. D. Petes. 1988. Expansions and
contractions of the genetic map relative to the physical map of
yeast chromosome III. Mol. Cell. Biol. 8:595-604.

Szekely, E., H. G. Belford, and C. L. Greer. 1988. Intron
sequence and structure requirements for tRNA splicing in
Saccharomyces cerevisiae. J. Biol. Chem. 263:13839-13847.

. Takagi, M., N. Kobayashi, M. Sugimoto, T. Fujii, J. Watari, and

K. Yano. 1987. Nucleotide sequencing analysis of a LEU gene
of Candida maltosa which complements leuB mutation of
Escherichia coli and leu2 mutation of Saccharomyces cerevi-
siae. Curr. Genet. 11:451-457. )

van Zyl, W. H., N. Willis, and J. R. Broach. 1989. A general
screen for mutants of Saccharomyces cerevisiae deficient in
tRNA biosynthesis. Genetics 123:55-68.

. Wang, S. S., and A. K. Hopper. 1988. Isolation of a yeast gene

involved in species-specific pre-tRNA processing. Mol. Cell.
Biol. 8:5140-5149.

Willis, 1., H. Hottinger, D. Pearson, V. Chisholm, U. Leupold,
and D. Séll. 1984. Mutations affecting transcription and process-
ing in a dimeric tRNA gene from Schizosaccharomyces pombe.
EMBO J. 3:1573-1580.

. Winey, M., and M. R. Culbertson. 1988. Mutations affecting the

tRNA-splicing endonuclease activity of Saccharomyces cerevi-
siae. Genetics 118:609-617.

Zillmann, M., M. A. Gorovsky, and E. M. Phizicky. 1991.
Conserved mechanism of tRNA splicing in eukaryotes. Mol.
Cell. Biol. 11:5410-5416.



