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ABSTRACT 
We have devised a general screen for isolating  conditional lethal mutants defective in synthesis of 

mature tRNA in Saccharomyces cerevisiae. Using this screen, we have  identified several new genes in 
yeast that are required for production of mature tRNA. These genes most likely encode essential 
functions, since the mutations we isolated are recessive  and cause temperature-sensitive  growth.  One 
of the mutants, tpd3, is defective in de novo transcription of 4s RNA at the nonpermissive  temperature. 
A second mutant, t p d l ,  is specifically  defective in excision of intervening sequence from a variety of 
tRNA species. Finally, two other mutants are defective in production of tRNA from a suppressor 
tRNA locus, as measured by an in vitro suppression  assay. The specific lesion in these strains,  though, 
is not  known. These  data  confirm that the screen  does, in fact, yield a broad  spectrum of mutants 
defective in tRNA maturation. 

P RODUCTION of mature eukaryotic  tRNAs  re- 
quires  extensive  posttranscriptional modifica- 

tion. This includes endonucleolytic  trimming of 5’ 
and 3’  ends,  addition of CCA residues to  the 3‘ end, 
various modifications of specific nucleotides, and,  for 
about a  fifth of the  tRNA species, excision of inter- 
vening sequences located adjacent to  the anticodon. 
A wealth of information has been  accumulated re- 
garding  the enzymology of many of these  reactions 
(DEUTSCHER 1984; VENKSTERN  1985).  However, 
many questions  regarding the  maturation process 
have  not  been  addressed, due, in part,  to  the absence 
of an  extensive collection of mutants defective in 
tRNA  maturation.  For  instance,  the  functional signif- 
icance of many of the base modifications in tRNAs is 
still not  clear,  an issue most easily resolved by mutants 
deficient in the particular modification reactions 
(BJORK et al.  1987). The absence of mutants has also 
restricted  efforts on cloning  genes involved in tRNA 
maturation. In turn, this lack  of cloned genes has 
precluded  molecular  genetic analysis  of many of the 
steps in the  maturation process. 

Although  a number of strategies have been used to 
identify mutants in  yeast defective in pre-tRNA  proc- 
essing, each of these has had only limited success ( c j  
HOPPER 1989). The most effective approach  to  date 
has been to screen  individual,  randomly  mutagenized 
clones using various biochemical assays to identify 
mutants  deficient in a  particular  step in the  maturation 
pathway. This has yielded mutants  deficient in exci- 
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sion of intervening  sequences-mal, senl, sen2 and 
ptal-as  well as mutants  deficient in particular base 
modification reactions-trmI and trm2 (HOPPER, 
BANKS and EVANCELIDIS 1978; WINEY and CULBERT- 
SON 1988; HOPPER et al.  1982; PHILLIPS and KJELLIN- 
STRABY  1967; P. O’CONNOR and C. PEEBLES, personal 
communication).  However, this method is limited by 
the labor intensive nature of the screens and by the 
fact that  one can identify mutants only in the partic- 
ular activity being assayed. 

A  second, extensively explored,  procedure  for  iden- 
tifying mutants  affecting  genes  required  for  produc- 
tion of mature, functional  tRNA has been the use of 
screens based on loss of suppressor activity. In these 
screens,  a  strain would be  constructed that  carried 
both  a  nonsense  suppressor locus and nonsense mu- 
tations in several different  genes, all  of  which were 
suppressed by the selected suppressor locus. The sup- 
pressible loci would be chosen so that loss  of suppres- 
sion could  be either selected-through acquisition of 
drug resistance,  for example-or readily observed at 
the colony level-as a  change in colony color (RASSE- 
MESSENGUY and FINK 1973; HOPPER et al.  198 1). 
Mutants  that no longer  produced  functional  suppres- 
sor  tRNA  were  then  sought by selecting or identifying 
those  mutant clones that exhibited the loss of suppres- 
sion phenotype. This  approach yielded several genes 
that affect suppressor  tRNA  function, such as mod5 
and losl (LATEN,  GORMAN  and BOCK 1978;  HOPPER, 
SCHULTZ and SCHAPIRO 1980).  However, none of the 
genes  identified by this approach has proved to be 
essential for  growth. Since many of the genes involved 
in tRNA  maturation are certainly essential for  growth, 
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the absence of such mutants  from  these  screens indi- 
cates that they have missed a  large class  of tRNA 
maturation genes. 

A reasonable  explanation  for the failure of loss-of- 
suppression selection schemes to identify essential 
genes in tRNA  maturation is that such schemes re- 
quire a  mutant  to fulfill two mutually exclusive con- 
ditions. Since tRNA species are stable, manifestation 
of  an  antisuppressor  phenotype  requires sufficient 
growth of the  mutant  strain  at  the nonpermissive 
condition  to allow the preexisting  suppressor  tRNA 
to be eliminated by dilution. On  the  other  hand, a 
mutant incapable of producing  functional  tRNA 
would be incapable of growth, since no new tRNA 
could be synthesized. To circumvent this dilemma in 
Escherichia  coli, SCHEDL and PRIMAKOFF (1973) de- 
vised a  method to introduce  the  suppressor  gene  on  a 
phage only after  mutagenized colonies had  been 
shifted to  the nonpermissive conditions. By using a 
lacZ nonsense mutation as a metric of suppression, 
formation of functional  suppressor  tRNA in the mu- 
tant colonies could  be  monitored by color  formation 
in individual colonies without  the  need  for  additional 
growth at  the nonpermissive temperature. 

In this report we describe  a  genetic  screen in  yeast 
for essential genes  required  for  production of mature 
tRNAs. This  procedure is an  adaptation  to yeast of 
the screen successfully used by SCHEDL and PRIMAK- 
OFF (1 973). The screen is designed to be  quite  general, 
in that  mutations that abolish any step in production 
of functional,  mature  tRNA  should  score as positives 
in the screen. Thus, genes involved in transcription 
of tRNAs, specific transport  from  the nucleus, endo- 
and exonucleolytic processing of precursor molecules, 
excision of intervening  sequences, or formation of 
specific  base modifications should  be  identified in this 
screen. We have documented  the feasibility of this 
procedure by isolating mutants in five previously un- 
identified genes required for production  mature 
tRNA. Isolation and initial characterization of these 
mutants are described in this report. 

MATERIALS AND METHODS 

Strains: Yeast strains used in this study are listed  in Table 
1. Cultures were grown in either rich medium (YEPD) or 
appropriate synthetic complete (SC) selective media as de- 
scribed by SHERMAN,  FINK  and HICKS (1 982). Transforma- 
tion of Saccharomyces cerevisiae was performed by the lithium 
acetate procedure of IT0 et ai. (1 983). Gene transplacements 
were performed as described by ROTHSTEIN (1983) and 
verified by Southern blot analysis (MANIATIS, FRITSCH and 
SAMBROOK 1982). Plasmid constructions and amplification 
were done in the E .  coli strain MC1066 (A(laclPOZYA)X74 
g a l U   g a l K  strA' hsdR-  trpC9830 leuB6 pyrF74::TnSi) (CAS- 
ADABAN et al. 1983). 

T o  construct an hml::SUP4, clone,  a BamHl fragment 
from plasmid YC723 (SHAW and OLSON 1984) spanning the 
SUP4, gene was cloned into the silent mating locus HMLa, 
replacing those sequences between the XbaI sites  in the W 

and X regions of HMLa. The construct was used to replace 
the normal HMLa locus of a ~Zr4-1'~ strain,  JR72-6D, and a 
s i ~ 3 - 8 ~  strain, JR87-6C, by gene transplacement. The sir+ 
1 and sir3-8 alleles were derived by appropriate crosses with 
strains 62C and JRY 188, respectively. 

Plasmid YEp62 (BROACH et al. 1983) was used as source 
of the inducible GALlO-lacZ fusion protein. The GAL10 and 
lacZ moieties in the plasmid were placed in frame by deleting 
the 10-bp BamHI fragment between the two genes. The 
resulting replicative plasmid was rendered integrative by 
deleting the NsiI fragment  spanning the 2pm ARS region. 
As an additional selectable marker,  the yeast URA3 gene 
was introduced  on  a Hind111 fragment into  the unique 
Hind111 site of plasmid. Ochre mutations in the lacZ moiety 
of this integrative plasmid were isolated by ethyl methane 
sulfonate (EMS) mutagenesis of  E. coli strain MC1066 har- 
boring the plasmid, screening for LacZ- clones. Plasmid 
DNA was isolated from individual LacZ- clones, trans- 
formed into E. coli strain ES514 ( F -  a raDl39  A(argF- 
lac)U169  rpsL150  relAl  jlbB5301  deoCl  ptsF25 argE,, SuC 
r f )  (provided by T. SILHAVY, Princeton University), which 
contains the tyrosine-inserting ochre-suppressor,  SuC, and 
the resultant  transformants scored for LacZ. One plasmid 
that yielded LacZ- transformants of strain MC1066 and 
LacZ+ transformants of ES5 14 was retained and  integrated 
as a single copy into  the genome of the sir3'" strain JR260- 
7A at  the leu2 locus. 

A clone containing the SUC2 gene in HMR was con- 
structed by isolating a 3.0-kb EcoRIISnaBl fragment  from 
plasmid pBR58 (CARLSON and BOTSTEIN 1982), spanning 
the SUC2 gene,  attaching synthetic Sal1 linkers and cloning 
the resulting  fragment into  the unique XhoI site of  the 
plasmid pJA44 (ABRAHAM et al. 1984). Plasmid  pJA44 car- 
ries the silent mating locus HMRa in  which the X, Ya and 
Z1 region have been deleted and replaced with an XhoI 
linker. The resulting hmr::SUC2 construct was used to re- 
place the HMRa locus of the sir4" strain  JR222-52A by gene 
transplacement. From crosses between the JR222-52A 
hmr::SUC2 transformant and a  JR260-7D leu2::LEUZ- 
GALlO-lacZ, transformant, three strains, EZ5-9a, EZ6-4b 
and EZ9-6c, with the hml::SUP4,,  leu2::LEU2-GALlO-lacZ0 
and hmr::SUC2 loci were obtained and used for EMS muta- 
genesis. 

For evaluating protein synthesis capacity of the various 
mutant  strains, we replaced the GAL10::lacZ. construction 
in these strains with the  parental GALlO- lad+  construct. 
This was accomplished by first isolating 5-fluoroorotic acid 
(F0A)-resistance variants of the desired  strain (BOEKE, LA 
CROUTE and FINK 1984). Most of these arose by deletion of 
the GAL1O-lacZ0-URA3 segment, since it is flanked by di- 
rectly repeated leu2 sequences. Selected FOA-resistant 
clones were then  transformed to  Ura+ with the LEUZ- 
GALlO::LacZ+-URA3 plasmid described above. The ex- 
pected structures of both the FOA-resistant isolates and  the 
retransformants were confirmed by Southern analysis. 

Enzymatic  assays: @Galactosidase activities were deter- 
mined according  to MILLER (1972). Invertase assays were 
performed according to GOLDSTEIN and LAMPEN  (1975). 
Protein  concentrations during enzyme assays were deter- 
mined according to BRADFORD ( 1  976). 

EMS mutagenesis: EMS mutagenesis was performed ac- 
cording to FINK (1970).  About 2 X lo7 exponentially grow- 
ing cells of the  three strains EZ5-9A, EZ6-4B and EZ9-6C 
were suspended in 100 pI 0.1 M phosphate  buffer, pH 7.0. 
Three microliters of EMS were added,  the  tube was briefly 
vortexed and  the cell suspension incubated at  raom temper- 
ature for 60 min. Aliquots of 20 pl from the mutagenesis 
mixture were suspended in 1.0 ml 5% sodium thiosulfate 
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TABLE 1 

Strains used i n   t h i s  study 

Strain Genotype  Source 

201-1-5 MATa  ade2-1  canl-100  his5-2  losl-1  lysl-1  SUP4  trp5-48  ura3-1 HOPPER, SCHULTZ and 
SHAPIRO (1 980) 

EVANGELIDIS (1 978) 
EEI b MATa  mal-1   (ade2-1  or adel)   ura3-52  tyr l  HOPPER, BANKS and 

62C MATa  sir4-l  SUP4-3 cry1  his4-580 trpl ade2-1  tyrl  lys2 HARTWELL (1 980) 
JRY  188 MATa  sir3-8 leu2-3,112 trpl   ura3 his4 rmel J. RINE 
MCY528 MATa  ade2-I01  ura3-52  suc2A9  gal2 MARION CARLSON 
JR'72-6D MATa  sir4-1  ade2-1  lys2-1  leu2-3,112  tyrl Laboratory stock 

JR 159-6A MATa  ade2-1  lysl-1  his(3 or 5 )  hml::SUP4,  leu2::LEU2-GALlO-lacZ (ochre)  This work 

JR260-'7A MATa  sir3-8  ade2-1  leu2-3,I 12 ura3-52  lysl-1  his5-2  (trpl or trp5)  hmI::SUP4. This work 
EZ5-9.4 MATa leu2::LEU2-GALIO-lacZ(ochre)-URA3 his3  hml::SUP4,  hmr::SUC2  sir4-1 This  work 

EZ6-4B MATa leu2::leu2-GALlO-lacZ(ochre)-URA3 hml::SUP4,  hmr::SUC2  sir4-1  ade2-1 This  work 

EZ9-6c MATa leu2::LEU2-GALIO-lacZ(ochre)-URA3 hml::SUP4.  hmr::SUC2  sir3-8  sir4-1 This work 

T P D l  MATa leu2::LEU2-GALIO-lacZ(ochre)-URA3 his3  hml::SUP4,  hmr::SUC2  sir4-1 This work 

T P D 2  MATa leu2::LEU2-GALlO-lacZ(ochre)-URA3 hit3  hml::SUP4.  hmr::SUC2  sir4-1 This  work 

TPD3 MATa leu2::LEU2-GALlO-lacZ(ochre)-URA3 his3  hmI::SUP4.  hmr::SUC2  sir4-1 This work 

TPD4 MATa leu2::LEU2-GALlO-lacZ(ochre)-URA3 his3  hml::SUP4,  hmr::SUC2  sir4-1 This  work 

TPD5 MATa leu2::LEU2-GALlO-lacZ(ochre)-URA3 hml::SUP4,  hmr::SUC2  sir4-1  ade2-1 This  work 

JR87-6C MATa  sir3-8  ade2-1  his5-2  trpl  trp5-48  lysl-l  leu2-3,112 Laboratory stock 

JR222-52A MATa  sir4-1  ade2-1  ura3-52 leu2-3,112 trpl  his? hml::SUP4,  suc2A9 This  work 

ade2-1  ura3-52 

ura3-52 

ade2-1  ura3-52 

ade2-1  ura3-52  tpdl-1 

ade2-1  ura3-52  tpd2-1 

ade2-1  ura3-52  tpd3-1 

ade2-1  ura3-52  tpd4-1 

ura3-52  tpd5-1 
ts63-1 MATa prt l -1   ade2 HARTWELL (1 96'7). 

HANIC-JOYCE, SINGER 
and JOHNSTON (1 987) 

POC8-36A MATa  ade2  leu2Al  lys2-801  trpAl0l  ura3-52 p a l - l  PAT O'CONNOR 
T-404 MATa  ura3-52  ade2-I01  lys2-801  ligl-4 ERIC PHICICKY 

and  appropriate dilutions made in  YEPD medium to  obtain 
about 300  to 500 colonies per plate when plated  on SC 
minus uracil selective medium. Plates were incubated at  23" 
until reasonable sized colonies developed  before the colonies 
were replica plated to SC minus glucose minus uracil plus 
galactose medium,  buffered to  pH 7.0 and containing 70 
pg/ml 5-bromo-4-chloro-3-indolyl-~-~-galactoside (X-Gal) 
(ROSE and BOTSTEIN 1983). 

Protein synthesis assays: The ability of mutant strains to 
support protein synthesis at  the nonpermissive temperature 
was first assessed by determining the level  of in vivo [35S]- 
methionine  incorporation.  Cultures were grown in  SC minus 
methionine medium at 23" to IO7 cells/ml and 5.0-ml ali- 
quots were placed at 23"  and  38", respectively, for 6 hr. 
Aliquots of 30 pCi ["Slmethionine ( X 0 0  mCi/mmol) were 
added to each culture  and  after a 30-min incubation at  the 
appropriate  temperature,  the cells were harvested by cen- 
trifugation and resuspended in  ice-cold 500 pl TNE buffer 
[25 mM Tris  (pH 7.4), 50 mM NaCI, 1 mM EDTA]. About 
2/3 volume glass beads were added  and  the suspensions 
were vortexed five times for 1-min intervals. The cell debris 
and beads were removed by centrifugation and washed  with 
200 PI ice-cold TNE buffer, which was added  to  bring  the 
supernatants up to 500 pl. After 100 pl of the supernatants 
were removed for  protein determination, 100 pl of 100% 
trichloroacetic acid (TCA) was added  to  the remaining 400 
pl of supernatant solution and these suspensions were boiled 

for 10 min. TCA precipitates were collected on millipore 
filters, washed three times with 5.0-ml aliquots of 10%  TCA 
and twice  with 95% ethanol. The filters were transferred  to 
scintillation vials, dried,  and counted. 

Northern analysis: Cultures were grown in  YEPD  me- 
dium to lo7 cells/ml and  then shifted to  38" in a shaking 
waterbath. Samples (3.0 ml) were removed at hourly  inter- 
vals over  a  period of 6 hr  and immediately chilled on ice. 
Cells were collected by centrifugation and small RNAs ex- 
tracted with phenol at  65' according  to KNAPP et al. (1 979). 
RNA species were resolved on 10% polyacrylamide/7 M 
urea gels at 700 V for 12  hr  and  then  transferred  to 
Genescreen nylon filters by electroblotting. Transfers were 
performed  for 3 hr  at 0.7 A in 25 mM sterile sodium 
phosphate  buffer (pH 6.5). RNAs were UV cross-linked to 
the nylon filters. 

Hybridizations were performed  overnight in Church 
buffer  (CHURCH and GILBERT 1984)  at room temperature 
with mixtures of end-labeled single-stranded oligonucleo- 
tide probes. Oligonucleotides (1 9-60 nucleotides in length) 
complementary to  the intronic and/or  mature regions of 
specific tRNAs or to  a  portion of yeast 5s  RNA were 
obtained from C. HO  and J. ABELSON or synthesized on an 
Applied Biosystem  Model 380A DNA Synthesizer. Oligo- 
nucleotides were end-labeled with polynucleotidyl kinase in 
the presence of [y3'P]ATP (MANIATIS, FRITSCH and  SAM- 
BROOK 1982). Hybridization filters were twice  washed for 3 
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min at  50" in 6 X SSC. The wet filters were wrapped in 
plastic wrap and exposed to Kodak XAR5 film. 
In vivo polymerase I11 transcription  assay: Cultures 

were grown in low phosphate YEPD medium (RUBIN 1975) 
to 10' cells/ml at  23". Samples (2.5 ml) were then removed 
and incubated at  either  23"  or  38" in shaking waterbaths. 
After  6 hr, 0.5-ml samples were withdrawn from every 
culture  to  determine  the cell concentration and  the remain- 
ing 2.0-ml cultures were each labeled for 20 min  with 80 
pCi ["P]orthophosphoric acid (825 Ci/mg P) according to 
KNAPP et al. (1979). Small RNAs were extracted with phenol 
at  65"  and resolved on 10% polyacrylamide gels with 7 M 
urea at 700 V for  12 hr.  The gel was covered with  plastic 
wrap and overnight exposed to a Kodak XAR5 film. The 
fractionated RNA was transferred  to GeneScreen nylon 
filters (see Northern analysis) and  the filters hybridized to 
oligonucleotide probes against 5s  RNA and tRNA"' to 
normalize for the total amount of RNA present in each 
lane. 

In vitro suppression  assays: Mutant and wild-type strains 
were grown in  50-ml  YEPD cultures at  23 " to  2 X 10'  cells/ 
ml and then shifted to 37"  for  an additional 6 hr. Cells were 
harvested and low molecular weight RNA was isolated as 
described above. RNA samples (approximately 0.5 mg) were 
ethanol precipitated and dissolved  in 0.5 ml 0.5 M Tris-HCI 
(pH  8.7)  and incubated at  30" for 30 min to deacylate the 
tRNA. The  entire samples were ethanol  precipitated, dis- 
solved  in  20 mM Tris-HCI (pH 7.6) and applied to a I-ml 
DE52 column equilibrated in the same buffer.  After washing 
the columns with the same buffer, tRNA was eluted with 
20 mM Tris-HCI plus 1 M sodium chloride. The samples 
were ethanol  precipitated and dissolved  in TE buffer to a 
concentration of 0.5 mg/ml. The actual amount of tRNA 
in each sample was determined by fractionating a portion 
of each sample on  a 10% polyacrylamide 4 M urea  gel, 
staining the gel  with ethidium  bromide and  then scanning a 
negative photograph of the stained gel. 

In vitro translations were performed essentially  as de- 
scribed by GESTELAND et al. ( 1  977) using a reticulocyte lysate 
system purchased from Promega and programmed with 300 
pg/ml QP RNA. Reactions (15 PI) contained  a  mixture of 
amino acid minus methionine  to which was added ["SI- 
methionine  from NEN at 1 pCi/reaction (800 Ci/mM).  Mag- 
nesium acetate was present  at 2 mM, a value determined 
experimentally to  be  optimum for suppression in the trans- 
lation system, using SUP4-containing total tRNA isolated 
from strain FM6 (RASSE-MESSENGUY and  FINK 1973). Total 
tRNA from the test strains were added at approximately 
100 pg/ml. The actual amounts added were adjusted  on the 
basis  of the total 4s  RNA in each sample, as judged by gel 
fractionation described above, so that each translation re- 
action contained the same amount of 4s  RNA. The level of 
suppression in the translation system was determined  to be 
linear with increasing tRNA  concentration up to 200 pg/ 
ml. 

After  incubation, the translation reactions were fraction- 
ated on  a 10% SDS-polyacrylamide gel. The gel was auto- 
radiographed using  Kodak  XAR film. 

RESULTS 

A screen  for  isolating  mutants  defective in  tRNA 
maturation: We  have  adapted  the  screen  developed 
by SCHEDL and PRIMAKOFF (1 973)  to  yeast by devel- 
oping a method  for  conditional  expression  of a sup- 
pressor  tRNA  gene.  This  allows us to  activate  tran- 
scription of the  suppressor  locus  only  after  shifting 

TABLE 2 

Conditional  expression of a SUP4. tRNA  gene  inserted into a 
silent  mating  type  cassette 

specific activity* 
@-Galactosidase 

Genotype" 23"  35" 

sir4-1 hml::SUP4. 0.08  0.06 
sir4-1 leu2::GAL10-lacZ0 0.05 0.01 
sir4-1 hml::SUP4, leu2::GALIO-lacZ., 33 62 
sir4-1 leu2::GALIO-lacZ0 [YCP~O-SUP~,,]' 61 70 
SIR4  hml::SUP4, leu2::GALIO-lacZ, 19 22 
sir4-1 hmI::SUP4. leu2::GALIO-lacZ 665 680 

a All sir4-1 strains were derived by transformation of strains JR- 
72-6D with the appropriate plasmid or plasmids described in MA- 
TERIALS  AND  METHODS. The SIR4 strain is JR159-6A. 

Cells were grown in synthetic complete medium at the indicated 
temperature  and harvested at a cell density of 1-2 X lo7 cells/ml. 
@-Galactosidase and protein assays were then performed as de- 
scribed in MATERIALS AND METHODS. Specific activity is given as 
nmoles ONPG hydrolyzed/min/mg protein. 

Cells were grown in synthetic complete medium minus uracil 
in order  to select for maintenance of the YCp50 plasmid. 

mutagenized  colonies  to  the  nonpermissive  growth 
conditions.  In  this  way,  preexisting  mature  suppressor 
tRNA  does  not  have  to be diluted  out  and  production 
of functional  tRNA  can be assessed  without  requiring 
mutant  strains  to  undergo  further  growth. By this 
approach,  conditional  lethal  mutations  in  genes  essen- 
tial for production of mature  tRNA  can be recovered. 

We  obtained  conditional  expression of a suppressor 
tRNA  gene by taking  advantage  of  the  observation by 
SCHNELL and  RINE (1986) that a tRNA  gene  inserted 
into  the  silent  mating  type  cassettes of yeast is subject 
to  repression by the SIR regulatory  proteins.  Accord- 
ingly,  we  have  inserted a tyrosine-inserting,  ochre- 
suppressing  tRNA  gene, SUP40, into  the  silent  mating 
type  cassette, HMLa, of strains  bearing a temperature 
sensitive  mutation  in  one  of  the S I R  genes. To monitor 
formation  of  functional  suppressor  tRNA  we  incor- 
porated  into  these  strains a GAL10-lacZ fusion  gene 
containing  an  ochre  mutation  in  the lacZ coding do- 
main ($ MATERIALS AND METHODS). Consistent  with 
SCHNELL and RINE'S  observations,  we  find  that  when 
the  strain is grown  at  23"-permissive temperature 
for the sir3 or sir4 alleles used-little functional @- 
galactosidase  activity is produced  (Table 2) and colo- 
nies  of  the  strains  are  white or light  blue on medium 
containing  the  chromogenic  substrate  X-Gal  (Figure 
1). When  the  strain is grown  at  37""nonpermissive 
temperature  for  the sir alleles-active @-galactosidase 
is synthesized,  and  colonies  of  the  strain  are  blue on 
X-Gal  plates. In contrast,  an  isogenic  strain  carrying 
the SUP4, gene on a single  copy  centromeric  plasmid, 
rather  than  at  HMLa, produces  @-galactosidase  at  both 
temperatures.  Thus,  conditional  production  of P-ga- 
lactosidase  in  the  test  strain is a result  of  the  condi- 
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&tal: :sw4 hmz: :sw4 
lac& la&+ 
SIR s ir8 ts 

&tal: :sw4 YCp-SW4 
lacZ, lac& 

s ir8 ts s ir8 ts 

YCp- sw4 sw+ 
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l a d -  lac2, 
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FIGURE 1.-Conditional expression of a SUP4, tRNA  gene inserted in the HML silent mating type cassette. Strains with the genotypes 
indicated on the left were patched onto YEPD plates and grown at 23" overnight. The patches were then replicated to two SC minus uracil 
plates containing 2% galactose and 70 pg/ml X-Gal. One plate was incubated at 23" for 3 days (left)  and  the  other at 37"  for 2 days (right). 

tional expression of the SUP#, gene  resident within 
the silent mating type cassette. 

Identification of mutants defective in tRNA  pro- 
duction using this system is accomplished as  outlined 
in Figure 2. An hml::SUP#, LEU2::GALlO-lacZ0 sir3'' 
or sir#'" strain is mutagenized,  plated at  an  appropriate 
dilution on minimal medium  containing glucose to 
yield several hundred colonies per plate, and incu- 
bated at 23" for several days until reasonable sized 
colonies are  formed. The plate is then replica plated 
to a  synthetic minimal galactose plate  containing X- 
Gal, incubated at 23" for 2 days, and  then shifted to 
37" and incubated  for an additional 2 days to  permit 
color  production. The replica plating is required (1) 
to preserve  a  master  plate at  the permissive tempera- 
ture  and (2) to obviate the low plating efficiency of 
our strains  on the high pH plates that have to be used 
for X-Gal color development. Most  of the clonal iso- 
lates are still capable of converting the primary  tran- 
script  from  the  derepressed SUP#, gene  into  mature 
suppressor  tRNA. Thus, most of the colonies turn 
blue following incubation  on X-Gal. However, clones 
with a temperature sensitive mutation in a  gene  re- 
quired  for  maturation of the SUP4, primary  transcript 
would not  produce  functional  suppressor  tRNA. Such 
clones would remain white or light blue. These colo- 
nies are  then tested for  temperature sensitivity. Since 
our goal is to identify essential genes in tRNA  proc- 
essing, only those clones that  do  not  turn blue and  are 
also temperature sensitive for  growth are  retained as 
potential  tRNA  maturation  mutants. 

One class  of mutants,  other  than those in tRNA 
maturation,  that would not  be  eliminated by this 

screen would be  those involved in protein synthesis. 
T o  exclude  these  mutants in a reasonably facile man- 
ner, we have further modified the  parent strain by 
integrating  the  gene  for yeast invertase, SUCZ, into 
the second silent mating type cassette, HMR (CJ: MA- 
TERIALS AND METHODS). In this manner, shifting the 
strain to 37" yields de novo synthesis of invertase as 
well as SUP#, tRNA.  Mutants  deficient in protein 
synthesis per se would fail to yield either invertase 
activity or P-galactosidase activity upon  a  shift  to  the 
non-permissive temperature. However,  mutants defi- 
cient in tRNA  maturation would still be capable of 
producing  invertase activity immediately following 
the shift to  the non-permissive temperature, even 
though they would be incapable of producing P-galac- 
tosidase. 

Finally, it should be  noted  that  strains with muta- 
tions or deletions of lacZ, revertants of the sir'' allele, 
or revertants or deletions of the SUP#, allele would 
appear as white or light blue colonies in the screen. 
However, since these  mutations would not cause tem- 
perature sensitive growth of the clone, such mutant 
strains would be eliminated  from  consideration.  A 
summary of the expected  phenotypes of the various 
classes of mutants is provided in Table 3. 

Isolation of putative  mutants  deficient  in tRNA 
production: We have applied the above  screen to 
three  different hm I ::SUP4, LEUZ-GAL IO-lacZ, 
mr::SUC2 sir" yeast strains, with the results shown in 
Table 4. These strains were mutagenized with  EMS 
and plated directly onto master plates. Colonies (3.5 
x lo5) were examined for  reduced  color  production 
on X-Gal as  described  above and in MATERIALS AND 
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TABLE 3 

Effect of various  mutations on the  phenotypes  examined in the 
screen  for  tRNA  processing deficient mutants 

Phenotype 

Invertase 
Color  Growth activity 

Strain 23 ' 37" 23" 37" 23" 37" 

Wild type White Blue + + Low High 
tRNA processing White  White/light + - Low High 

Protein synthesis White White/light + - Low Low 

GAL10-lacZ White  White + + Low High 

deficient blue 

deficient blue 

deletion/ 
mutation 

Revertant  to Sirf White  White + + Low Low 

METHODS and 630 white to light blue colonies were 
obtained.  Of  these,  approximately 20% also exhibited 
temperature sensitive growth at 37". We character- 
ized only 46 of these light blue, ts further.  Fourteen 
of the 46 showed reduced  invertase activity following 
a shift to 37", and were eliminated  from further 
consideration. 

Since the  desired  mutants are those in  which the ts 
phenotype and  the  reduced  color  production on X- 
Gal are the  consequence of the same lesion, we tested 

FIGURE 2.-Rationale for a 
screening  procedure  to identify  mu- 
tants defective in tRNA processing. 
The  behavior  of a wild type  strain 
and  one with a putative  tRNA  mat- 
uration  defect,  each  carrying  identi- 
cal sir" hm1::SUPI  hmr::SUC2 
leu2::GAL10-lacZ0 alleles, is shown. 
In  both  strains  at  23", expression of 
SUP4 and SUC2 is repressed by the 
SIR genes  acting  on  the  contiguous 
chromosomal silencers (black boxes). 
Accordingly, neither  invertase  nor p- 
galactosidase is produced. At 37" in 
the wild type strain, synthesis  of 
tRNA  from SUP#,, occurs  to allow 
suppression  of the nonsense mutation 
in the lacZ gene  and  production  of 
functional p-galactosidase. At the 
same  time expression  of SUCP is in- 
duced, yielding production of  inver- 
tase.  A mutant defective in tRNA 
maturation,  on  the  other  hand, 
would fail to  produce active suppres- 
sor tRNA  from  the  derepressed 
SUP4 locus and, accordingly, no P- 
galactosidase  would be synthesized. 
However,  invertase  production 
would be essentially normal.  This dif- 
ference in p-galactosidase production 
between the wild type and  putative 
mutant strain is the basis of the 
screening  procedure  described in the 
text. 

TABLE 4 

Summary of mutant isolation 

Strain 

EZ5-9A  EZ6-4B  EZ9-6C Total 

Colonies screened  112,900  114,200  117,700  344,800 
Average killing rate of 55%  60%  61% 

Light  blue colonies initially 1,818  1,092  837  3,747 

Light blue  colonies on 352 207 79  638 

Light blue  and 76  47  12  135 

mutagenesis 

picked 

retesting 

temperature sensitive 

Retained  for  further  study 46 
Light blue, ts, and 31 

Invertase positive and 5 
invertase positive 

cosegregates light blue 
and ts 

the linkage of the two phenotypes by genetic  segre- 
gation analysis. We crossed each of the 3 1 light-blue, 
ts strains to a hml::SUP4,  LEU2-GALIO-lacZ0 sirfs 
strain of the opposite mating  type,  sporulated  the 
resulting  diploid, and dissected a number of tetrads 
from  each. Five  of the  mutants gave the segregation 
pattern shown in Figure 3, in which reduced  color 
and  temperature sensitivity cosegregated in every te- 
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FIGURE 3.-Cosegregation of tempera- 
ture sensitivity and diminished tRNA mat- 
uration from a tpd l -1  mutant strain. Strains 
TPDl  and EZ6-4B were crossed, sporulated 
and dissected onto YEPD plates and  the 
spore clones grown at 23'. The clones were 
then replicated to a YEPD plate and  to a SC 
plate containing 2% galactose and 70 pg/ml 
X-Gal. The YEPD plate was incubated at 
37"  for 1 day and then replicated to a 
second YEPD plate. The upper portion of 
the figure shows this second YEPD plate 
after incubation for one day at 37".  The 
lower portion of the figure shows the SC + 
X-Gal plate after 1 day at  23"  and 2 days at 
37".  The  four colonies in each column are 
the spore clones from a single ascus, repre- 
senting the meiotic products of one diploid 
cell. 

trad,  both phenotypes showing predominantly 2:2 
segregation. Thus, in these five mutant  strains, the 
two phenotypes are  the result of a single mutation or 
of two closely linked mutations. Given the  number of 
tetrads  examined, if the two phenotypes are  the result 
of two separate  mutations,  then they lie within 3 
centimorgans of each other. The  other 26 mutants 
examined showed either  independent  segregation of 
temperature sensitivity and color  production or aber- 
rant segregation of one  or  the  other phenotype. 

At the  end of the screen we retained five strains 
that  met  the  criteria  for  those with temperature sen- 
sitive mutations in an essential gene  required  for 
tRNA  maturation. Since we characterized in detail 
only a  third of the possible candidates, our recovery 

rate  from  the  original  mutagenized  population was 
approximately 0.005%. 

Characterization of mutants: Mutants are not defi- 
cient in protein synthesis per se: The initial isolation of 
conditional  lethal  mutants in tRNA  production in- 
cluded  a  screen to eliminate  those  mutants  defective 
in protein synthesis per se. T o  confirm that  our mu- 
tants  were  competent for  protein synthesis, we meas- 
ured  the  rate of protein synthesis of the  mutants at 
the nonpermissive temperature by determining  the 
rate of incorporation of [35S]methionine into acid 
insoluble counts in intact cells. These results are pre- 
sented in Table 5. As is evident,  the  rate  of  incorpo- 
ration of label in all five mutant strains is essentially 
equivalent to  that of the  parent  strain,  both  at 1 hr 
and 6 hr after  the shift to 37". On  the  other  hand, a 
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TABLE 5 

tRNA processing defective mutants are protein synthesis 
competent 

Protein synthesis 
[3sSS]methionine 
incorporation" 

Strain Mutation 23" 38" ' 
EZ5-9A TPD 6.2  7 .2  
TPDl t pd l -1  7.7 2.6 
TPD2 tpd2-1 2.1  3.9 
TPD3 tpd?-l  1.2  2.0 
TPD4 tpd4- I 5.4 3.7 
TPD5 tpd5-1 8.5  6 .4  
ts63- 1 p r t l - 1  2.4  0.05 

Aliquots of 30 pCi [S5S]methionine ( X 0 0  Ci/mM) were added 
to 5-ml cultures growing in SC minus methionine at the indicated 
temperature. Incubation was continued for 30 min and the cells 
then harvested by filtration. After washing cells with cold  medium, 
they were resuspended in 10% TCA, boiled for 1 min and then 
filtered through  a glass fiber filter. Samples were removed for 
protein determinations prior to labeling. Results are presented as 
cpm (X lOP)/mg  protein. 
' Strains were grown at 23" and then shifted to 38" for 6 hr 

prior to labeling. 

mutant  strain  containing the p r t l - 1  allele, a  tempera- 
ture sensitive mutation in a  gene  required  for initia- 
tion of protein synthesis (HANK-JOYCE, SINGER and 
JOHNSON 1987), shows a  rapid decline in the  rate of 
incorporation following a shift to the nonpermissive 
temperature.  Thus,  the overall rate of protein synthe- 
sis  is essentially undiminished in the  mutant  strains 
after transfer to  the nonpermissive conditions. 

Mutants  from the screen define novel,  independent 
genes: To determine  the  number of  loci defined by 
the five mutants  recovered  from our screen, we per- 
formed  complementation analysis among all the mu- 
tants. From the segregation analysis we recovered a 
and CY versions of each mutant. We  used these to 
construct diploids between all pairwise combinations 
of mutants  and  between  each  mutant  and  the  parent 
strains. We then  tested each of the diploids for  growth 
at 37 O . All five mutant  strains  were recessive to wild 
type for  temperature sensitive growth. In  addition, 
each mutant  complemented every other  mutant  for 
growth at  37". From this we conclude that  the five 
mutant  define five separate loci.  We have tentatively 
designated  these five loci TPDI through TPDS, for 
tRNA processing deficient. 

T o  date, conditional lethal mutations  affecting 
tRNA  maturation have been isolated in only five 
different genes in yeast: r n a l ,   s e n l ,   p t a l ,   l i g l  and 
rpc160 (HOPPER,  BANKS and EVANGELIDIS 1978; WI- 
NEY and CULBERTSON 1988;  PHIZICKY,  SCHWARTZ and 
ABELSON 1986, GUDENUS et al. 1988; P. O'CONNOR 
and C. PEEBLES, personal  communication). T o  deter- 
mine  whether any of the mutations we obtained  rep- 
resent new alleles of any of these previously identified 
genes, we performed  complementation analysis of our  

mutant  strains against strains  carrying  conditional le- 
thal alleles of three of these genes. (Complementation 
analysis  with an rpc l60  or senl strain was not  per- 
formed. For reasons described below, we do not be- 
lieve any of our mutations are in these genes.) We 
found  that each one of our mutants  complemented 
the  temperature lethality of each of the  three strains. 
In  addition,  mutations in three  other genes, l o s l ,   spd l  
and sen2, affect tRNA  maturation in  yeast. However, 
null mutations of losl  and spdl  are not lethal and 
none of the alleles of sen2 cause a significant growth 
defect, so these loci probably do not  correspond  to 
the five genes we have  identified (HURT et al. 1987; 
WANC and HOPPER 1988;  WINEY  and CULBERTSON 
1988;  C.  HO  and J. ABELSON, personal communica- 
tion). Thus, all five of our mutations are most likely 
in genes not previously identified as involved in tRNA 
maturation. 

One of the mutant  strains is deficient in  tRNA accu- 
mulation: As an initial step in identifying the specific 
biochemical lesions in the various mutant  strains, we 
asked whether any of the  mutants  are defective at  the 
non-permissive temperature in synthesis of tRNAs. 
To  do so, we pulse labeled mutant  and wild-type cells 
with 32P04  at  23 " and  at 6 hr  after a shift to 38 " . We 
then  determined  the  amount of label incorporated 
into  total  tRNA by isolating RNA  from  the pulse- 
labeled cells, fractionating it on a polyacrylamide gel, 
and  autoradiographing  the gel. T o  normalize for  the 
amount of total tRNA present in each sample, we 
transferred  the labeled,  fractionated  material  to  nitro- 
cellulose and  then hybridized it with a labeled oligo- 
nucleotide  complementary to  mature tRNA'Y'. Since 
the specific activity of the oligonucleotide was substan- 
tially higher  than that of the in  vivo labeled tRNA, 
the tRNA'y' specific band  could readily be seen above 
the background of in  vivo labeled tRNA  (Figure 4B). 
This provided us with an  internal  control  for  the  total 
amount of tRNA present in each sample. 

The result of this analysis of the  parental  strain  and 
of one carrying the tpd3-1 allele is shown in Figure 4. 
As is evident,  the level of incorporation of label into 
tRNA in strain TPD3  at  38" is significantly reduced 
compared  to  that of the parental  strain. This contrasts 
with the situation at  23", where  both  strains yield 
essentially equivalent  incorporation of label into 
tRNA. As  is evident  from results shown in Figure 4B, 
the total amount of  tRNA'"' in all four samples is 
essentially equivalent,  indicating the same amount of 
tRNA was loaded for each sample. In addition, this 
control  attests that  the  reduced level  of label in the 
tRNA  fraction in the  38"  TPD3 sample is not  the 
consequence of degradation of tRNA  during incuba- 
tion of the strain at  the elevated temperature. We 
conclude that  TPDS is most likely defective specifi- 
cally  in synthesis of tRNA  at its non-permissive tem- 
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perature. None  of the other mutan t  strain showed 
any  significant reduction of incorporation of  label into 
t K N A  during incubation at 38". 

One of  the mutant  strains accumulates  unspliced tRNA 
precursors: As a second step i n  our analysis  of the 
t R N A  maturation defect i n  each  of our mutant strains, 
we looked for t R N A  precursor accumulation in the 
strains by Northern blot  analysis. To accomplish  this, 
small  molecular  weight R N A  was isolated from those 
strains of interest, fractionated on  an appropriate 
acrylamide gel, and transferred by electroblotting to 
a nitrocellulose membrane. The membrane was then 
hybridized with various oligonucleotide probes, spe- 
cific either for particular mature tRNA  species or  for 
intron-containing precursors to those tRNA  species. 
The results  of one such experiment indicated that 
KNA from strain tpd l  grown at  the nonpermissive 
temperature contains a significantly greater amount 
of unspliced precursor, compared to the 
level  of mature tRNA&;, than does either of the 
parent strains or any  of the  other  four mutant strains 
(data not shown). On  the basis  of the size  of the 
accumulated precursor, we conclude that it is fully 
processed at both the 5' and 3' ends. Thus, this 
mutant strain appears to be  blocked  specifically in 
excision  of t R N A  intervening sequences. 

We have examined the time course and  extent of 
accumulation of intron-containing precursor in mu- 
tant t p d l ,  following a shift to the nonpermissive  con- 
dition,  and have compared it to that in two other 
mutant strains-rnal and losl-that accumulate in- 
tron-containing tRNA precursors. The results  of  this 
analysis is shown in Figure 5B. The ratio of intron- 
containing to mature tRNA""' in R N A  from the wild 

type strain remained constant over the 6 hr following 
a shift to 38". However, for ;a strain containing the 
tpd l -1  allele, the ratio increased  steadily over the 
course of the experiment, attaining ;a level at 6 hr of 
approximately 7 times t h a t  at the point of the temper- 
ature shift. A similar pattern was obtained with R N A  
from the losl -I  strain, although the ratio of precursor 
to mature did  not  reach as high a level as that seen 
with t pd l .  The strain containing the m a l - 1  allele 
exhibited a different pattern, with the ratio of precur- 
sor to mature reaching ;a peak within 20 min of the 
shift to nonpermissive temperature, and then declin- 
ing to pre-shift  levels within three hours of incubation. 

tpdl-1 strains are defective for excision  of interven- 
ing  sequences  from a variety  of t R N A  precursors. We 
probed small R N A  from wild type and tpd l -1  strains 
with oligonucleotides specific for the introns of 
tRNA"' and tRNA"". In both  cases, tpd l -1  showed  an 
approximately fivefold  increase in precursor levels, 
compared to that in wild-type strains, within 6 hr of a 
shift to 38" (data not shown). In both cases, the 
accumulated precursors were the  appropriate sizes to 
be fully matured at both their 5' and 3' ends. Thus,  
we conclude that tpdl mutant strains are generally 
deficient in splicing out intervening sequences of in- 
tron-containing t R N A  precursors. I t  is worth noting 
that accumulation of  unspliced t R N A  molecules is not 
a general feature of  cessation  of growth. We probed 
small RNA isolated  from a  temperature sensitive pr t l  
strain,  at various  times  following a shift of the strain 
to 37". At no point  did the ratio of  unspliced precur- 
sor to mature tRNA&; deviate from that of a wild 
type strain (Figure 5C). 

Some mutants  fail to produce  mature suppressor tRNA 
at the nonpermissive temperature: To obtain additional 
evidence that the mutants are deficient explicitly in 
tRNA production, we used an in  vitro suppression 
assay to measure accumulation of mature SUP4, tRNA 
in the mutant strains. Total tRNA was purified from 
a wild-type strain and from  each of the mutant strains 
after a temperature shift to 37" for 6 hr. The level  of 
SUP4, tRNA in each of the total t R N A  preparations 
was determined by measuring the extent of ochre 
suppression in an in  vitro protein synthesis  system 
primed with MS2 RNA. Suppression  of the  ochre stop 
codon at the end of the QP synthetase yields a read- 
through product that can  be  visualized by one dimen- 
sional SDS polyacrylamide  gel electrophoresis. Thus,  
within an appropriate range of added tRNA,  the 
amount of readthrough product reflects the amount 
of suppressor t R N A  added  to the in  vitro translation 
reaction. 

The results of this  analysis are shown in Figure 6. 
First, several  of the mutant strains exhibit reduced 
levels  of suppressor activity, compared to that for the 
TPD strain. This is most evident for the strain carrying 
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SUf4. tRNA.  Tot;d tRNl\ ,  prepared l i o n 1  the indicated wild type 
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i n  MA'I'ERIAIS ANI) MEIHODS. The prinlary trm1slation product is 
the OJj syntlletase (65 kl)). Suppression of the  ochre non~en~e 
codon ;II the eutl of the  gene yields ;I read-through product 2.i-kD 
larger. 

tpd5-1 but is also  clear  for a tpd2-I strain.  Thus, 
consistent with their in vivo phenotype,  these  strains 
have  reduced levels of specific suppressor  tRNA  pro- 
duction.  For  the  other  strains, a marked  reduction in 
in vitro suppressor  activity is not  as  evident,  although 
the suppression  activity is somewhat  diminished. This 
is true even for  those  strains in which a specific defect 
in tRNA biosynthesis is clearly demonstrable.  Thus, 
the in vitro suppression assay is not  as sensitive  an 
assay as  those  for a specific function. This is due in 
part to the  presence of residual  suppressor  tRNA 
accumulated  prior  to  the  temperature  shift. I t  may 
also be due to in vitro complementation  of  the  mutant 
phenotypes or to masking in vitro of  activities that 
might  be  limiting in vivo. Nonetheless, the fact that 
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several of the  mutant  strains show diminished sup- 
pressor activity in vitro is consistent with their  identi- 
fication as tRNA biosynthesis deficient. 

DISCUSSION 

We have devised a  general  screen for isolating con- 
ditional lethal mutants defective in synthesis of mature 
tRNA in yeast. Specifically, we identify mutants of a 
strain  carrying  an ochre-specific tRNA  suppressor 
gene  that have lost the ability to suppress an  ochre 
mutation in lacZ. The method  differs  from  previous 
loss-of-suppression screens, in that  suppressor  tRNA 
synthesis is repressed until the  mutant clones are 
switched to  the nonpermissive temperature. Since di- 
lution of preexisting  suppressor  tRNA molecules by 
growth of a  mutant  clone is not  required in order  to 
manifest the  mutant  phenotype, we can in theory 
isolate mutations in genes essential for  growth. Using 
this screen, we have identified five new genes in yeast 
that  appear to be  required  for  production of mature 
tRNA.  These  mutant  strains are  temperature sensitive 
for  growth and  the  mutant alleles are recessive. Two 
of the  mutants can be shown to be defective in specific 
steps in tRNA biosynthesis. In  addition, two other 
mutants are deficient in their ability to yield functional 
suppressor  tRNA  from the SUP4, gene  carried in the 
strain,  although  the specific lesion responsible for this 
defect has not yet been  pinpointed. Thus, we conclude 
that  the  screen  does, in fact, yield mutants defective 
in tRNA  maturation. 

The frequency of mutant isolation from our screen 
was somewhat low. We identified five mutants  from 
approximately  1 O5 mutagenized clones. By compari- 
son, screens  for cell division cycle mutants have 
yielded mutants at a  frequency of 0.01 7% to 0.1 %, 
albeit using cells substantially more  mutagenized  than 
those we used. Several factors  could  have  contributed 
to  the low frequency of mutant recovery in this screen. 
First, many potential  mutants may have slipped 
through  the screen. This could be due in part  to  the 
fact that  the available sirfs alleles do not fully repress 
expression of the silent cassettes at  the permissive 
temperature. As a  consequence, the color distinction 
between mutant  and wild type cells is not  absolute. 
An additional  explanation  for the low frequency of 
recovery is that  the  mutants may have been repre- 
sented at a low level  in the mutagenized  cultures used. 
This could be due  to  the relatively light mutagenesis 
applied in this particular case or  to  the low mutability 
to  temperature sensitivity of many of the genes in- 
volved  in tRNA  maturation. We are currently  repeat- 
ing  the  screen with these caveats in mind. 

Several different  approaches  have  been used by 
others to isolate mutants in tRNA  maturation,  the 
nature  and effectiveness of which have been  recently 
reviewed (HOPPER 1989).  These  approaches fall into 

four basic categories: loss-of-suppression screens or 
selections, biochemical screens of mutagenized clones, 
reversion of cis active mutations in tRNA  genes, and 
reverse genetics. Each of these is inherently limited in 
its applicability. The first  method has not yielded 
mutations in genes essential for  tRNA  maturation 
and, accordingly,  for  growth. This is most likely due 
to  the  requirement  for  diluting  preexisting  suppressor 
tRNA by growth, as suggested in the  introduction. 
The latter  three schemes are restricted by the fact 
that  one can recover only mutants defective in the 
particular process being  examined. Both of these 
problems are circumvented by the screen  described 
in this report.  Thus, we anticipate that this current 
screen, unlike the  others previously used, has the 
potential to yield a  broad  spectrum of tRNA  matura- 
tion  mutants. 

Possible  function  of  mutants  isolated in our 
screen: Five mutant  strains were isolated from our 
screen. We have not yet pinpointed the specific lesion 
in  all of these  strains. Because of the generality of the 
screen,  the  particular lesion in tRNA  production in 
each of the  mutants  could  be at any one of a wide 
variety of steps, including  transcription of gene,  endo- 
and exonucleolytic processing of the primary  tran- 
script,  transport  from  the nucleus to  the cycloplasm, 
and formation of  specific essential base modifications. 
We have examined the  mutant strains for  their capac- 
ity to carry out many of these  reactions, with the 
results  summarized in the following. 

We have  examined  the  tRNA transcription capacity 
of the  mutant strains. In pulse labeling experiments, 
one of the  mutant strains-that containing tPd3-Z- 
showed a  tenfold  diminished  incorporation of label 
into  the 4s fraction following a  shift to  the non- 
permissive temperature. We are  currently assessing 
the ability of this strain to yield extracts  that are 
capable of synthesizing tRNA in an in vitro transcrip- 
tion system primed with SUP4, DNA. In addition, we 
have cloned the  gene  and have  determined by restric- 
tion analysis that it does  not  correspond to  either  of 
two previously cloned genes"RPC160  and RPC40- 
encoding  subunits of RNA polymerase I11 (GUDENUS 
et al. 1988; MANN et al. 1987). Thus,  to  date  at least 
one  of  the  mutants behaves as though it might be 
defective in transcription of tRNA genes. 

Our  Northern analysis of RNA  probed with oligo- 
nucleotides specific for various tRNA species, an  ex- 
ample  of which is presented in Figure 5 ,  failed to yield 
any  indication of a  defect in exonucleolytic trimming 
of pre-tRNA in any of the mutants. In  addition,  except 
for  strains  carrying t p d l - I ,  none of the  mutants show 
an  accumulation of intermediates in tRNA splicing. 
However, two alleles of sen2 (sen2-1 and sen2-2) [WI- 
NEY and CULBERTSON (1988  and personal  communi- 
cation)] yield extracts  that  are deficient in endonucle- 
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ase activity in  vitro but  do  not show accumulation of 
splicing intermediates in  vivo, whereas a third allele 
(sen2-3) (C .  HO  and J. ABELSON, personal  communi- 
cation) does show such an  accumulation. Therefore, 
the absence of observable intermediates in the  mutant 
strains  cannot  be taken as evidence that  the  mutants 
are not defective in tRNA  trimming or splicing. 

We have examined the  mutant  strains  to  determine 
whether any of them show evidence of a  defect in 
formation of specific modified bases. We purified 
tRNATyr and tRNAF& from  mutant  strains  incubated 
at the nonpermissive temperature  and pulse labeling 
with  3'P-sodium phosphate. The pattern of modified 
bases was then  determined by appropriate thin layer 
chromatography of RNAse T 2  digested  material. In 
no case did we detect  an  alteration in the presence or 
amounts of any of the modified bases  in tRNAs iso- 
iated from  the  mutant  strains us. those isolated from 
the  parent  strain. Thus, we do  not have evidence that 
any of our mutant  strains are defective in catalyzing 
specific  base modification. 

Although we have not  identified  a specific defect in 
three of our putative  tRNA processing mutants, some 
of them  appear  to  be diminished in their capacity to 
synthesize functional  tRNA at  the nonpermissive tem- 
perature. We used an in  vitro suppression assay to 
assess whether the  mutant  strains were able  to  produce 
functional  suppressor  tRNA following induction of 
transcription  from  a  suppressor  tRNA  gene.  For the 
most part  the effects were small: the  mutants  exhibited 
only a two- to threefold lower suppression activity 
than  the  parent  strain.  However, we would not expect 
a  large  effect, since the repressed level  of suppressor 
tRNA expression appears  to be only two- to threefold 
lower than  the  induced level  in our strains (6 Table 
1). Thus, a  mutant  unable  to  produce  additional sup- 
pressor tRNA following induction would contain only 
one-half to  one-third  that of the  parent  strain.  In 
contrast,  a  strain  carrying tpd5-1 yielded almost no 
suppressor activity. This might  indicate that  the mu- 
tant exhibits some deficiency even at  the permissive 
temperature,  that  the lesion is semidominant, or that 
the in  vitro analysis exacerbated  the in  vivo deficiency. 
In sum, the in  vitro suppression assays are consistent 
with a  role of the identified  genes in tRNA  produc- 
tion. 

Intron-excision deficient mutant: The mutation 
we have most thoroughly  characterized, tpd l -1 ,  re- 
duces the efficiency of excision of intervening se- 
quences  from  a variety of tRNA species. By Northern 
analysis  of RNA  from  strains  containing this mutation, 
we do not  detect any reduction in the level of mature 
actin  mRNA, whose gene  contains  an intron.  Thus, 
tpd I does  not  appear  to  be defective in RNA  transport 
in general, as is the case for r n a l ,  or in splicing pre- 
mRNA species. Rather,  the mutation  alters  tRNA 

splicing specifically. From the recessive nature of our 
tpd 1 alleles, we suspect that  the defect in endonuclease 
function results from loss of TPDl  activity. 

Results presented in Figure 5 show that  the tpd l -1  
mutant manifests a block  in precursor accumulation 
relatively slowly following a shift to high temperature. 
This lag in accumulation could be due  to  the fact  that 
the tpd l -1  allele renders  the  gene  product  tempera- 
ture sensitive for synthesis rather  than function or 
because precursor  accumulation is a  secondary effect 
of  the  mutation. Nonetheless, the final accumulation 
of precursor in tpd l -1  strains is as  great or  greater 
than  that in other strains, such as those carrying losl  
or m a l ,  that have been classified as  tRNA splicing 
deficient. 

Even though tpd l  strains  accumulate  intervening 
sequence-containing  tRNA molecules, we do not 
know whether  the  gene  encodes  a  component of the 
yeast tRNA splicing endonuclease or whether it affects 
splicing only indirectly. We have not rigorously tested 
whether the  mutant strains are deficient in endonu- 
clease activity in  vitro. However, TPDl is not allelic to 
SENl ,  mutations in  which have been shown to dimin- 
ish endonuclease activity in  vitro, since TPDl  lies on 
chromosome VI and SENl  lies on chromosome XZZ 
(WINEY  and CULBERTSON 1988; van Zyl 1989). We 
have not  excluded the possibility that TPDl  is allelic 
to SEN2, mutations of which are also defective in 
endonuclease activity in  vitro. However, the fact that 
none of the  three alleles identified to  date  exhibit a 
growth  defect suggests that these two genes are not 
the same (WINEY and CULBERTSON 1922; C. HO and 
J. ABELSON, personal  communication).  It is possible 
that  the primary  role of the T P D l  product is in some 
process that affects tRNA splicing indirectly, such as 
nuclear export of tRNA or maintenance of the in- 
tregrity of nuclear  structure. Circumstantial evidence 
suggests that  tRNA splicing and nuclear export of 
tRNA  are intimately associated functions.  Endonucle- 
ase activity behaves in  cell fractionation and biochem- 
ical extraction  procedures  as  though it were  a com- 
ponent of the nuclear  membrane (PEEBLES, GEGEN- 
HEIMER and ABELSON 1983)  and, by immunoelectron 
microscopy, CLARK  and ABELSON (1 987) have shown 
that  tRNA ligase resides in or near  the yeast nuclear 
membrane. In addition, rnal strains, whose primary 
defect  appears  to  be in RNA  export  from  the nucleus, 
accumulate unspliced tRNA  at  the non-permissive 
temperature (SHIOKAWA and POGO 1974;  HOPPER, 
BANKS and EVANGELIDIS 1978). Thus, tfid 1 strains 
could accumulate unspliced precursor because the 
tRNAs are  not  exported  from  the nucleus and,  there- 
fore,  to  not see the splicing endonuclease.  Alterna- 
tively, the mutation  could  alter the  structural  frame- 
work in which the splicing apparatus/tRNA  transport 
system is embedded.  This  altered  context  could  result 



tRNA Biosynthesis Mutants of Yeast 67 

in reduced efficiency of the splicing apparatus in vivo. 
Since the primary lesion  in tpdl strains has not  been 

pinpointed, we do not know if the lethality of the 
mutants results specifically from  the block in tRNA 
splicing. This issue is highlighted by the fact that losl 
strains yield similar kinetics of accumulation of IVS- 
containing  tRNAs as do  tpdl-1 strains and yet LOSl 
is not  an essential gene (HURT et al. 1987). Thus, 
either  the splicing deficiency is more  severe in tpdl 
strains  than in losl  strains, an hypothesis supported 
by the  data  presented in Figure 5 ,  and this difference 
is critical with respect to cell viability, or lethality and 
tRNA  precursor  accumulation  are  separate conse- 
quences of the primary lesion in tpdl strains. Further 
analysis should clarify this point. 

TPDl falls into a class  of genes,  including RNA1 
and LOSl,  that are  required  for efficient tRNA splic- 
ing  but  are  not necessarily defective in the endonucle- 
ase or ligase specifically. In  addition, since at least two 
separate genes-SEN1 and  SEN2”are all required  to 
yield full tRNA  endonuclease activity in vitro, some 
of them may be  required in the reaction in some other 
capacity than  actual  endonucleolytic cleavage. Thus, 
the genetics of tRNA  maturation has begun to define 
a  more  complex processing pathway for  production 
of  eukaryotic tRNA-and specifically for  tRNA splic- 
ing-than might  have  been  anticipated  from  previous 
studies on prokaryotic  tRNA  maturation or from  the 
biochemical analysis of tRNA splicing. 
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