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ABSTRACT 
Temperature-sensitive mutants of Saccharomyces cerevisiae were isolated by insertional mutagenesis 

using the HIS3 marked retrotransposon TyH3HZS3. In such mutants, the TyHZS3 insertions are 
expected to identify loci  which encode genes essential for cell growth at high temperatures  but 
dispensable at low temperatures. Five mutations were isolated and named hit for high temperature 
growth. The hitl-1 mutation was located on chromosome X and  conferred  the pet phenotype. Two 
hit2 mutations, hit2-l and hit2-2, were located on chromosome ZZZ and caused the deletion of the 
PET18 locus  which  has been shown to encode a gene required  for growth at high temperatures. The 
hit3-l mutation was located on chromosome VI and affected the CDC26 gene. The hit4-1 mutation 
was located on chromosome XZZZ. These hit mutations were analyzed in an attempt  to identify novel 
genes involved  in the heat shock response. The hitl-1 mutation caused a defect in  synthesis of a 74- 
kD heat shock protein. Western blot  analysis revealed that  the heat shock protein corresponded to 
the SSCl  protein,  a member of the yeast  hsp7O family. In the hitl-I mutant,  the TyHZS3 insertion 
caused a deletion of a 3-kb DNA segment between the 61 and 64 sequences near the SUP4 locus. The 
1031-bp wild-type HITI DNA  which contained an open reading  frame encoding a protein of 164 
amino acids and  the AGG arginine tRNA gene complemented all hit l - l  mutant phenotypes, indicating 
that  the  mutant phenotypes were caused by the deletion of these genes. The pleiotropy of the HITI  
locus was analyzed by constructing a disruption mutation of each gene in vitro and transplacing it to 
the chromosome. This analysis revealed that  the HITJ gene essential for growth at high temperatures 
encodes the 164-amino acid protein. The arginine tRNA gene, named HSXI, is essential for growth 
on  a nonfermentable carbon source at high temperatures  and for synthesis of the SSCl heat shock 
protein. 

T EMPERATURE-sensitive  mutants of Saccharo- 
myces cerevisiae have been isolated  to  identify 

genes  required for cell  division  cycle,  macromolecular 
synthesis and  other essential  processes. These  temper- 
a ture  sensitive  mutations are  thought  in  most cases to  
be missense mutations  in  essential  genes  (reviewed by 
PRINGLE 1975). On   t he  other hand,  some  genes are 
essential for growth  only  at  high  temperatures; for 
instance, PET18 (TOH-E and SAHASAHI 1985), SSN6 
(SCHULTZ and CARLSON 1987), SGP2 (DPRl) (NAKA- 
YAMA, ARAI and MATSUMOTO 1988), VPS33 (BANTA 
et al. 1990), VPS34 (HERMAN and  EMR  1990)  and 
MFTl (GARRETT et al. 1991).  However, a genetic 
approach  to  identify  such  genes  has  not  been per- 
formed. 
S. cerevisiae cells respond  to  temperature  shift  from 

22" to 37" by synthesis of a set of proteins (MILLER, 
XUONG and GEIDUSCHEK 1979) called heat  shock pro- 
teins (hsps).  Yeast hsp  genes  and  hsp-related  genes 
have  been  identified  mostly  on  the basis of  high  ho- 
mology  to  the  hsp  genes of other  organisms or its  own 
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hsp  genes  (reviewed by LINDQUIST and CRAIG 1988). 
Analyses of mutations of these  hsp  genes  have  sug- 
gested  that  the  heat shock  response  affects  growth at  
high temperatures within  a  normal  growth  range.  For 
instance,  the ssal ssa2 strain  which  carries  mutations 
in  two  hsp70-related  genes  cannot  grow  at 37 " (CRAIG 
andJACoBsEN 1984).  However,  roles of the  heat shock 
response  in  high  temperature  growth are generally 
unclear. In Escherichia  coli, the rpoH gene  product, 
the a'' subunit of the  prokaryotic  RNA  polymerase 
holwnzyme,  regulates  the  heat shock  transcription 
and is required for growth  at  high  temperatures  but 
dispensable  at low temperatures  (YURA et al. 1984). 
This  fact  encouraged us to  isolate S .  cerevisiae factors 
carrying  the similar  character. 

In this paper we sought  to  identify S .  cerevisiae genes 
essential for cell growth  at  high  temperatures  but 
dispensable  at low temperatures. T h e  major  problem 
in  identifying  mutations in such  genes is to distinguish 
them  from  temperature sensitive  mutations in genes 
essential at  all temperatures. To enrich  for  mutations 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/131/4/821/6007294 by guest on 25 M

ay 2023



822 K. Kawakami et al. 

of the  desired  type, we used the  retrotransposon T y l  
as  an insertional mutagen.  It was our expectation  that 
the insertion of the T y  element is more likely to 
generate null alleles than  temperature-sensitive al- 
leles. In E.  coli, the htrA gene,  a  gene essential for 
growth only at high temperatures, has been isolated 
by screening  temperature-sensitive  mutants  generated 
by random  insertion of a  prokaryotic  transposon, 
TnlO (LIPINSKA et al. 1989). 

The Tyl element of S. cerevisiae is a  retrotransposon 
with a  broad  insertion specificity (reviewed by BOEKE 
1988). T y  insertion can disrupt  genes causing their 
inactivation or can alter expression of genes by insert- 
ing  into  their  regulatory  regions. By placing the T y  
element  under  the  control of the GAL1 promoter,  the 
transposition of T y  elements can be  regulated  and 
increased  to high levels (BOEKE et al. 1985). The 
usefulness of the T y  element as an insertional  mutagen 
has been increased by constructing  an  element  that 
carries selectable markers  (GARFINKEL et al. 1988). 
This T y  element mutagenesis system  has been used to 
isolate cr-factor resistant mutants (WEINSTOCK et al. 
1990; MASTRANGELO et al. 1992). 

Here we report  the isolation of temperature-sensi- 
tive mutants of S. cerevisiae by T y  mutagenesis and 
the identification of genes essential for cell growth at 
high  temperatures. One of the S. cerevisiae mutants 
isolated here, hi t l -1 ,  had  a  defect in synthesis of a  heat 
shock protein. Analysis of the  mutant  revealed  genes 
involved in high temperature growth and  the  heat 
shock response. 

MATERIALS  AND  METHODS 

Yeast strains,  media and genetic methods: The geno- 
types of yeast strains used in this study are described in 
Table 1. Standard genetic methods and media have been 
described (SHERMAN, FINK and HICKS 1986). 

Plasmids and phages: The plasmid pCTyH3HZS3 has 
been described previously (GARFINKEL et al. 1988).  A 
YCp50-yeast genomic library is a kind gift from M. ROSE 
(ROSE et al. 1987). The plasmids pl8-2  and  pl8-4 were 
isolated from this library. The subclone plasmids p18-4s 
and p18-4C, were constructed by digestion of the p18-4 
DNA with SmaI and ClaI, respectively, and self-ligation. 
The plasmid pl8-4Al5 was constructed by ligating the 
1031-bp wild-type HITl DNA generated by digestion of a 
subclone plasmid  with exonuclease I11 between the EcoRI 
and Hind 111 sites of YCp50. pKK39 carrying the disruption 
mutation of the HIT1 gene was constructed by deleting the 
HincII-SpeI segment from p18-4Al5, converting the  junc- 
tion into a ClaI site and inserting the 1-kb HIS3 DNA from 
pCTyH3HZS3 into  the ClaI site. pKK6O carrying the tRNA 
disruption mutation was constructed by converting the MluI 
site of p18-4A15 into a ClaI site and inserting the 1-kb HIS3 
DNA. Plasmids pIC4 and PIC  12  carrying the  PET  and MAK 
genes and  the  gene required  for high temperature growth 
of the PET18 locus were generously provided by I. CHIU. 
pYSl0 carrying the PET18 DNA (TOH-E and SAHASHI 1985) 
was generously provided by  A. TOH-E. Plasmids carrying 
the URA2 (SOUCIET et al. 1987)  and  the RAD52 (ADZUMA, 
OGAWA and OCAWA 1984) genes were generously provided 

by T. BURKETT. The pAL18 (KANEKO et al. 1989) plasmid 
carrying the PEP4 gene (AMMERER et al. 1986; WOOLFORD 
et al.  1986) was generously provided by S. HARASHIMA.  The 
VI-2F8 phage  carrying the CDC4 gene (YOCHEM and BYERS 
1987) was generously provided by S. YOSHIKAWA (unpub- 
lished data). 

A XEMBL4- and a XZAP-genomic libraries were con- 
structed by digesting the hi t l -1  mutant KK80  DNA  with 
EcoRI and ligating into  the same site of the XEMBL4 (FRI- 
SCHAUF et al.  1983)  and  the XZAP (SHORT et al.  1988) 
phages. XKKl and XKK2 were isolated from the XEMBL4- 
genomic library and  the XZAP-genomic library by plaque 
hybridization using a  HIS3 DNA probe, respectively. 

Isolation of temperature sensitive hit mutants: Yeast 
DG662 cells were mutagenized by induction of the galactose 
regulated  TyH3HIS3  element as described previously (GAR- 
FINKEL et al. 1988)  and seven independent pook of the 
mutagenized cells were constructed. These cells were grown 
on SC-his plates and incubated at  20". After  formation of 
about 300 small colonies per plate, colonies were replica- 
plated on two YPD plates. One was incubated at  20" for 
about 3 days and  the  other was incubated at  37" for 24 hr 
to screen temperature sensitive colonies. 

Protein labeling, electrophoresis and  immunological 
analysis: Pulse labeling of  yeast heat shock proteins (CRAIG 
and JACOBSEN 1984)  and two-dimensional gel electropho- 
resis  of the labeled yeast protein was conducted as described 
previously (O'FARRELL  1975; MILLER, XUONG and GEIDU- 
SCHEK 1979;  IIDA  and YAHARA 1984) with slight modifica- 
tions. Yeast  cells were grown at 23' in a SC-met or SC-met- 
ura  medium, and shifted to 37"  at a cell density of about 1 
X lo7 cells/ml. Samples of 0.5 ml cells were labeled before 
and  after  the  temperature shift-up with 15 pCi [35S]methi- 
onine  (Amersham)  for 15 min. The labeling was terminated 
by adding 12.5 PI 10 mg/ml cycloheximide and chilling on 
ice. When samples were subjected to sodium dodecyl sulfate 
(SDS)-polyacrylamide gel electrophoresis, the cell pellets 
were resuspended in 100 pl 10% (w/v) trichloroacetic acid 
(TCA)  and broken by vigorous mixing with 0.1 g glass beads 
(425-600 pm, Sigma), the resulting TCA-precipitates were 
washed  with acetone, suspended in  50-pl sample buffer (10% 
glycerol; 0.12 M Tris-HCI, pH 6.8; 5% v/v b-mercaptoeth- 
anol; 2% SDS) and boiled for  10 min. When samples were 
subjected to two-dimensional gel electrophoresis, the same 
cell pellets were washed  with 0.25 ml of 20 mM Tris-HCI 
(pH  8.8)/2 mM CaCI2, vortexed  for  4 X 30 s with 0.1  g of 
the glass beads and  2.5 PI of 100 mM phenylmethylsulfonyl 
fluoride (PMSF), suspended in 200 pI of Tris-HCl/CaClp 
and  transferred  to new tubes. The lysates were mixed with 
10 pl of 1 mg/ml micrococcal nuclease, incubated for 5 min 
on ice, then mixed with 20 pl of 2% SDS/10% P-mercapto- 
ethanol,  1 mg/ml pancreatic DNase I ,  2 mg/ml RNase A 
and  0.5 M Tris-HCI (pH 7.0)/50 mM MgCI2, incubated for 
5 min on ice, lyophilized, resuspended in 100 p1 of lysis 
buffer,  The gels were dried  and analyzed by autoradiogra- 

Western blotting was conducted by a  standard  method 
(SAMBROOK, FRITSCH and MANIATIS 1989). The SSCl anti- 
body was generously provided by  E. CRAIG. The antibodies 
hybridizing to the filter were detected with Superscreen 
immunoscreening system (Amersham) and 3,3'-diamino- 
benzidine tetrahydrochloride. 

PCR analysis of the HIT1 locus: Oligonucleotides, K 1 ; 
GTACAAATCTGGATTTTCTG, K2; GCATTATGT- 
ATCATTGCAGC,K3;ACTTACACGATGGAAATCAA 
and K4; CTCGAATGATAATGGAAGGA, were synthe- 
sized to analyze the  structure of the  HITl region. The 
positions and  the directions of these oligonucleotides are 

phy. 
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TABLE 1 

S. cerevisiae strains 

Strain  Genotype  Source 

YH8  MATa his38200  leu2A  trplAl  ura3-167 GARFINKEL et al. ( 1  988) 
DG662  YH8 harboring pGTyH3HIS3 GARFINKEL et al. (1 988) 
1SS104-4A  MATa ade2-I01  his3A200  lys2-801  ura3-52 Laboratory stock 
JSSlO4-2 1 B MATa ade2-I01  his3A200  gal Laboratory stock 
JSSlO8-2C  MATa his3A200  lys2-801  tyr7-1  ura3-52 Laboratory stock 
jSSl10-5C MATa arg4-17  his3A200  tyr7-1  ura3-52 Laboratory stock 
KK16  MATa his3A200 lys9 and/or lys2 ura3 met10 adel  pet9 Laboratory stock 
KK80  MATa his3A200  lys2-801  trplAl  ura3  hitl-1 Ts18 X JSlO8-2C 
KK88  MATa his3A200  lys2-801  trplAl  ura3  hitl-1 KK80 X YH8 
KK90  MATa arg4-17  his3A200  leu2A  trpl  A1  tyr7-1  ura?  hit2-1 Ts2 X JSSllO-5C 
KK9 1 MATa ade2-I01  his3A200  leu2A  lys2-801 ura3 hit2-2 Ts7 X JSS104-4A 
KK93  MATa his3A200  lys2-801  ura3  hit3-1 Tsl2  X JSS  104-4A 
KK94  MATa his3A200  lys2-801 ura3 hit4-1 Ts22 X JSS  104-4.4 
KK106  MATa ade2-101  his3A200  leu2A  trplAl  ura?  hit2-2 KK91 X YH8 
KK107  MATa leu2A  trplAl  his3A200 ura3 hit3-l KK93 X YH8 
KK110  MATa leu2A  trplAl  his3A200 ura3 hitl-1 KK94 X YH8 
KKl11  MATa arg4-17  his3A200  leu2AtrplAl  ura3  hit2-1 KK90 X YH8 
KK126  MATa his3A200  leu2A  trplAl  ura3 hit4-1 KK94 X YH8 
KK20.5 MATa leu2  trpl  his3  ura3  hsxl::HIS3 This work 
KK208  MATa leu2  trpl  his3  ura3 This work 
SH3021  MATa cdc26-1 his? leu2  trpl  ura3 S .  HARASHIMA 
KA311A-1  IC  MATa his3  leu2  trpl ura3 smrl::LEU2  srnpZ::URA3 K. IRIE 
LM65A-9C  MATa ade4  his5  cdc65-1 PRENDERCAST et al. (1  990) 

indicated in Figure 5. The polymerase chain reaction (PCR) 
was performed as described previously (SAIKI et al. 1988). 
PCR  using K1 and K2 amplified a  91 3-bp DNA from pl8- 
2, p18-4 and DG662 DNAs containing the complete 63 and 
64 sequences. PCR  using  K3 and K4 amplified a  1021-bp 
DNA from p18-2 DNA containing the complete 61 and 62 
sequences but amplified about a  700-bp DNA from DG662 
and hi t l -1  DNAs. 

Construction of disruption mutations: DNA fragments 
were amplified from pKK39 (hitl::HZS3) and pKK6O 
(hsx1::HI.V) by PCR using oligonucleotides 608 (ACAAC- 
GATAATTCTTATTTC)  and  609  (ATTGATTTCCA- 
TCGTGTAAG) which were designed to make the longest 
DNA fragment without the 62 sequence (Figure  7). Haploid 
yeast  cells were transformed by the amplified fragments and 
the His+ colonies were selected on SC-his plates at  23 O .  The 
disruption mutations were confirmed by Southern blot 
analysis. 

DNA manipulations: Plaque hybridization and  Southern 
hybridization were conducted by standard methods (DAVIS, 
DIBNER and BATTEY 1986). Yeast DNA preparation and 
transformation were done as described previously (SHER- 
MAN, FINK and HICKS  1986). p u c  1 18  and p u c l 1 9  (VIEIRA 
and MESSING 1987) were used for subcloning. DNA se- 
quence was determined by the dideoxy-chain-termination 
method (SANGER, NICKLEN and COULSON 1977; TABOR and 
RICHARDSON  1987). Chromosomal DNAs were prepared 
and analyzed by contour-clamped  homogeneous electric 
field (CHEF) gel electrophoresis (CARLE and OLSON 1985; 
CHU, VOLLRATH and DAVIS 1986). 

RESULTS 

Temperature-sensitive hit mutants: The haploid 
yeast strain  DG662  harboring  a plasmid pGTyH3HZS3 
(GARFINKEL et al. 1988) was mutagenized by the in- 
duction of T y  transposition.  From  2.5 X lo5 His+ 

colonies, 24 temperature sensitive (Ts-) colonies were 
isolated by replica-plating. In 16 of these  mutants, the 
His+ phenotypes were independent of the plasmid, 
indicating that TyHZS3 insertions  had  occurred some- 
where in the  genome.  One  mutant was sterile and 
therefore was not  subjected to  the genetic analysis. 
The  15 Ts- MATa strains were mated with  wild type 
MATa strains at 20". All diploid strains grew at 3 7 " ,  
indicating that  the Ts- phenotypes were recessive. 
The diploids were sporulated at 20 O , and  tetrads were 
analyzed for  growth on YPD plates at 37" .  For 10 of 
the  15 diploid strains,  the Ts- and  the His+ pheno- 
types segregated  independently. We interpret these 
strains as cases where  the  insertion of the TyH3HZS3 
element was not associated with the  Ts-  mutation. 
The  Tsl  and  Ts5 strains are examples of this class 
(Table 2). Note  that in Tsl there  are significantly 
more His+ than His- segregants suggesting that there 
were two or more TyHZS3 insertions. In 5 out of 15 
cases (the crosses of the  Ts2, Ts7,  Ts12,  Ts18,  and 
Ts22 strains), all Ts- segregants were His+ (Table 2), 
suggesting that  the TyHZS3 insertion caused a  muta- 
tion  conferring  the  temperature sensitivity. These five 
mutants were derived  from  independent pools of the 
mutagenized yeast  cells. 

hitl: The cross between Tsl8 and JSS 108-2C gave 
poor spore viability, but  the  correlation of the His' 
and Ts- phenotypes indicates that  the  temperature 
sensitivity results from  a  mutation caused by the in- 
sertion of TyHZS3 (Table 2). The mutation in Ts l8  
was designated hitl-l for high temperature  growth. 
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TABLE 2 

Linkage of His+  and  Ts-  in  temperaturesensitive  mutants 

22 I9 29 12 1 1  
1 0 1 1  10 9 9 

1 0 0 x 15 0 
1 ?I 0 26 26 0 

1 9 0 28 26 0 
10 0 20 20 0 

10 X 20 I 2  0 
6 0 I 2  I 2  0 

10 9 7 4  0 
X 0 16 16 0 

To confirm the segregation  patterns  of hit l - I ,  a M A T a  
hitl- l  segregant (KK80) from  Ts18 X JSSlO8-2C was 
backcrossed to the  unmutagenized  parental  strain 
YH8.  This backcross  gave good  spore viability and 
showed 2:2 segregation for His+Ts-:His- Ts+  (Table 
2). T h e  h i t l - l  mutant  formed  smaller colonies  even 
at a permissive temperature  than  the wild type and 
did  not  form colonies on YPG plates  at  any  tempera- 
ture (Figure 1). This Gly- phenotype was correlated 
to the His+, Ts-  phenotype in the  above  tetrad analy- 
sis, indicating  that  the T y  insertion in the hitl- l  mu- 
tant  caused a chromosomal pet  mutation. 

Mutations  caused by the  TyHIS3  insertion  can  be 
assigned to chromosomes by the  CHEF  electropho- 
retic system and  Southern  hybridization using the 
HIS3  probe  (GARFINKEL et al. 1988).  In  the hitl-l 
mutant,  the  HIS3  probe  hybridized to chromosome X 
(Figure 2A). This  chromosome  assignment was con- 
firmed by hybridization  using the U R A 2  (SOUCIET et 
al. 1987)  probe  and  the physical analysis of  the hill-I 
allele described below. Southern  hybridization analy- 
sis of the Ec'coRI- or BarnHI-digested genomic DNA 

%? - ;; 
1 
I 

A B 

' 2 3 L ' 5 ' ? 3 L < ,  
FCDRl m-w 

FlCURE P."Southern hybridization analysis  of the hit mutants 
using the HIS3 probe. Chromosome DNAs were prepared from 
KKXR h i t / - /  (lane I ) ,  KKI 1 1  hif2-I (lane 2), KK106 hit2-2 (lane 3), 
K K 1 0 7  hit3-I (lane 4) and K K I  10 hit4-/  (lane 5) .  The HIS3 probe 
DNA wils prepared from the pCTyH3HIS3 plasmid and labeled 
w i t h  [9'P]dCTP. (A )  Chromosomal DNAs were separated on a 1% 
agarose gel using ;I CHEF electrophoretic system, transferred to a 
nylon membrane, and the resulting blot w a s  hybridized with the 
HIS3 probe. Chromosome numbers are shown on the left. The 
positions of chromosome V I ,  X, Xlll and XVI were confirmed bv 
hybridization of the same  blot  with chromosome-specific probes, 
CDC4. URA2,  PEP4 and RAD52,  respectively. ( R )  Chromosomal 
DNAs were digested with  EcoRl or RamHI. separated on a 1 %  
agarose gel, and then blotted. The resulting filter was hybridiyed 
with the H I S 3  probe. The 5-kb BcoRI-band  in lanes 2, 3 and 5 
correspond to the predicted junction fragment from a marked Ty 
repeat. The  other size  EcoRI-bands are junction to the target 
sequence. The 7-kb RamHI-bands and  the other RamHl bands in 
lanes 2. 3 and 5 represent the HIS3 marked and unmarked Tys in 
the multimeric array. The 5-kb  EcoRI-band i n  lanes 2. 3 and 5 is  at 
least a doublet. 

revealed a single TyHIS3  insertion in the hitl- l  mu- 
tant  (Figure 2B). 

hit2: T h e  crosses Ts2 X JSSl10-5C  and  Ts7 X 
JSS 104-4A gave good  spore viability, showed  2 His+:2 
His- segregation,  and all of the  Ts-  spore clones  were 
His+ (Table 2). A cross  between a Ts2 M A T a  strain 
and a Ts7"derived M A T a  strain yielded a diploid that 
did  not  grow  at 37" (data  not  shown),  suggesting  that 
these  mutations were allelic. We  designated  the 
TyH3HIS3-induced  mutations in these  strains hit2-l  
and hit2-2. Both hit2 mutants  did  not  grow  on YPG 
plates  (Figure 1). The  Gly- phenotype was inseparable 
from  the His+, Ts-  phenotype in the genetic analysis, 
indicating  both  TyHIS3  insertion  mutations caused 
chromosomal pet mutations. 

CHEF gel analysis using the HIS3 probe identified 
the site  of  these hit2 mutations as on  chromosome I l l  
(Figure 2A). Although the 2:2  segregation  for 
His+:His- indicated the  TyHIS3  insertion  at a single 
locus, Southern  hybridization analysis revealed mul- 
tiple  TyHIS3  elements in both hit2 mutants  (Figure 
2B). T h e  difference in the  structure  of hit2-1 and 
hit2-2 mutations  reflects  the  independence  of  their 
origin.  Multimeric  arrays  of  TyHIS3  insertions  at  the 
HMLa locus and  other loci have  been  identified when 
Ty-induced  a-pheromone-resistant  mutants were iso- 
lated (WEINSTOCK et al. 1990). The  5-kb EcoRI bands 
in the hit2 mutants  (Figure 2B) correspond to the 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/131/4/821/6007294 by guest on 25 M

ay 2023



Ty-Induced ts  Mutants 825 

TABLE 3 

Meiotic mapping of the hit2,  hit3 and hit4 mutations 

Ascus tvpe' 
Map distance 

Gene pair PD  NPD T (cM)b 

A. hit2 
hit21leu2 15 0 5 I3  
hit2IMAT 17 0 3 7.5 
I P U ~ I M A T  IS 0 7 18 

hit3lmet I O  I3  0 6 16 
hit3lcdc26 22 0 0 c0.02 

hit41smp2 10 3 12 60 
hit4lcdch5 I5 0 18 27 

13. hit3 

C .  hit4 

' PD. parental ditype; NPD, nonparental  ditvpe; T ,  tetratype. 
Map distances  were  calculated  using  the  equation  described bv 

SHERMAN, FINK  and  HICKS (1986): 10012 X [(T + 6NPD)/(PD + 
NI'D + T)]. (A) T s  2 hit2-I X JSSl 10-5C and KK90  hi t2-I  X 
JSS104-21B.(B) KK107 hit3-I X KK16and X SH3021. (C) KK126 
hit4-I X KASlIA-I IC and K K I  10 X LM65A-9C. In each  experi- 
111ent. only  tetrads with four viable spores  were  included. All of 
these asci showed  2:2 segregtion for pair-markers. smp2 is allelic 
to pet-ts2858 (K. IRE, personal  communication). 

predicted  junction  fragment  from a marked T y  re- 
peat.  The EcoRI bands  of  the  other sizes are  junction 
to  the  target sequence. T h e  7-kb and  the  other BamHI 
bands in the hit2 mutants  (Figure 2B) are  indicative 
of  the  HIS3  marked  and  unmarked  Tys in the multi- 
meric  array.  Therefore we assume  that  the hit2 mu- 
tations  are caused by insertion  of T y  multimers  at a 
single locus on  chromosome I l l .  

T h e  hit2-1 mutation was mapped  between leu2 and 
MAT, 7.5 cM centromere  proximal to MAT (Table 3). 
T h e  map position of hit2-1 is similar to that  of p e t 1 8  
mutations. Cells carrying p e t 1 8  mutations  have  phe- 
notypes  similar to the hit2 mutants in that  they  are 
temperature sensitive in addition  to  being  unable  to 
grow on glycerol as a carbon  source (LEIROWITZ and 
WICKNER  1978). To test whether  the hit2 mutations 
affect  the  PET18 locus, the hit2-1 and hit2-2 strains 
were  transformed by plasmids carrying  the wild type 
PET18 DNA, pIC4  and  pIC12 (I. CHIU,  personal 
communication). The  Ts-  phenotype  of  the hit2 mu- 
tants was complemented by these  plasmids but  the pet 
phenotype was not  (data  not  shown). T h e  inability to 
complement  the pet phenotype by the  pIC4  and  PIC  12 
plasmids  can be explained by the fact  that p e t 1 8  mu- 
tants  are [rho'] mutants  (LEIROWITZ  and  WICKNER 
1978).  Previous  molecular  characterization  has  dem- 
onstrated  that several p e t 1 8  mutations  are deletions 
of  the  PET18 locus (ToH-E and SAHASHI 1985). A 3- 
kb  PET18 DNA containing a gene essential for  growth 
at  high temperatures  hybridized to neither  the hit2-l 
nor hit2-2 DNA (Figure  3).  From  these  data, we 
concluded  that in the hit2 mutants  the  insertion  of T y  
multimers  at  the  PET18 locus was accompanied by the 
deletion  of  genes  encoded in this region. 

€COR I 
(kb) 1 2 3 4 5 

9 2 q  6.6 

4.4 

2.3 

FIGURE 3.-Southern hyhritli7ation analysis of the hit 1nt11;111ts 
using  the P E T 1 8  probe. The  same  filter  as  used in Figure 2B w a s  
hyhridi7ed with the P E T I R  probe. "P-labeled pYSI0 DNA. 

hit3: T h e  cross  between Ts12  and JSS104-4A 
yielded more His+ than His- spores  indicating  that 
there were multiple  (probably two) TyHIS3 insertions 
(Table  2). The  Ts-  phenotype  segregated 2:2  in these 
tetrads  and all of the  Ts- clones  were His+. A segre- 
gant  KK93  containing only the TyHIS3 responsible 
for the  Ts-  phenotype was identified by backcross to 
strain  YH8  (Table 2). This mutation was designated 
hit3-I.  Southern hybridization and  CHEF gel analyses 
of a hit3-1 segregant,  KK107,  indicated a single 
TyHIS3  insertion  on  chromosome VI (Figure  2, A and 
B). Further genetic analysis revealed  that hit3 was 
mapped 16 cM from met10 (Table 3). After a shift to 
the nonpermissive  temperature, cells with the hit3-l 
mutation showed a cell cycle-specific arrest. Micro- 
scopic  observation  showed  that  most of the  arrested 
cells had  large  buds  characteristic  of  the  G2 phase  of 
the cell cycle. Two cdc mutations,  cdcl4  and cdc26, 
have  been  mapped close to the met10 locus (MORTIMER 
and SCHILD 1980). T h e  hit3-l  mutant was crossed to 
the  cdcl4  and cdc26 mutants  and  the diploids  were 
analyzed for  growth  at  37".  The hit3/cdcI4  diploid 
grew  at  37"  but  the hit3/cdc26 diploid  did not. The  
tetrad analysis of the hit3lcdc26  diploid  indicated  that 
the hit3-1 and cdc26 mutations  are allelic (Table 3). 

hit l :  T h e  initial genetic analysis of the mutation in 
Ts22 gave  poor  spore viability and  an excess of His+ 
over His- spores  (Table 2). As above, a segregant 
KK94 was identified which when  backcrossed  to  strain 
YH8  gave  good viability and 2  His+Ts-:2 His-Ts+ 
segregation  (Table 2). T h e  mutation was designated 
hit4-1. Southern hybridization analvsis of the hit4-1 
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Wild type hit7-7 

L 15 45  75 L 15 45 75 

c Hsp74 

FIGURE 4.-Synthesis of heat shock proteins in the wild type and 
the h i l l - I  mutant cells. The DG662 (Wild type) and the Ts18 
( h i l l - f )  strains were pulse-labeled at 23" (lane L) or 15,  45, and 75 
Inin after shift to 37" (lanes 15, 45 and 75, respectively), and 
analyzed by SDS-polyacrylamide gel electrophoresis as described in 
MATERIALS AND METHODS. An arrow indicates the position of the 
Hsp74 band disappeared in the hit l -I  mutant. 

mutant revealed multiple  TyHIS3  elements  (Figure 
2B). This result together with the above  genetic analy- 
sis suggested that  the hit4-I mutation was the result 
of a T y  multimer  insertion at a single locus. CHEF 
gel analysis identified the marked T y  element  on 
chromosome XIII or X V I  (Figure 2A). Then  the hit4 
mutant was crossed to several strains  carrying  chro- 
mosome XIII and X V I  markers  (Table 3). hit4-l 
showed linkage to cdc65 (PRENDERGAST et al. 1990) 
of chromosome X I l I ,  but little or  no linkage to smp2  
(allelic to pet-ts2858; K. IRIE, personal communica- 
tion). 

Heat  shock  protein  synthesis in the hitl-l mutant: 
To test whether the hit mutations affect the heat shock 
response, synthesis of the heat shock proteins (hsps) 
in the hit mutants was analyzed by the pulse-labeling 
experiment. In comparison with the hsp synthesis in 
the wild-type cells, one of the hsps  whose molecular 
mass is about  74 kD (Hsp74) was not synthesized in 
the hitl-l mutant  (Figure 4). In other hit mutants, 
no significant change was found  (data  not shown). 
A diploid strain  formed by mating the hitl-I mu- 
tant with the wild-type strain  synthesized the 
Hsp74  protein, indicating that  the Hsp74- pheno- 

type is recessive (data  not shown). A tetrad  gener- 
ated  from  the diploid showed 2:2 segregation for 
Hsp74-His+Ts-:Hsp74+His-Ts+ (data  not shown), 
suggesting that the Hsp74- phenotype is also caused 
by the hitl-I TyHIS3 insertion mutation. The Hsp74 
protein was identified as the SSCl protein  (CRAIG, 
KRAMER and KOSIC-SMITHERS 1987) by immunologi- 
cal  analysis described below (Figure 8). The SSCl  gene 
has been mapped on  chromosome X (CRAIG, KRAMER 
and KOSIC-SMITHERS 1987). To determine  whether 
the mutation  affected the Hsp74 ( S S C I )  gene itself or 
a gene involved in the  Hsp74 synthesis, the hill- l  
mutation was studied further. 

Cloning of the  mutant  and  wild-type HIT2 loci: 
The plasmids  which complemented the Ts- pheno- 
type of the hitl-l mutant, KK80, were isolated from 
a YCp50-yeast genomic DNA library. The  pl8-2 and 
p18-4 plasmids thus isolated carried  8.8-kb  and 10.7- 
kb chromosomal segments, respectively. Restriction 
enzyme mapping,  Southern hybridization and DNA 
sequencing analyses revealed that  both plasmids in- 
cluded  the SUP4 region of chromosome X which  has 
been published previously (GAFNER, DE RORERTIS and 
PHILIPPSEN 1983; ROTHSTEIN, HELMS  and ROSEN- 
BERG 1987;  Figure 5). Three subclones were con- 
structed  from  p18-4, which carried  the 3.5-kb (p18- 
4S), 2-kb (p18-4C) and  1031-bp (p18-4A15) HIT1 
DNA fragments  (Figure  5). The hitl-I mutant KK80 
was transformed by these plasmids and  the resulting 
Ura+  transformants grew on both YPD and YPG 
plates at  20"  and  37"  and synthesized the Hsp74 
( S S C I )  protein upon heat shock (Figure 6). 

The 3' end of the TyHZS3 insertion in hitl-I:  The 
HIS3  marker  gene is located close to the 3'6 element 
in TyHIS3  (GARFINKEL et al. 1988). Therefore a re- 
combinant  phage, XKK 1, carrying  12  kb of the EcoRI 
fragment which hybridized to  the  HIS3  probe  (Figure 
2B) was isolated from the KK80  XEMBL4-genomic 
library. This DNA fragment was expected  to contain 
the HIS3  marker  gene  and DNA flanking one side of 
the insertion. Several subclone plasmids were con- 
structed  from XKKl and analyzed by DNA sequenc- 
ing. The DNA sequence of the flanking region cor- 
responded to  that  near  the SUP4 locus (Figure 5). 
This result was consistent with the  CHEF gel  assign- 
ment of hit1 to chromosome X (Figure 2A) and the 
complementation of hitl-l by p18-2 and p18-4. The 
sequencing analysis revealed several interesting fea- 
tures of the hitl-I mutation. The 3' end of the TyHIS3 
insertion occurred  into  the 63 sequence and  the 64 
sequence was precisely deleted relative to  the pub- 
lished sequence in this interval (Figure  5). The last 
74-bp DNA  of  3'6  of the  inserted  TyHIS3 element 
was derived  from another 6 element. The presence of 
the complete 64 and 63 sequence in the parental strain 
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K1 K2 K3 

Complementation 
activity of hitl-1 

p10-4415 4- 

pl8-4s + 
pl8-4C + 

K4 

Published 
structure 

DG662 

CDCB SUP4 
r -  

1 I 
Y Y 

CDCB SUP4-" 
"--- 

tRNA-W 
"" 

hitl-1 

M K 1  XKK2 
Left  junction 
Published TTAATGTTGBGBTBtgttggaata----attctct~~c~gtgaatt----tattccaacaCAAGCATAACT 
sequence 641333 bp) 

9 631329 bP) 
hitl-1 TTAATGTT~cfggtgaattttgagataattgttgggattctattgttggtaaaggctataatatcaggtataca 

gaatatactagaagttctcctcgaagatataggaatcctcaaaatggaatctatatctctatatactaatattacgatt 
9 t 

c W( 170 bp) 

Published 
sequence 
hitl-1 ;jpttqrtttctrttcarrc.ACTTACACACGAT~~TC~CCGCCTCATTTTCTTCTTTC~TTAAGC~- 

Ty5'6 61 
FIGURE 5,"The  structure  of  the SUP4 and HZTZ region and  the hitl-1 mutant. The restriction enzyme map and part of  DNA sequence 

of this region have been published previously (GAFNER, DE  ROBERTIS and PHILIPPSEN 1983; ROTHSTEIN, HELMS and ROSENBERG 1987). 
DNA segments carried by p18-2,  p18-4,  p18-4s. p18-4C, p18-4A15, XKKl and XKK2 are indicated by bold bars. The positions and  the 
directions of oligonucleotides K1, K2, K3 and K4  used  in this study are indicated by small arrows. Open boxes indicate the coding region of 
genes (CDCB, SUP4, the  arginine  tRNA  gene and  the HIS3 gene  carried by the inserted Ty). Open  arrows indicate solo 6 sequences and their 
directions  correspond to the  orientation of transcription. The absence of the 62 sequence in DG662, the parental strain of hitZ-Z (see text), 
was confirmed by the PCR  analysis  (see MATERIALS AND METHODS). The TyHZS3 element in hitl-Z is shown in bold. Black arrows indicate 
Tybs. 63* indicates 170 bp 3' part of  63. DNA sequences of 6s are written in lower cases and arrows under sequences indicate their directions. 
The published 63 sequence differs from 63* by 4-bp mismatches indicated above the sequence lines. TyHZS36 sequences are written boldly. 
In the published sequence, 5 bp duplications found at both sides of the 62 and 64 sequences are underlined. In complementation activity of 
hi t l -1 ,  + means complementation of the Ts-, pet, Hsp74- phenotype. 

DG662 was confirmed by PCR analysis (see MATE- 
RIALS AND METHODS). 

The 5' end of the TyHZS3 insertion in hitl-1: The 
hitl-1 mutant was analyzed by Southern hybridization 
using part of pl8-2 or pl8-4 as  a  probe.  Unexpectedly, 
the 92P-labeled 2-kb CZaI-MluI DNA fragment be- 
tween the 62 and 63 sequences  did not hybridized to 
the hitl-1 genomic DNA (data  not shown), suggesting 
the deletion of this region.  Therefore, a DNA probe 
centromere proximal to  the 6 1  sequence was prepared 
from pl8-2  and a  recombinant  phage, XKKZ, which 
carried  the 7.5-kb EcoRI fragment  containing the 5' 
end of TyHZS3 and DNA flanking the  other side of 

the insertion was isolated from  the KK80 XZAP-ge- 
nomic library by plaque  hybridization  (Figure 5). Se- 
quencing analysis of subclone plasmids constructed 
from XKK2 revealed  that the 5' end of the TyHZS3 
insertion was located 51 bp  from  the 61 sequence and 
the deletion of the 62 sequence. The absence of the 
62 sequence in the  parental strain  DG662 used for  the 
mutagenesis was confirmed by the PCR analysis (see 
MATERIALS AND METHODS). We think that this is a 
polymorphism between  strains. 

A 5-bp  duplication of the  target  sequence which 
accompanied most T y  insertions (FARABAUCH and 
FINK 1980;  GAFNER and PHILIPPSEN 1980) was not 
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m* Hsp74 

FIGURE 6.-Conlplenlentation of  the  Hsp74-  phenotype. T h e  
h i l l - 1  mutant  KK80 was transformed by the  vector  plasmid,  YCp50, 
and the plasmids carrying  the  wild-type H I T I  DNA,  p18-4s  and 
1)18-4<:. The  Ura' transformants  were  grown in a SC-ura-met 
medium,  labeled  at 23" (lane L) and 15 min  after  shift to 37" (lane 
15) and  analyzed by SDS-polyacrylamide gel electrophoresis. p l8-  
4A15 also complemented  the  Hsp74-  phenotype (data not  shown). 

found in the hitl-1 T y  insertion  (Figure  5). Thus,  the 
ends of the T y  element were inserted  into two differ- 
ent sites and resulted in a  deletion of nearly 3 kb. 
Whether  there were multiple steps involved in gen- 
erating  the hitl-1 allele cannot  be  determined  from 
this analysis. 

Dissection of the HITI locus: The cloning and 
sequencing analyses established that the hitl-1 muta- 
tion did not affect the Hsp74 ( S S C I )  gene itself but 
affected an unknown trans-acting factor. The comple- 
mentation analysis indicated that  the  1031  bp DNA 
carried by pl8-4A15 plasmid encoded  a  gene (or 
genes) required  for  growth at high temperatures, 
growth  on glycerol and  the Hsp74 synthesis. The 
DNA segment  contained  an  open  reading  frame  en- 
coding  a  protein of 164  amino acids and  the AGG 
arginine  tRNA  gene which has been reported previ- 
ously (GAFNER, DE RORERTIS and PHILIPPSEN 1983). 
Southern hybridization using the whole tRNA  gene 
revealed that  the hitl-1 mutant  contained no copy  of 
this gene  (data  not shown). T o  analyze the function 
of each gene  more precisely, a  disruption  mutation of 
each gene was constructed  (Figure 7). The disruption 
of the  open  reading  frame caused the Ts-  phenotype 
o n  both YPD and YPG plates. On  the  other  hand,  the 
t R N A  mutant  did  not  form colonies on YPG plates at 
37" but  formed smaller colonies on YPD plates at  37" 
than  the  parent  strain  (Figure 7). The heat shock 
protein synthesis in each disruption  mutant was ana- 
lyzed by the pulse-labeling experiment. The labeled 
Hsp74  protein was detected in the disruption  mutant 
of the  open  reading  frame  but  not in the  tRNA  mutant 
(Figures  7  and 8). Thus,  the original hitl-1 mutant 
phenotypes  except the pet phenotype at low tempera- 
tures were reproduced by the disruption  mutations of 
these genes. Therefore  the open reading  frame was 
designated HZTI, a  gene essential for growth at high 
temperatures,  and  the  arginine  tRNA  gene was des- 

Ts  Ts + 
HIS3 

-..._ ____."" I 

hsxl::H/S3 
-..__ ""_ __"" + Ts 

FIGURE  7.-Disruption o f  the H I T I  gene  and  the H S X I  gene 
(the  ACC  arginine  tRNA  gene).  Open  arrows  indicate  the  positions 
and  the  directions  of  the 62 sequence,  the H S X I  tRNA  gene,  the 
H I T 1  gene  and  the H I S 3  gene used  for gene disruption. The  DNA 
segment  carried by p18-4A15 is shown as a bold bar. The  lower 
two  lines  indicate  the  chromosome  structures of  the  disruption 
mutants, hif l : :HIS3 and hsxl::HIS3. These mutant  DNA  fragments 
were  constructed  on  plasmids,  pKK39  and  pKK60,  amplified by 
RCR using  oligonucleotide  608-609  and  used  for  transformation. 
T h e  disruption  mutants  were  analyzed  for  growth on  YPD  and 
YPC  plates at 23". 30". and  37"  and by the  pulse-labeling  experi- 
ment.  The  phenotypes  of  each mutant  are  shown on  the right side. 
T s  means no growth  at  37". 

ignated H S X I ,  a  gene essential for  the heat shock 
protein synthesis. 

Identification of Hsp74 as the SSCl protein: The 
Hsp74 protein was characterized by two-dimensional 
gel electrophoresis and was identified as  a spot which 
was localized between pH 5 and  pH 6 because the 
spot disappeared in the hsxl::HZS3 disruption  mutant 
(Figure 8A). Since most  of the known hsp70 proteins 
are acidic, we tested whether the Hsp74  protein was 
a  member of yeast hsp70 family by Western blot 
analysis using antibodies against known hsp7Os.  As 
shown  in Figure 8B, the antibody recognizing the 
SSCl  protein cross-reacted with Hsp74. The SSCl 
protein was slightly labeled in the hsxl::HIS3 mutant. 
This may indicate the basal  level expression of the 
SSCl  gene (see DISCUSSION). 

DISCUSSION 

We isolated the temperature-sensitive hitl ,  hit2, hit3 
and hit4 mutants of S.  cerevisiae by insertional muta- 
genesis using a  TyH3HIS3 transposon. The hitl-1 
mutation  conferred  temperature sensitivity and  the 
pet  phenotype.  In  the hitl-1 mutant,  the  TyHIS3 ele- 
ment was inserted  near the SUP4 locus of chromosome 
X and resulted in the deletion of about  3  kb  of DNA. 
The HITI gene which is essential for  growth  at high 
temperatures  and  the AGG arginine tRNA gene 
(named HSXl in this study) were identified in this 
region, and  the hitl-1 mutation  deleted  both of them. 
The hit2 mutants  contained the T y  insertion mutation 
that  resulted in the deletion of chromosomal DNA at 
the PET18 locus of chromosome IIZ. The PET18 locus 
has been shown to encode  a PET gene,  a MAK gene 
and  a  gene  required  for  growth  over  37" (LEIROWITZ 
and WICKNER 1978; TOH-E and SAHASHI 1985). 
Several p e t 1 8  mutations are deletions of these genes 
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A 

B Autoradiography SSCl antibodv 

F ~ C ~ J R E  A.--ldentificatioll o f the  Hsp i4  protein ; I \  t l 1 c  .S.S(:I 1"-otcin. (A) Total  proteins of  the wild-type strain (KK208) and  the hsxl::HIS3 
mutant (KK205) were  pulse-labeled 13 min after shift to S i " .  T h e  labeled  proteins  were  separated with isoelectric  focusing  gels (IEF) in the 
lirst dimension  and with SDS-polyacrylamide gel (SDS) in the  second  dimension.  Arrows  on  panels  indicate  the  spot  almost  disappeared in 
the hsxl::HIS3 niutant, which corresponds to the Hsp74 protein. (B) T h e  labeled  proteins o f  the wild type  were  electrophoresed.  blotted to 
;I I'VDF filter  (Imnlobilon,  Millipore)  and  analyzed by autoradiography  (left)  and  hybridization to the SSCl antibody  (right). An arrow on 
the left panel indicates  the  position o f  the S S C I  protein  identified on the right panel and to that of  the  disappeared  protrin in (A). 

(TOH-E  and SAHASHI 1985). T h e  hit3-l  mutation was 
located on  chromosome VI and allelic to the cdc26 
mutation. The  hit3-l  mutant  showed  the  same  phe- 
notype as the cdc26 mutant; i .e. ,  arrest in the  G2 phase 
a t  the restrictive temperature  (HARTWELL et al. 1973). 
Recently,  disruption  of the CDC26 gene has  been 
shown to cause the same  defect as the original cdc26 
mutant (H. ARAKI,  personal  communication).  There- 
fore we assume  that in the hit3-l mutant  the  TyHIS3 
insertion  disrupted  the CDC26 gene  that is dispensable 
a t  low temperatures but essential at high  tempera- 
tures. T h e  CDC26 gene  product may stabilize a tem- 
perature sensitive factor which is essential for cell 
cycle. T h e  hit4-l mutation was located on  chromo- 
some XII I .  Detailed  characterization  of the affected 
gene  has  not  been  done  yet. 

Insertions  of  multiple T y  elements  at  the hit2 and 
hit4 locus were observed. T h e  precise  structures  of 
the T y  insertions  have  not  been  analyzed  but  prelim- 
inary  Southern analysis suggests tandem  arrays  of Ty 
like those  observed  when  this  mutagenesis system was 
used  for isolation of  a-factor  resistant  mutations 
(WEINSTOCK et al. 1990). In contrast,  the hitl-l mu- 
tant  contained a single TyHIS3 insertion with several 
interesting  features. First, the 5' end of the  TyHIS3 
element  landed close to the 61 sequence  and its 3' end 
was located in the 63 sequence,  about 2.5 kb  apart 

from  the 61 sequence in the  parent  strain.  Second,  the 
64 sequence which existed in the  parent  strain was lost 
in hitl-I .  Third, a 5-bp  duplication  of the  target site 
which is usually observed at  the  ends of Ty insertion 
(FARARAUGH  and  FINK  1980;  GAFNER  and PHILIPPSEN 
1980) was not  found in hit l - l .  We  cannot distinguish 
whether this  deletion was made by the  ends of a single 
T y  element  acting  at  different sites or by recombina- 
tion  between two independently  inserted Ty elements. 

T h e  arginine  tRNA  gene, which encodes a minor 
AGGtRNA"'R, has  been  thought to be essential  since 
the yeast haploid  genome  contains only a single copy 
of  this tRNA  gene  (GAFNER, DE RORERTIS and PHI- 
LIPPSEN 1983).  Chromosomal  rearrangements involv- 
ing  the 6 sequences  of this  region  have  been  charac- 
terized previously (ROTHSTEIN, HELMS and ROSEN- 
BERG 1987).  They  inserted  the URA3 gene  near  the 
SUP4 gene  between  the 64 and 65 sequences  and 
identified  several  deletions  including the SUP4 gene 
by selecting  Ura-.  However  they  have failed to isolate 
a deletion  of  DNA  between the 62 and 63 sequences 
which corresponded to the hitl-I deletion.  This ob- 
servation was rationalized by assuming  that  the  minor 
arginine  tRNA in this  region was essential. The 
hitl-I mutant  contained  no copy of this tRNA  gene, 
indicating  that  the  arginine  tRNA  gene is not  an 
essential gene. T h e  observed  growth  defect  of the 
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hitl-Z mutant may explain the previous  failures to 
isolate a  deletion  between the 62 and 63 sequences. 
Recently, this arginine  tRNA  gene has been  identified 
as having a role in the translational frame shift in- 
volved  in T y  expression (BELCOURT and  FARABAUGH 
1990). The frameshift  occurs at  the sequence 
CUU AGGC presumably because ribosomes become 
starved  for the  rare AGG arginyl  tRNA.  XU and 
BOEKE (1  990)  demonstrated  that this arginine  tRNA 
gene  on  a high copy number plasmid inhibits T y  
transposition presumably because abundant AGG 
tRNA leads to failure to frameshift.  Experiments are 
in progress to  determine how the  tRNA  disruption 
mutation affects T y  frameshifting and transposition 
and to  determine how the AGG codons are decoded 
in the absence of the AGG arginyl tRNA. 

The defect in synthesizing the SSCZ protein was 
associated with the original hitl-1 deletion  mutation. 
Gene disruption  experiments revealed that  the  Sscl- 
phenotype was caused by the  deletion of the AGG 
arginine  tRNA  gene  (the HSXl gene)  alone, which is 
located upstream of the  HIT1  gene.  Thus,  the HSXZ 
arginine  tRNA  gene is essential for  the  heat shock 
induced synthesis of the SSCZ protein. The SSCl gene 
is an essential member of the yeast  hsp7O  family 
(CRAIG, KRAMER and KOSIC-SMITHERS 1987), encodes 
;I mitochondrial  protein (CRAIG et al. 1989)  and is 
involved in translocation of nuclear-encoded  precur- 
sor proteins  into  mitochondria and in folding of  im- 
ported  proteins in the  matrix (KANG et al. 1990). Since 
the disruption of the SSCl gene  confers lethality 
(CRAIG, KRAMER and KOSIC-SMITHERS 1987), we infer 
that  the basal  level expression of the SSCl gene is not 
affected by the hsxl tRNA  disruption  mutation. The 
hsxZ::HZS3 mutant showed temperature sensitive pet 
phenotype. The defect in the SSCl  synthesis may be 
a  component of this phenotype. The  hsp synthesis in 
yeast  has been thought  to  be  regulated by the heat 
shock transcription  factor (HSTF)  that binds the DNA 
sequence  named  heat shock element (HSE) located 
upstream of the HSP genes  (WIEDERRECHT, SETO and 
PARKER  1988; SORGER and PELHAM  1988). The tran- 
script of the SSCl gene is, however,  moderately  abun- 
dant at low temperatures  and is not greatly induced 
upon heat shock (CRAIG, KRAMER and KOSIC-SMITH- 
ERS 1987; MORISHIMA et al. 1990; K. KAWAKAMI, 
unpublished data). The analysis is in progress to de- 
termine  whether the SSCl gene expression is regu- 
lated translationally by the HSXl tRNA  gene and 
minor AGG arginine  codons, which appear  three 
times in the SSCl coding  region. 

The identification of genes that are essential at high 
temperatures is difficult because such mutations must 
be distinguished from  temperature sensitive alleles of 
genes  that are essential at all temperatures. The use 
of a movable genetic  element as an  insertional muta- 

gen  should  generate few conditional alleles of essential 
genes. Our results show the success  of this strategy. 
Five  TyHZS3 induced temperature sensitive mutations 
were  identified  from  a  screen of 2.5 X lo5 mutagen- 
ized cells. Given that several genes (see Introduction) 
that would have satisfied the  screen have been iden- 
tified, the low recovery of mutants may reflect  the 
observation that T y  elements give a  nonrandom dis- 
tribution of insertion  events (NATSOULIS et al. 1989). 
On the  other  hand,  four of the five mutations are in 
genes (PETl8, CDC26 and  HIT1 identified by this 
study) known to be essential only at high tempera- 
tures.  A null allele of HIT4 has not yet been made. 
These observations,  combined with recent  improve- 
ments in protocols for T y  mutagenesis (CURCIO  and 
GARFINKEL  1991),  indicate  that T y  mutagenesis may 
be an effective means of identifying conditionally es- 
sential genes as opposed to conditional alleles of essen- 
tial genes. 
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