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TABLE 2. Compilation of genetic and molecular features of Hol' His revertants

Revertant HIS4C Total no. of Nature of mutation Position of mutationb Strain no.'
class expression' revertants

I + 2 Deletion +12 to +27 66
Deletion HIS4A 86

II +/- 142 AUG CUG +1 34
AUG -GUG +1 53, 87
AUG UUG +1 98
AUG -AUA +3 24, 36, 38, 46, 47, 49, 65, 111
AUG AUC +3 11, 12, 48, 50, 55, 107, 234, 235
AUG -AUU +3 78
AUG -ACC +2 and +3 56
Deletion +1 to +3 68

III -/+ 6 AUG-H ACG +2 76, 77, 1, 203, 243

a As determined by relative growth tests: colony formation on SD plus histidinol plates and ability to genetically complement the his4AB mutant yeast strain
A9108B on SD-histidine plates.

b The A of the AUG start codon is referred to as position + 1.
c All class I, II, and III strains are spontaneous revertants of the His- Hol- parent strain 1-6C.

contained an AUG start codon at the normal initiator site, as
confirmed by DNA sequencing. This mutant allele confers a
polar Hol- His- phenotype, indicating that initiation events
at the upstream AUG start codon now preclude initiation
events at the downstream AUG codon at position +29 (Fig.
2B). The phenotype of the his4-100 mutant, compared with
that of the his4-34 mutant, was consistent with predictions of
the scanning model whereby initiation events occur at the
first AUG codon at the 5' end of the message. Only in the
absence of an upstream initiation site, as in the his4-34
mutant, could initiation events be detected at a downstream
AUG codon. This genetic behavior suggested that the his4-
100 mutant could be used to directly select for mutations that
reduce or abolish ribosomal recognition of the first AUG
codon at HIS4 that corresponds to a normal initiator region
(Fig. 2B). As with the his4-34 prototype, the inability to
recognize this region should give rise to initiation events at
the downstream AUG at position +29. These initiation
events result in a Hol+ phenotype as a result of the distal + 1
frameshift that restores the correct reading frame and HIS4C
expression. Revertants of interest should also be His-
because of the defective nature of the HIS4A region.

Reversion analysis and characterization of Hol+ revertants.
Spontaneous reversion analysis of strain 1-6C was per-
formed in two independent sets of experiments. In the first
set, 44 Hol+ His- revertants were isolated. These revertants
were compared in growth tests to assay HIS4 expression.
The basis of this screening was an assumption that some
mutations in the upstream region, such as base changes in
the AUG, might effectively abolish utilization of this site,
thereby maximizing the frequency of initiation events at the
next AUG codon, better expression of HIS4C, and therefore
a stronger Hol+ phenotype. However, other mutations, such
as flanking sequences, might only reduce utilization of the
upstream AUG start codon, and therefore a weaker Hol+
phenotype may be observed as a result of a lower frequency
of initiation events at the downstream AUG. Thus, different
Hol+ phenotypes detected among the revertants could di-
rectly reflect different types of mutations that might affect
ribosomal recognition of this region. One test was simply a
comparison of the size of colonies formed by strains
streaked out on minimal medium containing histidinol. The
second test was genetic complementation to known his4A,
B, and C mutants, testing growth ability on minimal medium
lacking histidine.
According to these relative growth criteria, Hol+ His-

revertants fell into three distinct classes (Table 2). Class I
revertants grew as well on histidinol media as any control
his4A, B, C' mutant did and complemented various his4A,
B, or C mutants quite strongly. Two revertants composed
this class; one contained a large deletion within the HIS4A
region as shown by restriction analysis, and the other
contained a 16-bp deletion including positions + 12 to +27 in
the HIS4 coding region as determined by DNA sequencing.
Class II revertants also grew well on histidinol but comple-
mented his4 mutants less strongly, particularly yeast strain
A9108B. Among the 40 revertants in this class, subtle
differences were observed in the complementation tests with
A9108B. A total of 18 revertants complemented this strain
better than the others in this class did. DNA sequencing of
seven of these revertant alleles demonstrated simple point
mutations in the DNA region corresponding to the normal
AUG initiator start codon at HIS4, six were of the AUA
type, and one encoded GUG at that position. The remaining
22 class II revertants complemented strain A9108B less well
than the former 18 did. Of these revertant alleles, 11 were
analyzed and shown to encode the following: AUC (5 of 11
revertants); single representatives of CUG, AUU, GUG,
and AUA; and two complex mutations, ACC and a precise
3-bp deletion of the AUG. Finally, class III revertants were
a minor group which grew poorly on histidinol and barely
showed perceivable growth in complementation tests with
strain A9108B. Two revertants composed this class, and
each allele contained an ACG initiator codon change. Figure
3 illustrates the differences in genetic complementation
ability with strain A9108B for representative revertants from
classes I, II, and III.
As an attempt to identify other sequences at the HIS4

initiator region that might participate in ribosomal recogni-
tion of this region, we isolated an additional 106 Hol+ His-
revertants and compared them in our growth tests with the
first set of revertant strains which had known initiator codon
mutations. As in the first series, the majority of revertants
(102 of 106) were of the class II type. However, 12 appeared
to show subtle growth characteristics unlike the first set of
class II revertants. The DNA sequences of 5 of these
revertant alleles identified one new initiator codon change,
UUG, while the remainder were redundancies of AUC (3 of
5) and AUA (1 of 5). The remaining 4 Hol+ His- revertants
were of the class III type. The DNA sequences of three of
these revertant alleles indicated, as before, only the pres-
ence of an ACG initiator codon mutation composing class III
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FIG. 3. Differences in genetic complementation ability of repre-
sentative revertants with strain A9108B. Representative class I, II,
and III revertant strains (Table 2) of the a mating type are compared
for their ability to genetically complement the His4- MATa yeast
strain, A9108B, on SD medium lacking histidine. The his] mutant
yeast strains 17/14 and 17/17 are included as positive controls for
complementation of his4 mutant yeast strains. The parent strain
(1-6C) and his4 deletion strain (45-3B) are included as negative
controls for complementation. MATa strains are presented horizon-
tally, and MATa strains are presented vertically. Mating that results
in diploid strains occurs at the point of intersection of the haploid
strains. Growth at the intersection represents a positive complemen-
tation response. No growth represents a negative complementation
response. The complete genotype of each strain is presented in
Table 1, with the exception of revertants which are isogenic deriv-
atives of strain 1-6C.

revertants. Therefore, our procedure was capable of distin-
guishing 7 of the 9 possible point mutations of the AUG start
codon (Table 2); however, the procedure was unsuccessful
in identifying any functional significance to nucleotide se-
quences outside the region of the AUG start codon at HIS4.

Characterization of initiator codon mutations at HIS4. The
weak Hol' phenotype of the class III ACG revertants,
together with the inability to identify the AAG and AGG
initiator codon mutations, suggested that +2 changes of the
AUG start codon, in general, might interfere with the ability
to initiate at the +29 AUG that gives rise to HIS4C expres-
sion. To address this possibility, the AAG and AGG initiator
codon mutations were constructed by site-directed mutagen-
esis and all 9 mutant initiator regions, including the wild-type
region, were fused to the E. coli lacZ gene such that
initiation events at the +29 AUG are in frame with the 3-Gal
coding region (Fig. 1). These constructions parallel the
molecular events at HIS4 that give rise to HIS4C expression
in our revertant strains. By measuring 13-Gal activities of
these two synthesized regions in comparison to the other
seven mutant regions, we could determine whether differ-
ences in initiation properties at the +29 AUG might be
responsible for the absence of AAG and AGG in our
selection.
As shown in Fig. 4A, simple base changes at his4-lacZ
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FIG. 4. Effects of initiator codon mutations on his4-lacZ expres-
sion in S. cerevisiae. All nine point mutations of the AUG start
codon at HIS4 were fused as a Sau3A DNA fragment to the lacZ
coding region in either of two reading frames on the YCp5O-derived
vector p451 and p349 (Fig. 1), and l-Gal activity was assayed for
each construction in S. cerevisiae TD28 in comparison to a HIS4+-
lacZ fusion control strain. (A) The effects of these mutations on
downstream initiation were detected in constructions that enable
lacZ to be translated ( voooo ) from the AUG codon at position +29 in
the HIS4 coding region (N). (B) Residual initiation (N---) in the
absence of an AUG start codon, as measured by e-Gal activity, was
detected in constructions that fuse the HIS4 coding region in frame
with the lacZ coding region. XXX, Relative position of the mutant
or wild-type AUG triplet in the HIS4 message (5' ). fr-Gal
specific activity (S.A.) is expressed as a percentage of the activity
obtained for in-frame HIS4+-lacZ fusion strains to normalize inde-
pendent sets of assays.

fusions present in these isogenic strains conferred different
levels of 13-Gal activity. When AUG was present at the
normal initiator site, no 13-Gal activity was detected, indicat-
ing that initiation events at the upstream AUG codon which
was out of frame with lacZ precluded initiation at the +29
AUG, a genetic behavior identical to that of the his4-100
allele. When initiator codon mutations were present at the
normal initiator site, initiation could be detected at the +29
position. Although the level of 3-Gal activities was not
comparable to in-frame HIS4 wild-type fusion controls even
when the upstream region was deleted (Donahue, unpub-
lished observation), the relative levels of 3-Gal paralleled the
relative levels of HIS4C expression of class II and class III
revertants as indicated by growth criteria (Table 2). In
general, mutations at the AUG which conferred higher levels
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of HIS4C expression to Hol+ class II revertants also con-
ferred higher p-Gal activities, whereas the ACG mutation
that conferred lower levels of HIS4C expression to Hol+
class III revertants also conferred lower p-Gal activities.
These mutational characteristics and the behavior of an
AUG codon indicate that effects of simple base changes in
the upstream initiator region on P-Gal expression in these
his4-lacZ fusions mimic the molecular events that give rise
to different levels ofHIS4C expression in our Hol' revertant
strains.
The two initiator codon mutations not identified from our

selection and screening procedure had different effects on
lacZ expression. The AAG +1 frame his4-lacZ construction
resulted in p-Gal levels similar to those observed for initiator
codon mutations derived from class II revertants, and AGG
conferred p-Gal activities similar to that of the ACG change.
In light of parallels established between HIS4C and lacZ
expression, the higher levels of p-Gal activity associated
with the AAG mutation suggest that this mutation should
have been identified in reversion studies of the his4-100
strain. In contrast, the reduced p-Gal activities associated
with the + 1 frame AGG his4-lacZ strain could suggest that
this mutation was excluded from our selection because of
decreased HIS4C expression.
As indicated by the presence of an AUG start codon at the

normal initiator site, the inability to initiate at +29 could be
a direct consequence of ribosomal recognition of the up-
stream region that precludes downstream initiation events.
The reduced levels of p-Gal and HIS4C expression observed
when ACG and AGG are present at the normal initiator
region could suggest that residual ribosomal recognition of
the mutant initiator region precludes initiation at the next
available AUG codon. Residual ribosomal recognition of the
mutant initiator region may, therefore, be detected as non-
AUG initiation events that give rise to reduced levels of gene
expression.
We therefore constructed his4 alleles that only contain

each of the nine possible point mutations of the initiator
codon and genetically assayed the ability of each codon to
support HIS4 expression. Likewise, each mutant region was
fused in frame with lacZ to quantitate residual expression in
the absence of an AUG start codon (Fig. 1). All initiator
codon mutations, when present at HIS4, conferred a polar
His- phenotype not complementing either his4A, B, or C
mutants. As shown in Fig. 4B, assays of isogenic strains that
contain in-frame his4-lacZ constructions showed that none
of the nine possible point mutations of the normal initiation
codon at HIS4 could support p-Gal activity greater than 2%
of control wild-type levels. Specifically, neither the ACG nor
AGG initiator codon mutations at HIS4 gave any indication
of perceivable growth on SD medium lacking histidine, even
after prolonged periods of incubation (1 week) at either 23,
30, or 37TC, nor did they give any indication of an apprecia-
ble level of p-Gal expression.

DISCUSSION

Most of our information about the usage of AUG triplets
as initiator codons comes from studies on the CYCI gene
(the iso-1-cytochrome c system) in S. cerevisiae (34). A
reversion study of mutations in the CYCI initiator codon has
led to the following empirical conclusions. (i) The AUG at
the 5' end of the message is the site of initiation of transla-
tion. (ii) Initiation at this AUG precludes initiation at subse-
quent AUG codons. (iii) Loss of the first AUG codon by
mutation results in initiation at the next AUG codon. Our

analysis extends these basic observations at CYCJ to the
HIS4 locus in S. cerevisiae. Two mutant alleles provide the
basis for establishing first AUG recognition rules at HIS4 (9).
The his4-619 allele contains a point mutation in the first AUG
codon nearest the 5' end of the HIS4 message and confers a
polar His4A-, B-, C- phenotype indicating no residual
expression (Fig. 2A). The his4-34 allele is a revertant of
his4-619 and contains the original mutation at the AUG and
a +1 frameshift between positions +49 and +50 (Fig. 2A).
This strain is Hol+ but His- because of mutations in the
HIS4A region and expresses HIS4C activity because of
initiation events at the next available AUG nearest the 5' end
of the message at position +29.
That the first AUG codon in the message serves as the

start site for translation is further established by our con-
struction of the his4-100 allele which only contains the +1
frameshift between positions +49 and +50 (Fig. 2B). The
presence of an AUG start codon at the normal initiator site
in the his4-100 allele confers a polar His4A-, B-, C-
phenotype, thus precluding initiation events at the +29 AUG
that would give rise to HIS4C expression. Our inability to
detect initiation at the +29 AUG codon in the his4-100 allele
strain indicates that binding of the ribosome at an internal
AUG codon does not occur at HIS4. Only upon mutating the
upstream AUG codon at the normal initiator region, as
indicated by our reversion analysis, can initiation at the
downstream +29 AUG be detected. This illustrates the
5'-to-3' progressive nature of translation initiation at AUG
codons at HIS4 and is consistent with predictions of the
ribosomal scanning model. These studies, in light of genetic
studies of CYCI and comparative studies which show that
95% of yeast genes utilize the first AUG codon nearest the 5'
end of the messages as the start site for translation (5),
suggest that a scanning-type mechanism exists in S. cerevi-
siae for initiation of protein synthesis.
Our genetic selection scheme at HIS4 represents the

converse genetic approach to reversion studies at CYCJ (35)
and appears to have been an effective method for detecting
different and rare mutational events at HIS4 (Table 2).
Classification according to growth defines two different
translation initiation events that confer HIS4C expression.
Class I revertants comprise complex deletions and appear to
utilize the normal initiator start codon at the + 1 position, as
the 16-bp deletion in one revertant allele puts the normal
initiator region in frame with HIS4C. Class II and III
revertants comprise initiator codon mutations and utilize the
AUG codon at position +29 as the site of initiation, in
agreement with the strategy of the selection scheme. Subtle
but discernible growth properties among class II revertants
identified eight different alterations of the AUG start codon
(CUG, GUG, UUG, AUA, AUC, AUU, ACC, and 3-bp
deletion of AUG), whereas class III was unique and distinct
from other types of mutations at this position (ACG). The
difference between class II and class III revertants is pre-
sumably a reflection of the opportunity to utilize the AUG
codon at position +29 for initiation.
As a group, base changes at the +2 position of the AUG

start codon behaved differently than mutations at either the
+ 1 or +3 position. Although our analysis of + 1 frame
his4-lacZ fusion strains indicates that the AAG mutation
should have been isolated as a class II revertant, both ACG
and AGG appear to confer reduced levels of translation
initiation at the +29 AUG, and for this reason, AGG may
have been excluded as a Hol' revertant. This could reflect
residual ribosomal recognition of these upstream mutant
initiator regions. It is of interest that an ACG codon has been
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implicated to serve as a low-efficiency start codon at a

mammalian viral gene (1). However, strains constructed to
contain only the ACG codon mutation at HIS4 do not
support any detectable growth on SD medium lacking histi-
dine or any appreciable P-Gal activity in his4-lacZ strains.
Therefore, if residual recognition of this region does occur, it
does not support translation initiation events that are of any
significance to HIS4 expression. In fact, despite the position
at the normal initiator region, none of the nine possible point
mutations of the AUG start codon at HIS4 appear to be
physiologically relevant as alternative triplets for initiation.
Thus, unlike procaryotes which utilize UUG and GUG
codons as alternatives to AUG start sites (28), S. cerevisiae
appears to have a stringent requirement for the AUG triplet
as the site of initiation.

In addition to testing the significance of a scanning-type
mechanism in S. cerevisiae, our selection scheme is unique
and enabled us to directly probe sequences other than the
AUG codon that might participate in ribosomal recognition
of the normal initiator region. A number of genes in S.
cerevisiae, including CYCI and HIS4, appear to contain
conserved nucleotide positions relative to the AUG start
codon, particularly an adenine nucleotide at the -3 position
(5); this suggests a potential functional role for these se-
quences as observed for mammalian messages (19). In
addition, recent reports suggest that the -3 position relative
to the CYCJ AUG start codon (39) and an AUG codon within
the CPA] leader region (38) in S. cerevisiae may be func-
tional during the recognition process, although both studies
indirectly tested the functional relevance of this position to
normal expression patterns at both genes. Our analysis did
not identify the functional nature of this position or any other
nucleotide position outside the AUG start codon. The pos-
sibility exists that mutations at these positions have very
subtle effects and that our analysis was insensitive to mon-
itoring these alterations, as our detection procedure was
based on initiation events occurring at the AUG codon at
position +29, which is not a normal initiator region. The
inability to identify simple base changes in conserved nucle-
otide positions flanking the AUG start codon at HIS4 could
suggest that these sequences may not participate in an

equivalent fashion to the AUG codon in recognition of the
initiator region. This would agree with earlier reversion
studies of initiator codon mutants at CYCI (35). The pres-
ence of an AUG codon within a 37-nucleotide region was
capable of restoring expression of CYCI, suggesting that
flanking sequences were not essential for initiation.

In a subsequent study, we have directly mutated se-

quences flanking the AUG start codon at HIS4 that are

shared by the majority of yeast genes (6). These studies
support our genetic observation that ribosomal recognition
of an initiator region in S. cerevisiae may be predominantly
controlled by an AUG signal, as opposed to being attenuated
by contextual effects as observed with mammalian messages
(16, 21, 22).
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