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The quantitative levels of initiation of protein synthesis at codons other than AUG were determined with a
CYC7-lacZ fused gene in the yeast Saccharomyces cerevisiae. AUG was the only codon which efficiently initiated
translation, although some non-AUG codons allowed initiation at very low efficiency, below 1% of the normal
level. Since translation initiates at codons other than AUG in at least two wild-type genes from eucaryotes, other
factors presumably play a role in enhancing the activity of non-AUG codons.

The codon AUG is used to initiate translation of most
proteins in procaryotes, eucaryotes, and organelles. Other
codons, GUG, UUG, and AUU, have been found to initiate
translation of a limited number of wild-type proteins in
Escherichia coli, and there are examples of mutant genes
using AUA as an initiation codon (10). When GUG (12) or
UUG (19) initiator codons of E. coli were mutated to an
AUG codon, there was a marked increase in expression of
the respective gene, and conversely, mutating the initiator
AUG codon to GUG and UUG resulted in decreased expres-
sion (16, 25). These observations have suggested that the use
of non-AUG initiation codons in E. coli may be a mechanism
to limit the level of translation of genes whose products are
required at low levels, although mRNAs for some abundant
proteins, such as the product of the tufA gene, use a
non-AUG initiation codon (26).
The sequences of hundreds of wild-type genes from eu-

caryotes reveal that AUG is the initiator codon for all but
two genes. The adeno-associated virus capsid protein, AAV-
B, initiates at an ACG codon (3), whereas the product of the
c-myc-1 proto-oncogene probably initiates at a CUG codon
(7). In addition, the potential use of non-AUG codons for
initiating protein synthesis in eucaryotes has been investi-
gated with mutants having altered AUG initiator codons.
The analysis of iso-1-cytochrome c from cycl revertants and
the deduced DNA sequences of certain cycl mutations (20)
of the eucaryotic yeast Saccharomyces cerevisiae led to the
conclusion that AUG was the only codon that could initiate
translation at normal or near normal levels. However, Zi-
tomer et al. (27) have reported that a UUG codon can initiate
synthesis of a CYCI-galK fused protein in S. cerevisiae with
an efficiency of 6.9%, whereas an AUA codon was used with
an efficiency of 0.5%. Other studies have confirmed that an
ACG codon can initiate translation; using a cell-free wheat
germ translation system programmed with mRNA from a
mutant bacteriophage T7 gene (0.3) in which the AUG
initiator was altered to ACG, Anderson and Buzash-Pollert
(1) showed by N-terminal analysis that approximately 15%
of the mutant 0.3 protein initiated at the ACG codon,
whereas the remainder initiated at a proximal AUG codon.
Furthermore, experiments in vivo and in vitro with cultured
monkey cells showed that translation of a mouse dihydrofo-
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late reductase mRNA initiated from a mutant ACG codon
with an efficiency as high as 5% when the ACG codon was in
an optimal context (18). Thus, eucaryotes can initiate trans-
lation from non-AUG codons, sometimes at surprisingly
high levels.
The sole use of the AUG codon for efficient initiation of

translation in eucaryotes and the use of AUG, GUG, and
UUG codons for initiation in procaryotes have been attrib-
uted to the presence of a hypermodified base, t6A, immedi-
ately adjacent to the 3' side of the anticodon of eucaryotic
initiator tRNA and its absence in procaryotic initiator tRNA
(6, 13, 20, 21, 24). It is thought that the presence of the
hypermodified base prevents wobble base pairing with the
first nucleotide of the initiation codon. Initiation at AUU and
AUA codons in E. coli and at other codons in eucaryotes
cannot therefore occur by this mechanism.

Since ACG and CUG initiator codons have been found in
two wild-type genes from higher eucaryotes and because
translation can initiate at codons mutated to ACG and
possibly other codons, we devised a study to quantitatively
determine the efficiency of translation initiation at all nine
codons that differ from AUG by one base. We examined a
series of S. cerevisiae strains, each having a single copy of a
gene with an altered AUG initiator codon. The CYC7-L
series was constructed from the yeast CYC7 and CYC7-H3
genes and the E. coli lacZ gene. In contrast to the CYC1
gene, which encodes iso-1-cytochrome c, the CYC7 gene,
which encodes iso-2-cytochrome c, has a single major tran-
scriptional start site approximately 90 nucleotides from the
AUG initiator codon (5, 8). Thus, the potential contribution
of the 5' noncoding region of the transcript to translation can
be more easily assessed in CYC7, since it produces only a
single species of mRNA. The CYC7-H3 promoter constitu-
tively overproduces the CYC7 transcript approximately 20-
fold (14) and maintains the normal CYC7 transcription start
site (unpublished results). In order to conveniently quanti-
tate the levels of expression, the CYC7-H3 promoter region
and CYC7 5' region, including the first five codons, were
fused to the E. coli lacZ gene, creating the allele CYC7-L69
(Fig. 1 and 2). The fusion was transferred into a yeast
integrative plasmid vector with the 3' noncoding region of
the CYC7 gene placed downstream of lacZ to ensure efficient
transcription termination of CYC7-L transcripts (Fig. 1).
Expression of the CYC7-L series could thus be easily mon-
itored by P-galactosidase assays.
By oligonucleotide-directed mutagenesis (11), the AUG
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FIG. 1. Yeast integrative plasmid pAB304, with the CYC7-L69

allele. The 5' untranslated region of the CYC7-H3 gene and the 3'
untranslated region of the CYC7 gene are denoted by hatched boxes;
the 5' and 3' translated regions of the CYC7 gene are denoted by
closed boxes; and the E. coli lacZ gene, derived from plasmid
pMC1790 (4), is denoted by a lightly stippled box. The sequence of
the junction of the CYC7 and lacZ genes at the BamHI site is shown
in Fig. 2. Also shown are certain key restriction sties, the CYC7-L69
gene, the yeast URA3 gene, and the E. coli Ampr and ori genes
(directions of transcription are indicated by pointed ends). The
construction of this plasmid is described in detail by Laz (T. Laz,
Ph.D. thesis, University of Rochester, Rochester, N.Y., 1988). The
plasmid and related derivatives were cut at the Sall site and used to
transform the yeast strain B-6442 (MATa cycl-363 cyc7::CYH2+
ura3-52 cyh2 his3-Al leu2-3 leu2-112 trpl-289 can1-100) (9).

initiator codon of the CYC7-L69 allele was mutated to the
nine possible triplets that differ by one base pair from AUG,
thus producing the CYC7-L70 to CYC7-L78 alleles. The
resultant plasmids were linearized at the SalI site (Fig. 1) and
used to transform the yeast strain B-6442 (MATa cycl-363
cyc7::CYH2+ ura3-52 his3-AJ leu2-3 leu2-112 trpl-289 canl-
100 cyh2); strains containing a single stable integrated copy
of the plasmid at the CYC7-H3 locus were identified by
genomic blot analysis (data not shown). To further confirm
the fidelity of the procedure, all nine alleles were recovered
from their respective yeast strains and the nucleotide se-
quence surrounding the mutation was determined and found
to contain the original mutation.

Total RNA from each mutant was separated in an agarose
gel, transferred to nitrocellulose, and hybridized with radio-
active RNA probes complimentary to lacZ and actin
mRNAs, the latter being used as an internal control. The
resultant blot (Fig. 3) demonstrates that the steady-state
mRNA levels from the nine non-AUG initiator mutants did
not significantly differ from those of the control strain
CYC7-L69. Two transcripts of approximately 3.3 and 4.3
kilobases were observed for CYC7-L mRNA, which oc-
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FIG. 3. Northern blot (RNA blot) analysis of non-AUG initiator
mutants. Total RNA was isolated from yeast cultures grown in YPD
(1% yeast extract, 2% peptone, 2% glucose); 20-,ug portions were
separated by electrophoresis in a 1.5% agarose gel containing
formaldehyde and transferred to nitrocellulose (23). The filter was
hybridized to [a-32P]CTP-labeled RNA transcripts complementary
to actin or CYC7-L mRNA, which were generated by T7 RNA
polymerase from an E. coli lacZ 1.9-kilobase (kb) EcoRI-HpaI
fragment cloned in pGEM1 (Promega Biotec) and by SP6 RNA
polymerase transcribed from a yeast ACT] 1.4-kb BamHI-HindIII
fragment (17) cloned in pGEM1. Hybridization conditions were as
described by Thomas (23) except that the hybridization temperature
was 55°C and the final wash temperature was 65°C. The lanes
contained RNA derived from the following CYC7 alleles: 1, CYC7-
L77; 2, CYC7-L76; 3, CYC7-L75; 4, CYC7-L74; 5, CYC7-L73; 6,
CYC7-L72; 7, CYC7-L71; 8, CYC7-L70; 9, CYC7-L78; 10, CYC7-
L69; 11, cyc7::CYH2+. The relative intensities of the bands corre-
sponding to the CYC7-L and actin transcripts were compared by
densitometry.

curred due to transcription termination at two sites, one
within the E. coli sequences immediately 3' to the lacZ
coding sequence and the other at the CYC7 terminator.
The ability of each mutant to initiate translation was

determined by measuring P-galactosidase activity (Table 1),
using a modification of the standard assay (15), allowing low
levels of activity to be measured. Yeast cells were harvested
at an A6. of approximately 3.0. For each reaction, 300 p1 of
yeast culture, 200 R1 of Z buffer (15), 30 pI of chloroform,
and 20 ,ul of 0.1% sodium dodecyl sulfate were vortexed for
30 s and the reaction was started by the addition 200 p,l of
ONPG (o-nitrophenyl-p-D-galactopyranoside) (4 mg/ml).
The reaction mixtures were incubated at 28°C for 300 min,
and the reactions were terminated by the addition of 500 pu1
of 1 M Na2CO3. The cellular debris was removed by centrif-
ugation, and the A420 was measured. The control reaction
was determined by taking 10 pI of a CYC7-L69 culture plus
290 ,u1 of the parental strain B-6442 and performing the assay
as described above. The assay was shown to be proportional
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FIG. 2. Nucleotide sequence of the 5' mRNA of CYC7-L69. The positions of the triplets that differ by one base from AUG and are in frame
with the CYC7-L69 coding sequence are underlined, as are the in-frame termination codon at position -27 and the AUG initiation codon at
+ 1. The position of the BamHI restriction site is shown above the sequence and represents the junction between the CYC7 and lacZ genes.
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TABLE 1. 1-Galactosidase activity of non-AUG initiator mutants

CYC7 allele Initiation Relative sp act SD
CYC7allele codon (% of control) S
L69 AUG 100.00
L76 GUG 0.50 0.060
L78 ACG 0.39 0.040
L75 AUU 0.38 0.065
L74 UUG 0.37 0.061
L73 AUA 0.29 0.062
L71 CUG 0.22 0.024
L72 AUC 0.05 0.011
L77 AGG 0.04 0.011
L70 AAG 0.02 0.009

a The results are from three separate experiments; triplicate assays were
performed in each experiment.

to protein concentration and linear with time. The total
cellular protein content of the yeast cells was determined by
the boiling method of Strickland (22). A standard curve of
protein content against the A6. of yeast cells was used to
calculate the protein concentration in each reaction mixture.
The activity of ,B-galactosidase per total cellular protein was
determined and compared with the control values.
The GUG codon produced the highest level of initiation,

0.5% of the control level; ACG, AUU, UUG, AUA, and
CUG gave intermediate values from 0.39 to 0.22% of the
control activity; and AUC, AGG, and AAG showed 0.05%
or less of the control activity. Thus there was a 25-fold range
in the level of translation between the GUG and AAG
codons. It should be noted that previous work has indicated
that the bases surrounding the AUG codon can slightly affect
translation in S. cerevisiae (2; T. Laz, J. M. Clements, and
F. Sherman, manuscript in preparation) and that the most
favorable context requires an A at the -3 position, which is
the case in CYC7-L69 and related genes.

It could be argued that the translation levels we observed
were due to initiation from codons other than those mutated.
An examination of the noncoding and downstream coding
regions of the CYC7-L alleles reveals the presence of four
codons at positions -81, -66, -54, and -48 which differ by
only one base from AUG and are in frame with the CYC7-L
coding sequence (Fig. 2). Since these codons all occur
upstream of an in-frame translation termination codon at
position -27, they would not be expected to contribute to
the translation of ,-galactosidase (Laz et al., in preparation).
The next potential in-frame non-AUG codon downstream of
the normal translation initiation site is at position + 151, and
initiation from this codon would not be expected to produce
a functional protein. The lowest value obtained, 0.02% for
AAG, may represent the level of initiation from other
unidentified codons in the surrounding region. The observa-
tion that single base substitutions at the +1 position caused
up to a 25-fold increase of translation over the lowest level
strongly suggests that these increases were due to initiation
of translation from this site.
Our results are in contrast with the results obtained with

the CYCI-galK system, in which initiation presumably oc-
curred with an efficiency of 6.9% at an UUG codon (27).
Also, our results do not reveal particularly active initiation
with ACG or CUG, the initiator codons used by certain
mammalian genes (3, 7). Thus, the relative activity of
non-AUG codons compared with that of the AUG codon
does not appear to be a property solely of the non-AUG
codons, suggesting that other factors play a role in enhancing
the relative activity of non-AUG codons in initiating trans-
lation of proteins.

LITERATURE CITED
1. Anderson, C. W., and E. Buzash-Pollert. 1985. Can ACG serve

as an initiation codon for protein synthesis in eucaryotic cells?
Mol. Cell. Biol. 5:3621-3624.

2. Baim, S. B., and F. Sherman. 1988. mRNA structures influ-
encing translation in the yeast Saccharomyces cerevisiae. Mol.
Cell. Biol. 8:1591-1601.

3. Becerra, S. P., J. A. Rose, M. Hardy, B. M. Baroudy, and C. W.
Anderson. 1985. Direct mapping of adeno-associated virus cap-
sid proteins B and C: a possible ACG initiation codon. Proc.
Natl. Acad. Sci. USA 82:7919-7923.

4. Casadaban, M. J., A. Martinez-Arias, S. K. Shapira, and J.
Chou. 1983. P-Galactosidase gene fusions for analyzing gene
expression in Escherichia coli and yeast. Methods Enzymol.
100:293-308.

5. Company, M., and B. Errede. 1987. Cell-type-dependent gene
activation by yeast transposon Tyl involves multiple regulatory
determinants. Mol. Cell. Biol. 7:3205-3211.

6. Cory, S., K. A. Marcker, S. K. Dube, and B. F. C. Clark. 1968.
Primary structure of the methionine transfer RNA from Esche-
richia coli. Nature (London) 220:1039-1040.

7. Hann, S. R., M. W. King, D. L. Bentley, C. W. Anderson, and
R. N. Eisenman. 1988. A non-AUG translational initiation in
c-myc exon 1 generates an N-terminally distinct protein whose
synthesis is disrupted in Burkitt's lymphomas. Cell 52:185-195.

8. Healy, A. M., T. L. Helser, and R. S. Zitomer. 1987. Sequences
required for transcriptional initiation of the Saccharomyces
cerevisiae CYC7 gene. Mol. Cell. Biol. 7:3785-3791.

9. Holzschu, D., L. Principio, K. T. Conklin, D. R. Hickey, J.
Short, R. Rao, G. McLendon, and F. Sherman. 1987. Replace-
ment of the invariant lysine 77 by arginine in yeast iso-1-
cytochrome c results in enhanced and normal activities in vitro
and in vivo. J. Biol. Chem. 262:7125-7131.

10. Kozak, M. 1983. Comparison of initiation of protein synthesis in
procaryotes, eucaryotes, and organelles. Microbiol. Rev. 47:1-45.

11. Kunkel, T. A., J. D. Roberts, and R. A. Zakour. 1987. Rapid and
efficient site-specific mutagenesis without phenotype selection.
Methods Enzymol. 154:367-382.

12. Looman, A. C., and P. H. van Knippenberg. 1986. Effects of
GUG and AUG initiation codons on the expression of iacZ in
Escherichia coli. FEBS Lett. 197:315-320.

13. McCloskey, J. A., and S. Nishimura. 1977. Modified nucleosides
in transfer RNA. Acc. Chem. Res. 10:403-410.

14. McKnight, G. L., T. S. Cardillo, and F. Sherman. 1981. An
extensive deletion causing over production of yeast iso-2-
cytochrome c. Cell 25:409-419.

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

16. Munson, L. M., G. D. Stormo, R. L. Niece, and W. S. Reznikoff.
1984. lacZ translation initiation mutants. J. Mol. Biol. 177:663-
683.

17. Ng, R., and J. Abelson. 1980. Isolation and sequence of the gene
for actin in Saccharomyces cerevisiae. Proc. Natl. Acad. Sci.
USA 77:3912-3916.

18. Peabody, D. S. 1987. Translation initiation at an ACG triplet in
mammalian cells. J. Biol. Chem. 262:11847-11851.

19. Reddy, P., A. Peterkofsky, and K. McKenney. 1985. Transla-
tional efficiency of the Escherichia coli adenylate cyclase gene:
mutating the UUG initiation codon to GUG or AUG results in
increased gene expression. Proc. Natl. Acad. Sci. USA 82:
5656-5660.

20. Sherman, F., G. McKnight, and J. W. Stewart. 1980. AUG is the
only initiation codon in eukaryotes. Biochim. Biophys. Acta
609:342-346.

21. Sprinzl, M., T. Hartmann, F. Meissner, J. Moli, and T. Vorder-
wulbecke. 1987. Compilation oftRNA sequences and sequences
of tRNA genes. Nucleic Acids Res. 15:r53-r188.

22. Strickland, L. H. 1951. The determination of small quantities of
bacteria by mean of Biuret reaction. J. Gen. Microbiol. 4:698-
703.

23. Thomas, P. S. 1980. Hybridization of denatured RNA and small
DNA fragments transferred to nitrocellulose. Proc. Natl. Acad.
Sci. USA 81:5201-5205.

VOL. 8, 1988



MOL. CELL. BIOL.

24. Watts, M. T., and I. Tinoco, Jr. 1978. Role of hypermodified
bases in transfer RNA. Solution properties of dinucleoside
monophosphates. Biochemistry 17:2455-2463.

25. Wulff, D. L., M. Mahoney, A. Shatzman, and M. Rosenberg.
1984. Mutational analysis of a regulatory region in bacterio-
phage X that has overlapping signals for the initiation of tran-
scription and translation. Proc. Natl. Acad. Sci. USA 81:555-

559.
26. Yakota, T., H. Sugisaki, M. Takanami, and Y. Kaziro. 1980. The

nucleotide sequence of the cloned tufA gene of Escherichia coli.
Gene 12:25-31.

27. Zitomer, R. S., D. A. Walthall, B. C. Rymond, and C. P.
Hollenberg. 1984. Saccharomyces cerevisiae ribosomes recog-
nize non-AUG initiation codons. Mol. Cell. Biol. 4:1191-1197.

4536 NOTES


