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ABSTRACT 
A mutational analysis  of the eukaryotic  elongation  factor EF-la indicates that this protein functions 

to limit the frequency of errors during genetic  code translation. We found that both amino acid 
misincorporation and reading frame errors  are controlled by  EF-1 a. In order to  examine the function 
of this protein, the TEF2 gene, which encodes EF-la in Saccharomyces cerevisiae, was mutagenized in 
vitro with hydroxylamine.  Sixteen independent TEF2 alleles  were  isolated by their ability to suppress 
frameshift  mutations. DNA sequence analysis identified  eight different sites in the EF- 1 a protein that 
elevate the frequency of mistranslation when mutated. These sites are located in  two different regions 
of the protein. Amino  acid  substitutions  located in or near the GTP-binding and hydrolysis  domain 
of the protein cause  suppression of frameshift and nonsense  mutations. These mutations may effect 
mistranslation by altering the binding or hydrolysis of GTP. Amino  acid  substitutions  located adjacent 
to a putative  aminoacyl-tRNA  binding  region  also  suppress  frameshift and nonsense  mutations. These 
mutations may alter the binding of  aminoacyl-tRNA by EF-la.  The identification of frameshift and 
nonsense  suppressor  mutations in EF-la! indicates a role for this protein in limiting amino acid 
misincorporation and reading frame errors. We suggest that these  types  of errors  are controlled by a 
common  mechanism or closely related mechanisms. 

E ACH  of  the  three phases of protein synthesis, 
initiation,  elongation  and  termination,  require 

GTP  and distinct  soluble  factors (WEISSBACH 1980). 
Two soluble  factors  participate  in  the  elongation 
cycle. In  eukaryotes,  elongation  factor  EF-la binds 
GTP  and aminoacyl-tRNA  (AA-tRNA)  to  form  ter- 
nary  complexes (MILLER and WEISSBACH 1977). 
These complexes  bind  to  the  ribosome,  where  the 
codon:anticodon  match is screened  and  proofread. 
Proofreading  leads  either  to  peptide  bond  formation 
or to  the release  of  AA-tRNA  from  the  ribosome. 
After  peptide  bond  formation,  translocation  of pep- 
tidyl-tRNA to the P-site is facilitated by another sol- 
uble  factor, EF-2. In the yeast Saccharomyces cerevisiae 
a third  factor, EF-3, performs a  necessary but  un- 
known  function  during  elongation (DASMAHAPATRA 
and  CHAKRABURTTY  1981;  QIN, MOLDAVE and 
MCLAUCHLIN  1987; URITANI and MIYAZAKI 1988). 

T h e  soluble  elongation  factors are  likely to play an 
important role in limiting the error frequency  during 
protein synthesis,  which  has been  estimated  to be 1 0-4 
per elongation cycle (EDELMANN and GALLANT  1977). 
Factor-dependent  errors in translation  could  cause 
either  the selection of noncognate  aminoacyl-tRNA, 
leading  to missense incorporation or readthrough of 
nonsense  codons, or the translation  of  out-of-frame 
codons,  causing  frameshifting  and  premature  chain 
termination. 

' To whom correspondence should be addressed. 

Genetics 120: 923-934  (December,  1988) 

An  important  question  relating  to  the  translational 
error frequency is whether  amino  acid  misincorpora- 
tion  and  frameshifting  are mechanistically related. 
Previous  genetic  evidence suggests  a possible relation- 
ship.  For  example,  mutations  in  three Escherichia coli 
ribosomal  proteins, S4, S5 and  S12,  suppress  both 
nonsense and frameshift  mutations (ROSSET and GOR- 
INI 1969; ATKINS, ELSEVIERS and GORINI 1972),  and 
are  therefore likely to affect  both  tRNA  selection  and 
the choice  of  reading  frame. Similarly, mutations  at 
the supK locus  in  Salmonella  suppress  UGA  nonsense 
mutations  and  frameshift  mutations (ATKINS and 
RYCE  1974).  Since supK mutations may affect  the 
modification  of  aminoacyl-tRNA,  the  phenotypes of 
supK mutants  suggest a role for the EF- 
1 a:GTP:aminoacyl-tRNA  ternary  complex  in  both 
codon  recognition  and  aminoacyl-tRNA  alignment. 

In  order  to  further  examine  the  relationship be- 
tween  amino  acid  misincorporation  and  frameshifting, 
we have  identified  mutants  of yeast EF-la  that  sup- 
press  frameshift  and  nonsense  mutations. Our  find- 
ings support  the  hypothesis  that  EF-la plays a direct 
role in determining  the  frequency  of  both misincor- 
poration  and  reading  frame  errors  during  translation. 
These observations  suggest  that  both  types  of  errors 
are  controlled by a common  mechanism or closely 
related mechanisms. 

MATERIALS AND METHODS 
Strains, genetic techniques and media: The S. cerevisiae 

strains used  in  this study are listed  in Table 1. Standard 
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TABLE 1 

Yeast  strains 

Strain Genotype Source 

1160 

1579 

1589 
1645 
1723 
1849 

1865 
1866 
1867 
1870 
1871 
1874 
1876 
1877 
M I  1 
M I 0 4  
M105 

MI27 

MI28 

MI33 

MI43 

M196 

MI98 

M214 

M217 

M218 
RLY 122 

Mata  leu2-3,112  his4-713 met2-1 

Mata  leu2-3,112  his4-713 met2-1 

Mata  his4-506  ura3-52  trpl 
Mata  leu2-3  his4-38  ura3-52 
Mata  leu2-3 his4-21 I ura3-52 
Mata s p o l l  ura3 ade6 arg4 aro7 

Mata  leu2-3  his4-520  ura3-52 
Mata  leu2-3  his4-518  ura3-52 
Mata  leu2-3  his4-507  ura3-52 
Mata  leu2-3  his4-504  ura3-52 
Mata  leu2-3  his4-208  ura3-52 
Mata  leu2-3  his4-206  ura3-52 
Mata his4-7 ura3-52 
Mata  his4-705  ura3-52 
Mata  leu2-3,112  ura3-52  trpl-7 
Mata  leu2-3  his4-519  ura3-52  trpl-I 
Mata  leu2-3,112  his4-713 

tefl::YlpMS7  trpl-7 met2-1 ura3- 
52  

ura3-52 lys2 

lys2-20 ura3-52 

asp5 met14 lys2 pet17 trpl thrX 

Mata  leu2-3 SUP16 lysl-1  his5-2 

Mata aro7 tefl::YIpMS7  lysl-1 his5-2 

Mata  leu2-3,112  lys2-20 

trpl  ura3-52 

ura3-52 

Atef2::URA3  ura3-52  trpl-7 his4- 
713 

Mata  leu2-3,112  lys2-20 t e f 2 d 2  
ura3-52  trpl-7  his4-713 

Mata  leu2-3,112  his4-713 met2-1 
ura3-52  trpl-A1 

Mata  leu2-3,112  his4-713 met2-I 
ura3-52 trpl-AI Atefl::LEU2 

Mata  leu2-3,112  Atefl::LEU2  tef2- 
A2  lys2-20  his4-713 met2-1 ura3- 
52  trpl-A1 

YCpMS41(TEF2,TRPl) 
Mata met2-1 his5-2  leu2-1  ura3-52 

trpl-AI 
Mata  lys2-lu aro7 ura3-52 leuX 
MatalMata  leu2-3/leu2-3 t rp l - I /  

trpl-1  ura3-52/ura3-52  lysl-I/ 
lysl-1  metl4/MET14  sup6O-A2/ 
suQ60 

C. CUMMINS 

C. CUMMINS 

C. CUMMINS 
R. CABER 
R. CABER 
R. E. ESPOSITO 

L. MATHISON 
L. MATHISON 
L. MATHISON 
L. MATHISON 
L. MATHISON 
L. MATHISON 
L. MATHISON 
L. MATHISON 
W. BOORSTEIN 
L. MATHISON 
This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

P. LEEDS 
I. EDELMANN 

yeast genetic techniques have been described (SHERMAN, 
FINK and LAWRENCE  1979). Yeast transformation was per- 
formed according to ITO et a l .  (1983). Media for  the growth 
of S.  cerevisiae were described by GABER and CULBERTSON 
(1982). 

Bacterial methods,  nomenclature and media are those of 
MILLER (1 972). E. coli strains MC 1066 (hsdR hsdM+ leuB600 
trpC9830  pyrF74::Tn5 Kan' ara) and DB6507 (F- 
hsdS20(r-B m-B) recAl?  ara-14  proA2  lacy1  galK2  rpsL20 
xyl-5 mtl-I leu pyr2?::TN5(Kanr)  supE44 X-) were provided 
by M. CASADABAN and D. BOTSTEIN, respectively. Strain 
MC1066A was constructed by phage P1-mediated transduc- 
tion of the recAI? allele from  strain  6507 into MC1066. 
Strain JM 105 (thi rpsL  endA  sbcBI5  supE  hspR4  A(1ac-proAB) 

[F' traD?6 proAB laclqZAM15]) was obtained from J. CAN- 

Enzymes  and  chemicals: Restriction endonucleases, 
phage T 4  DNA ligase, phage T 4  DNA polymerase and 
DNA polymerase I large fragment were supplied by  New 
England Biolabs and Promega Corp. BamHI linkers 
(dCGGATCCG) were purchased  from Pharmacia. Hydrox- 
ylamine hydrochloride was supplied by Mallinckrodt Chem- 
ical Works. Urea, acrylamide, bis-acrylamide and phenol 
were purchased from Bethesda Research Laboratories. Sev- 
enteen-base universal primers for DNA sequence analysis 
were from Bethesda Research Laboratories and New Eng- 
land Biolabs.  Deox and dideoxynucleotides were from PL 
Biochemicals.  [a-' J -  SIdATP (600 Ci/millimole) was from 
Amersham. Paromomycin sulfate was a gift from  Warner- 
Lambert Co., Pharmaceutical Research Division, Ann Ar- 
bor, Michigan. 

DNA methods: Yeast  plasmid  DNA  was isolated using 
the method of NASMYTH and REED (1980). Plasmid  DNA 
from E. coli was prepared  according  to the method of 
BIRNBOIM and DOLY (1979) or HOLMES and QUIGLEY 
(1 98 1). Methods for restriction analysis and ligation of  DNA 
have been described (MANIATIS, FRITSCH and SAMBROOK 
1982). DNA sequence analysis was done according  to the 
method of SANGER, NICKLEN and COULSON 1977) as de- 
scribed by WILLIAMS et al .  (1 986). 

Plasmids: Plasmids  pFS-3 and pFS-13, containing the 
TEF2 and TEFl genes, respectively, were kindly provided 
by  P. PHILIPPSEN. Plasmid YCp50 was obtained  from M. 
JOHNSTON. The plasmid cloning vectors YIp5, YIp26 and 
YCpl9 have been described previously (BOTSTEIN et al .  
1979; STINCHCOMB, MANN and DAVIS 1982). Plasmid 
YCpMS38 is a derivative of YCpl9 that contains the TRPI ,  
ARSl and CEN4 regions from yeast inserted into  the EcoRI 
site of pBR322. 

Restriction maps of the TEFl and TEF2 genes are shown 
(Figure 1). Plasmid  YIpMS7 was constructed by subcloning 
the EcoRI-Hind111 fragment  from  the TEFB coding region 
into  the EcoRI and Hind111 sites  of  plasmid YIp5 (Figure 
1D). To facilitate the subcloning of the TEF2 gene  from 
plasmid pFS-3, a BamHI linker was inserted into  the KpnI 
restriction site 5'  to TEFB (Figure 1C). A BamHI-XhoI 
fragment  containing the TEF2 gene was then subcloned into 
the BamHI and Sal1 sites of plasmids YCp50 and YCpMS38 
to  construct plasmids YCpMS29 and YCpMS41, respec- 
tively.  Plasmid  YCpMS31 is a derivative of YCp50 that 
contains a deletion of the EcoRI-Hind111 DNA fragment. 
The TEF2 gene was subcloned into this plasmid, as described 
above, to  construct plasmid  YCpMS43. 

Null alleles of the genes encoding EF-la, TEFl and TEF2 
(NAGATA et al .  1984; SCHIRMAIER and PHILIPPSEN 1984; 
COTTRELLE et al .  1985b), were constructed in  plasmids  pFS- 
13  and pFS-3, respectively, by deleting part of the  protein 
coding region of each gene and inserting the LEU2 or URA? 
genes as selectable markers. The Atefl  ::LEU2 null allele was 
constructed by subcloning an HpaI-NheI DNA fragment 
containing the LEU2 gene  (from plasmid YIp26) into  the 
HpaI and XbaI sites of the TEFI gene  (Figure 1B). The 
Atef2::URA? null allele contains a BamHI-SmaI fragment 
with the URA? gene (from YIp26) inserted into  the HpaI 
and BglII sites of TEF2 (Figure 1E). A null allele of TEF2 
without the URA3 insertion (tef2-A2) was constructed by 
deleting the HpaI-BglII fragment  from the coding region 
of TEF2 (Figure  1 F). 

Yeast strain constructions: T o  facilitate the isolation of 
recessive frameshift-suppressor mutations in the TEF2 gene, 
a yeast strain  containing null alleles of TEFl and TEF2 was 
constructed. The null alleles of TEFl and TEFB described 
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above (Fig. lB, 1E)  were transplaced (ROTHSTEIN 1983)  into 
yeast strains M196 and  1579, respectively, to construct 
strains M 198  and M133 (Table 1). The sites  of integration 
of the null alleles were mapped in standard yeast  crosses to 
confirm that they had integrated  at  the  proper locus. T o  
allow the use of the URA3 selectable marker in subsequent 
transformations, the URA3 insertion at TEFZ in strain M 13  3 
was deleted and replaced with the t$Z-A2 null allele (Figure 
1 F). This substitution was accomplished by co-transforma- 
tion  with  plasmid  YEP13 (BROACH, STRATHERN and HICKS 
1979)  and  a linear DNA fragment containing the tef2-A2 
null allele. The resulting strain was designated M143. 

Crosses  between strains M 198  and M143 yielded a seg- 
regation pattern of  viab1e:inviable spores of 4:0, 3:l  and 
2:2, confirming that  the loss of function of both TEF loci  is 
lethal (COTTRELLE et al .  1985a). When strain M143 was 
transformed with an episomal  copy  of TEFP before crossing 
it to strain M 198,  the episomal TEF2 gene was able to rescue 
this lethal phenotype (data not shown). Strain M214, which 
contains null  alleles  of both TEF loci and an episomal  copy 
of TEF2 in  plasmid  YCpMS4 1, was derived from this  cross 
(Table  1). 

Isolation of TEF2 Mutants: Plasmid  YCpMS43 was mu- 
tagenized in vitro with hydroxylamine according to the 
method of  ROSE and FINK (1987). Mutagenized plasmid 
DNA was transformed into  one of the following yeast 
strains: M104, M214, 1160 or  1723 (Table 1). Outgrowth 
of the transformed strains was performed in  liquid complete 
synthetic medium minus  uracil to select for transformed 
cells  while  allowing repair of the heteroduplexes caused by 
hydroxylamine mutagenesis.  Aliquots were then plated onto 
complete synthetic medium minus  uracil and allowed to 
grow at 30". Transformants containing suppressors of 
frameshift mutations in the HZS4,  LEU2 or MET,? genes 
were identified by replica plating patches of the transform- 
ants  onto  the  appropriate amino acid  omission  plates. To 
confirm that  the plasmids carried  the frameshift suppressor 
mutations, plasmid  DNA was recovered in E.  coli strain 
MC 1066A and then retested after transformation back into 
yeast.  All  of the TEFZ mutant alleles are of independent 
origin. 

Paromomycin sensitivity: Paromomycin  sensitivity was 
monitored in a series of  yeast strains, each containing a 
single TEF2 mutant allele on plasmid  YCpMS43 and null 

and PHILIPPSEN 1984;CO&RELLE et al. 1985b).  The hatched 
bars indicate the TEF coding  regions. The direction of transcrip 
tion is from left to right. The constructions are shown as follows: 
(A) T E F l .  (B) The Atefl::LEU2 null allele. (C) The wild-type 
TEF2 gene. (D) The EcoRI-Hind111 insert in YIpMS7. (E) The 
Atef2:URA3 null allele. (F) The tef2-A2 null allele. Restriction 
sites are designated as follows: B, BamHI; Be, BstEII; C, ClaI; 
E, EcoRI; G ,  BglII; H, HindIII; Hp, HpaI; K, KpnI; N ,  NheI; P, 
PvuII; Sm, SrnaI; Xb, XbaI. 

alleles  of the chromosomal TEFl  and TEF2 genes. These 
strains were derived from strain M214 (Table 1) by trans- 
formation with  yeast centromeric plasmids carrying the 
TEFZ mutant alleles. Subsequently, segregants from these 
transformants that had lost the wild-type TEFZ gene (on 
plasmid  YCpMS41)  were  chosen for analysis.  Paromomycin 
sensitivities of the TEFZ mutant strains were compared with 
the sensitivity of strain M214 containing a single  wild-type 
TEF2 gene on plasmid  YCpMS43. 

Cultures (1 mi)  of  two independent transformants of each 
type were grown for  2 days  in  liquid medium. The cultures 
were diluted to A600 = 0.20-0.25, and then 0.2-ml aliquots 
were spread onto YPD plates. Four ?ha" analytical paper 
filters (Schleicher & Schuell) were placed on each plate. Fifty 
microliters of a paromomycin sulfate solution were pipeted 
onto each filter. The concentrations of paromomycin sulfate 
used were 50, 10,2.5 and  0.5 mg/ml. Plates  were incubated 
for 2-3  days at  30". Sensitivity to paromomycin was esti- 
mated by the  extent of growth inhibition around  the filters. 

Protein secondary structure analysis: The computer 
programs PepPlot (GRIBSKOV, BURGESS and  DEVEREUX 
1986)  and Peptidestructure (WOLF et al. 1988) were used 
to predict the effects  of the amino acid changes on the 
secondary structure of EF-la according to  the rules Of  CHOU 
and FASMAN (1978)  and  GARNIER, OSGUTHORPE and ROB- 
SON (1978).  These programs were provided by the Univer- 
sity  of  Wisconsin Genetics Computer  Group  (DEVEREUX, 
HAEBERLI and SMITHIES 1984). 

RESULTS 

In yeast EF-la is encoded by two  genes, TEFl and 
TEF2 (NAGATA et al. 1984; SCHIRMAIER and 
PHILIPPSEN 1984; COTTRELLE et aZ. 198513). Before 
isolating and  characterizing  suppressor  mutations  in 
EF-1 a, we  sought  to  determine  whether EF-1 a mu- 
tants are already  represented  on  the yeast  genetic 
map. T h e  TEF2 locus was located  in a previous  study 
near Zys2 on  chromosome 2 (SCHIRMAIER and PHILIPP- 
SEN 1984).  In  addition,  preliminary  data  from OF- 
AGE  hybridization  mapping  suggested  that  the TEFl 
locus was located  on  either  chromosome 23 or 16 (F. 
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TABLE 2 

Genetic mapping of the TEFI locus 

Gene pair 
distance 

Gene pair" PD* NPD' TTb Total ( c M ) ~  

aro7 X SUP16 79 0 13 92 7.1 
aro7 X tefl::YlpMS7 63 0 29 92 15.8 
SUP16 X tefl::YlpMS7 76 0 16 92 8.7 

a These tetrad data are derived from a cross between parents 

* PD = parental ditype; NPD = nonparental ditype; TT = 
M127 and MI28 (Table 1). 

tetratype; cM = centimorgan. 

SCHIRMAIER AND P. PHILIPPSEN, personal communi- 
cation).  In order  to  determine  the map position of the 
TEFl IOCUS, a copy of the URA3 gene was integrated 
at TEFl  (tefl::YZpMS7) to provide  a  convenient 
marker  for  genetic  mapping.  Genetic linkage was de- 
tected in a cross heterozygous  for tefl ::YIpMS7 and 
the chromosome 16 markers, aro7 and SUP16 (Table 
2). An  analysis of the recombinant asci revealed that 
the  order of the loci  in this region was ar07-SUP16- 
TEFI ,  where the SUPl6-TEFI interval is 8.7 cM. 

An examination of the yeast genetic map (MORTI- 
MER and SCHILD 1985) indicates that  no previously 
identified mutations have been mapped to  either TEF 
locus.  We therefore  sought  to isolate EF-la mutants 
by in vitro mutagenesis. 

Isolation of frameshift-suppressor  mutations in 
TEF2: Mutations in TEF2 were induced in vitro by 
hydroxylamine mutagenesis (ROSE and FINK 1987) of 
the TEF2 gene in plasmid YCpMS43. The mutagen- 
ized plasmid DNA was used to transform yeast strains 
containing three frameshift  mutations, hid-713,  leu2- 
3 and met.2-1, which have +1 insertions in their  coding 
sequences (DONAHUE,  FARABAUCH and FINK 1981; 
EDELMAN 198'7; M. G.  SANDBAKEN  and M. R. CUL- 
BERTSON, unpublished results). Suppression of one or 
more of these  frameshift  mutations was taken as pre- 
liminary evidence of a  suppressor  mutation on  the 
plasmid. In order to allow the isolation of both  dom- 
inant  and recessive suppressor alleles of TEF2, plasmid 
mutations were isolated in wild-type (TEFI  TEF2) 
yeast strains and in a  double-mutant  strain  containing 
null alleles at  both TEF loci (strain  M214, Table 1). 
The viability of the  latter  strain was maintained by 
the presence of plasmid YCpMS4 1, which carries the 
wild-type TEF2 and T R P l  genes and CEN4. In this 
strain,  the  phenotype  conferred by the introduction 
of a mutagenized plasmid could be  screened in the 
presence or absence of the wild-type TEF2 gene. 

Sixteen independent TEF2 frameshift suppressors 
were isolated at a  frequency of 1 OP3 per  transformant 
screened.  Twelve of the  16 suppressors (TEF2-5 thru 
TEF2-16, Table 3) were identified in  wild-type (TEF1 
TEF2) strains. The remaining four suppressors (TEF2- 

1 to TEF2-4, Table 3) were identified in strain M2 14. 
All of  the  mutations were able to suppress frameshift 
mutations in wild-type (TEFI  TEF2) yeast strains  (Ta- 
ble 3). In  addition, all of the  mutations  except TEF2- 
16 conferred suppression in a derivative of strain 
M2 14 lacking both wild-type TEF genes (data  not 
shown). Strain M2 14 containing TEF2-16 was inviable 
in the absence of a wild-type TEF gene. 

The suppressors were placed into  four phenotypic 
groups based on  their  pattern of suppression of the 
leu2-3,  his4-713 and met2-1 frameshift  mutations (Ta- 
ble 3). Group A  mutations efficiently suppressed all 
three frameshift  mutations, as determined by the 
growth rate of strains  containing  these  mutations in 
media lacking leucine, histidine or methionine. Group 
B mutations were similar except that  the efficiency of 
suppression was lower. Group C  mutations suppressed 
at least two of the  three frameshift  mutations and 
were generally less efficient suppressors than those in 
groups  A or B. Group D contains the least efficient 
suppressors. These TEF2 mutant alleles suppressed 
only one of the  three frameshift mutations. 

Fine structure  mapping: In order to localize the 
suppressor  mutations in the TEF2 coding  region,  a 
variation of the  gapped-duplex mapping procedure 
was used (ORR-WEAVER, SZOSTAK and ROTHSTEIN 
1983). Plasmids containing each of the TEF2 muta- 
tions were linearized in a  region  of DNA homologous 
to yeast chromosomal DNA. After  transformation 
into yeast, the homologous chromosomal DNA served 
as a  template  for  the  repair of the  double-stranded 
break in the plasmid (ORR-WEAVER, SZOSTAK and 
ROTHSTEIN 198  1, 1983). Repair-associated gene con- 
version of flanking  markers  near the double-stranded 
break  occurs  more  frequently  than  for  markers lo- 
cated further away, thereby  providing  a  metric  for 
determining  the location of each mutation. 

Plasmids containing each of the TEF2 mutant alleles 
were linearized at  one of three unique  restriction sites, 
ClaI, PvuII or BstEII, in the TEFZ coding  region 
(Figure 1C). Yeast strains  containing  the  frameshift 
mutations leu2-3 or his4-713 and met2-1 (strains 1160 
or  1723,  Table 1) were transformed with the linear- 
ized plasmids. The frequency of gene conversion was 
calculated by determining  the  percentage of trans- 
formants  that  had lost the  suppressor  phenotype. 

Table 4 shows the results of gene conversion map- 
ping for  12 of the  16 mutations.  Four  mutations were 
not  mapped by this method due to technical difficul- 
ties  in scoring very  weak suppression or  to  the absence 
of unique  restriction sites in the regions of TEF2 
containing  these  mutations. Ten mutant plasmids had 
a high gene conversion frequency (69-9696) when the 
plasmids were linearized at  the PvuII site, suggesting 
that  the  suppressor  mutations were located near this 
restriction site. All of the  mutants  from  groups A and 
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TABLE 3 

Characterization of the EF-la mutants 

927 

frameshift mutationsb 
Suppression of 

nonsense mutations' 
Suppression of 

1 ." "!J .+unlnv ~ C I U  

substitutiond Group" Alleles leu2-3 his4-713 mef2-I t rp l - l (a)  leu2-1(0) lys2-l(u) 
" 

A TEF2-1 +++ ++ ++ ++ +++ - GIu286+Lys 

TEF2-6 +++ ++ ++ N T   N T  N T  Gluz,6+Lys 
TEFZ-I 1 +++ ++ ++ N T   N T  N T  Gluz86+LyS 
TEF2- I4 +++ ++ ++ N T   N T  N T  Glu,,s+Lys 

B 

C 

TEF2-2 ++ ++ + ++ 
TEF2-5 ++ ++ + N T   N T   N T  Glu317+Lys 
TEF2-8 ++ ++ + NT N T   N T  Glus17-PLys 
TEF2- 12 ++ ++ + N T   N T   N T  Glusl7+Lys 

TEF2-3 + ++ + 
TEF2-4 + ++ + 
TEF2-7 - ++ + + 
TEF2- I5 - ++ + N T   N T   N T  T h r 1 , e I l e  

- - Glus17-Lys 

- - - Gluro"*Lys 
- GIu122-PLys 
- Thr14+lle 

- G l u l z e G l n  

- - 
- 

TEF2- I O  + ++ + + ++ 
D 

TABLE 4 

Fine structure mapping data for selected TEF2 mutants 
____ 

Percent at site of the 
double-stranded break": Distance 

TEF2  URA3 (bP) from 
~ designated 

Mutant ClaI P71ull BstEII SmaI siteb 

TEFP-1 
TEF2-6 
TEFZ I I 
TEF2- 14 
TEF2- 16 
TEF2-9 
TEF2-3 
TEF2-2 
TEF2-5 
TEF2-8 
TEF2- I2 
TEF2-7 

60 92 27  2 
49 96 42 5 
ND 93 5 5 
ND 93 43 3 
ND 85 24 19 
65 81 23 7 
61 20 8  4 
38 76 15  5 
38 69 20 5 
29 78 24  5 

65 54  27  9 
ND 75 21 5 

15 
15 
15 
15 
30 
42 

102 
108 
108 
108 
108 
206 

' T h e  double-stranded  break  in  each  plasmid was generated by 
restriction  enzyme  cleavage,  as  described in the  text. The  percent- 
age of gene  convertants (Sup+ "* Sup-) is shown in the  table. ND 
means  not  determined. 

For each  suppressor  mutation,  the  restriction  site  that  gave  the 
highest  frequency of gene  conversion  (bold  face) was assumed  to  be 
the site closest to  the  mutation.  The  distance  between  this  site  and 
the  suppressor  mutation was determined by DNA  sequence analysis. 

B, as well as TEF2-9 and TEF2-16,  were in this cate- 
gory. Two mutations, TEF2-3 and TEF2-7,  had  a 
moderate conversion frequency  (61-65%) when the 
plasmids were linearized at  the CZaI site, suggesting 

proximity to this site. As a  control, yeast strains were 
transformed with plasmids linearized at  the SmaI site 
adjacent to URA3. The frequency of gene conversion 
in these  controls was generally low (<lo%). These 
results, while insufficient to determine  the exact po- 
sition of the mutations,  provided  a useful means of 
mapping  suppressor  mutations to small regions within 
the TEF2 gene. 

DNA sequence  analysis: In order  to  determine  the 
nucleotide  changes associated with each suppressor 
mutation, limited sequence analysis was performed 
beginning at  the restriction site mapping closest to 
each mutation. DNA sequence  changes were identi- 
fied by comparing the sequences of the  mutant  genes 
with the wild-type TEF2 DNA sequence, which 
was identical to  that  reported by SCHIRMAIER and 
PHILIPPSEN (1984). The distance between each mu- 
tation and  the  nearest  restriction site indicated by fine 
structure mapping is shown in Table 4. The amino 
acid substitutions  corresponding to each mutation are 
shown in Table 3. 

Single base-pair changes were identified in fifteen 
of the T E F 2  mutant alleles (Table 3). One allele, 
TEF2-13,  had two adjacent base pair changes. Nine 
different  mutations, located at eight  different sites in 
TEF2,  were found  among  the sixteen independent 
mutations analyzed. The four  group A mutants  had 
G-A transitions at codon  286,  resulting in a  gluta- 
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mate to lysine substitution (GAA+AAA). The four 
group B mutants  contained G-A transitions at codon 
317, also causing glutamate  to lysine substitutions. 
Each  of the  remaining  mutant alleles contained  unique 
mutations,  except  for TEF2-7 and TEF2-15, both of 
which had  mutations causing a  threonine  to isoleucine 
substitution (ACC-ATC) at position 142. Two dif- 
ferent mutations (TEF2-4 and TEF2-IO) were found 
at position 122 causing glutamate  to lysine or gluta- 
mine substitutions, respectively. The double  mutant 
TEF2-13 contained two adjacent G-A transitions. 
One of the transitions caused an  aspartate  to aspara- 
gine  substitution (GAT-AAT) at codon  130. The 
adjacent  transition in the 5’ codon (Lys1p9)  was a silent 
third position change (AAG+AAA). This  double  mu- 
tant,  therefore, results in a single aspartate  to  aspara- 
gine substitution. 

Since the  entire  protein  coding  region of each mu- 
tant  gene was not completely analyzed by DNA se- 
quence analysis, it was possible that  additional  muta- 
tions might  reside in the regions of the genes that 
were not  sequenced. T o  confirm  that the mutations 
identified by DNA sequence analysis were sufficient 
by themselves to  confer suppression, we subcloned 
small DNA fragments  containing  representatives of 
the nine types of mutations into a wild-type TEF2 
gene in plasmid YCpMS43. For  eight of the nine 
representative  mutations, the  entire  fragment  that was 
subcloned was sequenced. Due to  the absence of con- 
venient restriction sites adjacent to TEF2-3, it was 
necessary to subclone some of the 5’ noncoding  region 
along with this mutation.  Although  there may be 
changes in the 5’ noncoding  region, this allele con- 
tains only one coding  region  mutation. 

When plasmids containing  these  reconstructed 
genes (TEF2-1, -2,  -3, -4 ,  -7, -9, -10,  -13 and -16) were 
transformed  into  the  appropriate yeast strains (1 160 
or  1723,  Table l), suppression of the frameshift  mu- 
tations (leu2-3, his4-713 and met2-1) was the same as 
that originally observed  for each mutant. All  of the 
phenotypic analyses presented in subsequent sections 
were performed using these  reconstructed plasmids 
in  which each mutant  gene contains one  and only one 
amino acid substitution. 

Suppression of nonsense and  frameshift  muta- 
tions: In  order  to  further characterize the TEF2 mu- 
tant alleles, the suppression of nonsense mutations 
and additional  frameshift  mutations was tested. 
Suppression was examined by monitoring  the  growth 
rate of wild-type (TEFl  TEF2) yeast strains  containing 
the reconstructed TEF2 mutant genes (in plasmid 
YCpMS43) on media lacking the  appropriate  amino 
acid. 

Yeast strains  containing some of the TEF2 mutant 
alleles suppressed amber (UAG) and  ochre  (UAA) 
nonsense mutations, but  not  umber  (UGA)  mutations 

(Table 3). The TEF2-1 and TEF2-10 mutations sup- 
pressed the trpl-1 amber  and leu2-1 ochre  mutations. 
Suppression by TEF2-1 was the  more efficient of the 
two. Three mutant alleles, TEF2-2, TEF2-4 and TEF2- 
7 ,  suppressed only the  amber  mutation trpl-1. The 
remaining  mutant alleles, TEF2-3,  TEF2-9,  TEF2-13 
and TEF2-16, did  not suppress either trpl-I or leu2- 
I .  In  addition,  none of the suppressors acted on  the 
umber  (UGA) nonsense mutation lys2-1. Thus, five  of 
the nine  mutations were able to suppress both  non- 
sense and frameshift  mutations. 

The ability of mutant EF-la proteins  to suppress 
frameshift  mutations other  than leu2-3, his4-713 and 
met2-1 was also examined.  None of the TEFB mutant 
alleles suppressed any of 1  1  different  +1  frameshift 
mutations in the HIS4 gene (hid-7,  -38,  -206,  -208, 
-504,  -506,  -507,  -518,  -519,  -520, and -705) (DONA- 
HUE, FARABAUGH  and FINK 198  1; MATHISON and 
CULBERTSON 1985).  Thus, only the leu2-3, his4-713 
and met2-1 frameshift  mutations were suppressible. 

Mistranslation of CAG codons: We also tested the 
TEFB mutant alleles for  their ability to enhance  trans- 
lation of codons by conventional G*U wobble in the 
third codon position. This type of wobble is normally 
restricted in  yeast due  to  the presence of  base modi- 
fications in the anticodon wobble position (GUTHRIE 
and ABELSON 1982;  SHERMAN  1982). 

An  assay to detect increased G*U wobble has been 
developed through studies of an essential, single copy 
tRNA  gene, sup60 (WEISS and FRIEDBERG 1986; W. 
A.  WEISS et al. 1987;  EDELMAN  1987). The sup60 
gene  encodes  a  glutamine  tRNA  that  reads CAG 
codons.  It has been shown that viability can  be  re- 
stored  to  a  strain  containing  an  otherwise lethal sup60 
null allele (sup60-Aa) by introducing  a multicopy plas- 
mid encoding the major  glutamine isoacceptor that 
normally reads CAA codons  (EDELMAN  1987). Le- 
thality is most likely obviated by increased G*U wob- 
ble of the overexpressed  major  glutamine  isoacceptor, 
allowing it to  read CAG codons in addition  to CAA 
codons. 

These observations provide  a basis for  determining 
whether the  mutant EF-la proteins  enhance  G*U 
wobble by asking if the suppressors can  rescue haploid 
spores containing the sup6O-A2 null allele and  the 
normal  complement of genes  encoding  the  major 
glutamine isoacceptor (Figure 2). The diploid strain 
RLY122  (Table l), which is heterozygous for wild- 
type sup60 and  the sup60-A2 null allele, was trans- 
formed with TEF2-1 or TEF2-2 on plasmid YCpMS43. 
When  tetrads  from  the diploids were examined, it was 
found  that  the TEF2-1 mutation  had no effect on  the 
lethal phenotype associated with sup6O-A2 (data  not 
shown). The tetrads  contained  2 viable::! inviable 
spores. As expected,  the  centromeric plasmid carrying 
TEF2-1 segregated  independently of sup6O-A2 in this 
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FIGI'KI ~ . - R < V L I ~ .  0 1  I I N .  \11phO-.l2 111111 ~ I I I ~ ~ I C ~  I n  I/:/_7-.?. .\, 
Pattern of Irthality i n  retrads from ;I strphf)/suphO-A2 hetero7ygote 
Containing the wild-type TEF2 gene  on plasmid YCpMS43. The  
viable spores  contain  the wild-type sup60 allele. R, Pattern of 
lethality in tetrads  from a sup60/sup60-.l2 heterozygote  that con- 
tains TEF2-2 on plasmid YCpMS.13. The smaller  colonies in each 
tetrad  contain sup60-A2 and TEF2-2. Additional experiments  dem- 
onstrate  that haploid strains  containing sup60-A2 require TEF2-2 
for viability (see text). 

cross. However, in tetrads  containing TEF2-2 the  ratio 
of viab1e:inviable spores was 4:0, 3:1 and 2:2 (Figure 
2B). All viable spores  containing sup6O-A2 also car- 
ried TEF2-2. This  observation  suggested  that TEF2-2 
can  overcome  the  lethal  phenotype  associated with 

As a control, we showed that  the wild-type TEF2 
gene  on plasmid YCpMS43  does  not  rescue sup6O-A2 
lethality (Figure  2A).  In  addition,  haploid  segregants 
containing sup6O-A2 were  tested  for loss or retention 
of  the plasmid carrying TEF2-2 after serial  cultivation 
under nonselective  conditions. No plasmid loss was 
observed  after  multiple  rounds  of  nonselective 
growth.  However,  when  these  strains  were  mated to 
a strain  containing  the wild-type sup60 gene,  the plas- 
mid was readily lost during nonselective  growth. 
These results  indicate  that  haploid  strains  containing 
sup6O-A2 are  dependent  on TEF2-2 for viability. One 
plausible explanation  for  this  growth  dependence is 
that  the TEF2-2 mutation  enhances  the ability of  the 
major  glutamine  tRNA  isoacceptor  to  read  CAG co- 
dons by wobble. 

Paromomycin sensitivity: T h e  TEF2 mutant alleles 
were tested for  their sensitivity to the aminoglycoside 
antibiotic  paromomycin.  This  drug  increases  the  fre- 
quency  of  mistranslation in yeast (PALMER,  WILHELM 
and  SHERMAN  1979;  SINGH, URSIC and DAVIES 1979). 
In addition,  strains  containing  translational  suppres- 
sors  exhibit  increased sensitivity to  paromomycin  (MA- 

creased  sensitivity to  paromonlvcin is, therefore,  an- 
other  measure  of  the  mistranslation  frequency. 

Paromomvcin  sensitivity was monitored by compar- 

SUP~O-A 2. 

SUREKAR et UL. 198 1; SURGUCHOV et U l .  1984).  In- 

ing  the  extent  of  growth  inhibition  of  strains  contain- 
ing a single  episomal TEF2 mutant allele with control 
strain  M2  14  (Table 1) that  contained a single  episomal 

Strain  M214  containing  the TEF2-16 mutant plasmid 
was not viable in the  absence  of a wild-type TEF2 gene 
and was, therefore,  not  tested. 

Increased sensitivity to paromomycin was detected 
in strains  containing five of  the  nine  EF-la  suppressors 
examined  (Figure 3). T h e  TEF2-I mutation  conferred 
the  greatest  degree  of sensitivity (Figure 3B) .  T h e  
TEF2-2  mutation  conferred less sensitivity than TEF2- 
I, as indicated by the smaller  zone  of  growth  inhibition 
(Figure 3C). T h e  sensitivities of  strains  containing 
either  the TEF2-4 or TEF2-IO mutant alleles were 
similar to  that  of TEF2-2 (data  not  shown). T h e  TEF2- 
9 mutation  conferred  the smallest  increase in paro- 
momycinsensitivity (data  not  shown). T h e  sensitivities 
of  strains  containing  suppressors TEF2-3, -7, or -13 
were  indistinguishable  from wild type. 

wild-type TEF2 gene (see MATERIALS AND METHODS). 

DISCUSSION 

We  report  here  the results of a mutational analysis 
of  the TEF2 gene, which encodes  the translational 
elongation  factor EF-1 a. Mutations  were  identified in 
TEF2 that  suppress  frameshift  and  nonsense  muta- 
tions.  Some TEF2 suppressor  mutations also confer 
increased  sensitivity to paromomycin,  an  aminogly- 
coside  antibiotic  previously  shown to increase mis- 
translation in wild-type  yeast strains  (PALMER, WIL- 
HELM and  SHERMAN  1979; SINGH,  URSIC and DAVIS 
1979).  These  findings  suggest  that wild-type EF-la  is 
involved in limiting errors  during  translation, specifi- 
cally frameshifting  and  amino  acid  misincorporation. 

Identification of mutations in TEF2: Sixteen in- 
dependent  frameshift  suppressor  mutations  were iso- 
lated by in vitro hydroxylamine  mutagenesis  of  the 
TEF2 gene.  In order to localize the  suppressor  muta- 
tions  within the  structural  gene,  the  mutations  were 
mapped  using  an in vivo gene conversion assay (Table 
4). Twelve  of  the  16  suppressor  mutations  were local- 
ized to  one  of  two  regions within the TEF2 gene.  In 
addition,  it was possible to  differentiate  between  mu- 
tations  located  within  30-50 bp  of each other. How- 
ever,  the resolution  of  this  mapping  technique is lim- 
ited by the  length  of  the  average  repair  tract  associated 
with gene  conversion. By assuming  that  the  lengths  of 
the  repair  tracts  can  be  fitted  to a Poisson distribution, 
we estimate  that  the  average  repair  tract  length in the 
TEF2 gene is 200-300 bp.  This value is smaller  than 
the previous  estimates  of  an  average  repair  tract 
length  of 500-600 bp  (AHN  and LIVINGSTON 1986; 
STRUHL 1987), and suggests that  the  average  length 
of  gene conversion  tracts  varies  between  different 
DNA  segments. 

T h e  precise  position and  the  nature  of  each  muta- 
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A B C 

FIGURE .7.--Paromomycin sensitivity of yeast strain 112 14 (Table I )  containing (I\) the wild-type Tk;I.‘2 genc, (1%) TM2-1  or ((:) TEF2-2 
on the centromeric  plasmic YCpMS4.7. Only  one TEF gene.  indicated above. is present in each strain shown. The filters on the plate  contain, 
in clockwise  order  starting in the upper left. 50 pI of 5 0 ,  I O ,  0.5 and 2.5 mg/rnl paromomvcin sulFate solution,  respectively. 

tion was identified by DNA  sequence analysis. Fifteen 
of  the 16 mutations  are  G:C+A:T  transitions, which 
is consistent with the known mutagenic specificity of 
hydroxylamine  for cytosine  (BUDOWSKY 1976). T h e  
TEF2-16 mutation,  a G:C+C:G transversion, was 
probably  caused by a  chemical  side-reaction  associated 
with hydroxylamine  mutagenesis or the  error-prone 
repair of DNA  flanking  mutagenized  DNA  (BUSBY, 
AIRA  and DE  CROMRRUCCHE 1982). From  this collec- 
tion of sixteen  independent  suppressor  mutations, 
nine  different  mutations  at  eight sites in TEF2 were 
identified.  Eight  mutations  were  located  at two posi- 
tions (286 and 3  17), which may have  resulted  from  a 
selective bias for  efficient  suppressors. Five mutations 
cause  amino acid  substitutions in an  amino-terminal 
domain  and  four  cause  substitutions in a  central re- 
gion of the  protein. 

Effects of amino acid substitutions on the  struc- 
ture of  EF-la: Yeast strains with any  of the  nine 
unique  suppressor  mutations,  except TEF2-16, are  
viable in the absence of wild-type EF-la.  This  obser- 
vation  indicates  that, with the exception  of TEF2-16, 
the  amino  acid  substitutions do  not significantly dis- 
rupt  the essential  catalptic functions  of  the  protein. In 
adtiition, the types of  substitutions  identified (Glu- 
Lys or Gln, A s p A s n   a n d  Thr+Ile)  are conservative 
changes  according to the  “relatedness  odds  matrix”  of 
DAYHOFF,  SCHWARTZ  and ORCUTT ( 1  979) as  modified 
by STADEN (1982). Therefore,  the  suppressor  muta- 
tions  most likely cause small alterations in the  coordi- 
nation  of the  error-limiting  functions  of  the  protein. 

T h e  effects  of  the  amino acid  substitutions on  the 
predicted  secondary  structure  and  function  of  the EF- 
1 a protein were analyzed  according to the  method  of 
CHOU and FASMAN ( 1  978). This analysis suggests  that 
the  amino  acid  substitutions  alter  the  secondary  struc- 
ture ad-jacent to the  GTP-binding  domain  consensus 
sequence  elements  and  an  aminoacyl-tRNA  binding 
site (Figure 4). When  the  effects  of  the  amino  acid 
substitutions were analyzed  according to the  rules  of 

GARNIER, OSCUTHORPE and RORSON ( 1  978), similar 
predictions were made  (data  not shown).  While  rec- 
ognizing the limitations  of  this  approach, our analysis 
suggests  that  these  mutational  alterations in the  pro- 
tein may influence  catalytic  functions important  for 
maintaining  translational  fidelity.  Since EF-la is a 
stable and  abundant  protein in yeast, it should  be 
possible to test these  predictions by direct  experimen- 
tation. 

Amino acid  substitutions  at  positions 40, 122,  130 
and 142 (e.g. ,  TEF2-3, TEF2-4 and TEF2-IO, TEF2- 
13, and TEF2-7, respectively) are  located  adjacent to 
disperse  GTP-binding consensus sequence  elements 
(Figure 4A) that  are  brought  into  juxtaposition in the 
three-dimensional  structure  of  the  protein.  However, 
none  of  the  amino acid  substitutions are located in the 
consensus  sequences t.hemselves. When  the  predicted 
secondary  structure  of this  region was compared with 
the crystallographic  structure  of  the  GTP-binding  do- 
main of E. coli EF-Tu:GDP (JURNAK 1985), they were 
found to be similar (Figure 4A). Based on this  com- 
parison, the Glu4o+Lys substitution  probably  does  not 
alter  a-helix A l ,  although it may affect GTP binding 
and/or hydrolysis through  tertiary  interactions with 
other  structures in this domain. 

Amino acid  substitutions at positions 122 (Glu+Lys 
or  Gln) and 130 ( A s p A s n )  are most likely located in 
a  loop beween &sheet B7 and a-helix A3 that  forms 
part  of  the  hydrophobic  pocket  that  binds  the  guanine 
ring  of  GTP. Similarly, the Thr14n+Ile  substitution 
may shorten  &sheet B8, which also forms  part  of  the 
guanine  ring  binding  pocket.  In  other  GTP-binding 
proteins,  amino acid  substitutions in one of the con- 
sensus  sequences in this  pocket, Asn-Lys-X-Asp, have 
been  shown to decrease  guanine  nucleotide  binding 
(CLANTON,  HATTORI and SHIH 1986; HWANC  and 
MILLER 1987). It seems  plausible, therefore,  that sub- 
stitutions  affecting  this  pocket may alter  the  rate con- 
stants  for  GTP  binding  and/or hydrolysis. This may 
be particularly  significant  given  that the  rate constant 
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B. 

83 A 2  84 85 86 

TEF2 -3 TEF2-4 TEF2-13  TEF2-7 

TEF2-10 TEF2-15 

tRNA binding site 
212  295 

tRNA binding  site 
244 319 

= a-helix 

vA = B-sheet 
TEF2-I TEF2-16  TEF2-9 TEF2-2 
TEF2-6 
TEF2-1 I 
TEF2-14 

TEF2-5 
TEF2-8 
TEF2-14 

FIGURE 4.--Secondary structure analysis of EF-la.  The positions of the  EF-la mutations are shown relative to regions of secondary 
structure predicted by the method of CHOW and FASMAN (1978). The numbers above each line refer to the positions of the amino acids 
relative to  the N  terminus of the protein. (A) The crystallographic structure of the  GTP-binding domain of EF-Tu:GDP (JURNAK 1985), top 
line, is compared with the predicted secondary structure of the  corresponding region of EF-la bottom line. The positions of the  GTP- 
binding consensus sequences are shown. (B) The predicted secondary structure of a portion of EF-Tu, top line, is compared with that of EF- 
l a ,  bottom line (CHOW and FASMAN 1978). The tRNA binding domain of EF-Tu, and  the corresponding region of EF-la,  are shown. 

for GTP hydrolysis has been  proposed  to  be  one  of 
the factors  controlling  the selection and  proofreading 
of  aminoacyl-tRNA by EF-Tu (THOMPSON, DIX and 
KARIM 1986). Thus, these  mutations may effect mis- 
translation by altering  the efficiency of  cognate ami- 
noacyl-tRNA selection and/or  proofreading of the 
codon:anticodon  match. 

Amino acid substitutions at positions 286,29  1,295, 
and 31 7 (e.g., TEF2-I,   TEF2-16,  TEF2-9 and TEF2-2, 

respectively) are located in a  region  of  amino acid 
sequence similarity between EF-la and EF-Tu (Figure 
4B). Secondary structure analysis suggests that Glu- 
Lys amino acid substitutions at positions 286,  291 and 
295, located in an a-helix  extending  from  amino acids 
283-299, may disrupt this helix. However, the 
Glusl,”*Lys substitution,  located in an a-helix at po- 
sitions 313-319, does  not  appear  to  alter this helix. 
While no function has been  identified for  the region 
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in  which these  mutations are located, the proximity 
of these  four  substitutions suggests that they may 
directly affect the same function of EF-la. Alterna- 
tively, these  substitutions may alter  the  tertiary  inter- 
actions of the a-helices with other functional regions 
of EF-la. An aminoacyl-tRNA binding site, identified 
by amino acid sequence comparison with EF-Tu  (VAN 
NOORT, KRAAL and BOSCH 1985), is located in an 
adjacent  region and could  be  affected in this manner. 
This  interpretation is plausible because the suppressor 
phenotype of these  mutations is consistent with an 
alteration in the  tRNA  binding  properties of EF-la. 

Amino acid substitutions located in regions that 
interact with GTP  or aminoacyl-tRNA may also alter 
the local charge  distribution. Eight of the  amino acid 
substitutions (Glu-Lys,  Glu+Gln and A s p A s n )  
could potentially change the local charge of the poly- 
peptide chain by +2. This may be significant given 
that  GTP  and aminoacyl-tRNA are  both negatively 
charged molecules. For  example, Glu-Lys substitu- 
tions that  alter aminoacyl-tRNA binding or dissocia- 
tion may effect mistranslation by causing aminoacyl- 
tRNA  to  bind  out-of-frame (KURLAND 1979) or by 
promoting  faster dissociation of EF-Tu:GDP  from 
aminoacyl-tRNA bound  to  the ribosomal A-site 
(THOMPSON, DIX and KARIM 1986). 

EF-la-mediated mistranslation: Suppression of 
frameshift mutations by the TEFB mutant alleles is 
context-specific. Of 15  different + 1  frameshift  muta- 
tions examined, only three were suppressible. An ex- 
amination of the DNA sequences surrounding  these 
frameshift  mutations suggests that suppression may 
be due  to common  structural  features, namely strings 
of repetitive bases followed by in-frame  nonsense co- 
dons  (R. B.  WEISS et al. 1987). The h i s 4 7 1 3  frameshift 
mutation  generates  an in-frame nonsense codon  pre- 
ceded by a run of Cs (DONAHUE,  FARABAUGH and 
FINK  1981). Similarly, the leu2-3 and met2-1 frame- 
shift mutations have runs of  Gs, or mixed runs of  Gs 
and Cs,  followed by UAG and UAA nonsense codons, 
respectively (EDELMAN  1987; M. G.  SANDBAKEN and 
M. R. CULBERTSON, unpublished results). Salmonella 
EF-Tu  mutants also suppress similar +1 frameshift 
mutations  (HUGHES, ATKINS and THOMPSON 1987). 
We infer  from  these observations that elongation fac- 
tor mutants may elevate  reading  frame errors in re- 
stricted subsets of repetitive  mRNA sequences that 
are especially prone  to frameshifting. The association 
of nearby  downstream nonsense codons may  imply a 
direct mechanistic relationship between misreading of 
nonsense codons and frameshifting. 

In  support of this hypothesis, we have found  that 
five of the  nine TEF2 mutant alleles that suppress 
frameshift  mutations also act on  amber (UAG) and 
ochre  (UAA)  mutations.  A possible explanation for 
nonsense suppression is that  EF-la  mutant proteins 

allow mispairing at  the first codon position. This 
mechanism has been proposed to explain the suppres- 
sion of amber  and  ochre nonsense codons by  wild- 
type glutamine  tRNAs in vivo (PURE et al. 1985; LIN 
et al. 1986; WEBS and FRIEDBERG 1986; W. A.  WEISS 
et al. 1987). Our analysis  of TEF2-2  also suggests that 
at least one TEFB mutant allele may enhance  third- 
position G*U wobble. 

These findings indicate that  the  amino acid substi- 
tutions in EF-la alter  the selection and/or  proofread- 
ing of the codon:anticodon  match. Similar EF-Tu 
mutants have been identified in E .  coli and Salmonella 
(VIJGENBOOM et al. 1985; HUGHES 1987;  HUGHES, 
ATKINS and THOMPSON 1987). Analysis  of these mu- 
tants in vitro indicates that they also have increased 
missense error rates (TAPIO and KURLAND 1986; 
HUGHES, ATKINS and THOMPSON 1987), which is con- 
sistent with the proposed defects in the  EF-la mu- 
tants. 

If events giving rise to frameshifting and  amino acid 
misincorporation are mechanistically related, mis- 
translation may be  promoted by altered  tRNA  con- 
formations in ternary complexes that  interfere with 
both  the positioning of incoming aminoacyl-tRNA on 
the message and  the selection and/or  proofreading of 
the codon:anticodon match (KURLAND 1979; BRUCE, 
ATKINS and GESTELAND 1986; WEISS and GALLANT 
1986; JOHNSON et al. 1986).  Whether such dual  inter- 
ference actually results in a  frameshift  event may 
depend  on  the  extent  to which particular sequences 
in messenger RNA are  prone to slippage. 

It is also possible that  the mutations in EF-la affect 
independent or semi-independent processes that con- 
trol  amino acid misincorporation and frameshifting. 
For  example,  amino acid misincorporation  could oc- 
cur at  the selection and  proofreading steps, whereas 
frameshifting  might  occur in slippage-prone se- 
quences during translocation of peptidyl-tRNA  from 
the A-site to  the P-site on  the ribosome. Further 
investigation into  the roles of elongation  factors  pro- 
moting aminoacyl-tRNA binding and those facilitat- 
ing  translocation  might  help resolve this issue. 
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