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ABSTRACT In a sequence of 214 nucleotides at the 5' ter-
minus of the Igene mRNA, which codes for the lactose repressor
protein of Escherichia coli, (i) an untranslated leader sequence
of 28 residues precedes the repressor coding region; (ii) a GUG
initiates synthesis of the wild-type repressor; (iii) GUG and AUG
are the functional initiators for the synthesis of restart poly-
peptides activated by early I gene amber mutations, confirming
previous assignments for these residues based on protein se-
quencing data; and (iv) sequences complementary to 16S ribo-
somal RNA provide stronger potential mRNA-16S rRNA inter-
action at the wild-type initiation site than at the restart sites.
When I mRNA is used to direct the formation of initiation
complexes in vitro, ribosomes bind only to the wild-type initiator
region.
A striking feature of the ImRNA sequence is the presence of

a number of in-phase GUGs that have not been observed to serve
as initiation signals in vivo in the nonsense mutant strains ex-
amined. The selective use of potential initiator triplets in the
I mRNA leads to the following conclusions. First, when pre-
sented with several neighboring initiator triplets at the wild-type
initiator region, ribosomes select the one preceded by the
strongest appropriately positioned complementarity to the 16S
31 end. Second, ribosomes do not restart after termination simply
by moving to the next available initiator codon. Third, the for-
mation of stable secondary structures predicted for the un-
translated ImRNA beyond chain-terminating nonsense muta-
tions may prevent ribosome access to some potential reinitiation
sites.

The lactose repressor protein, encoded by the lac I gene, exerts
negative control over the expression of the lactose operon of
Escherichia coli. The possibility of using the I gene to obtain
information concerning the specificity of translation initiation
was raised several years ago by the discovery that nonsense
mutations early in the gene activate reinitiation of repressor
synthesis beyond the position of the chain terminating codon.
At least three sites within that portion of the mRNA corre-
sponding to the first 62 amino acids of the wild-type repressor
protein direct the synthesis of COOH-terminal restart poly-
peptides which accumulate at 10% of the wild-type repressor
level (1-3).
The amino acid sequences of the wild-type repressor (4, 5)

and the restart polypeptides from amber mutant strains (1-3)
predict which I mRNA codons are utilized as reinitiation sig-
nals. Whereas restart proteins are not detected in wild-type cells,
two restart polypeptides are found in strains carrying amber
mutations at amino acid positions 7, 12, and 17. The larger one
initiates at a valine codon (presumed to be GUG) in position 23;
the smaller one initiates at a methionine codon (AUG) in posi-
tion 42. When the amber block is moved beyond the first restart
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site to position 26, only the polypeptide'initiated at methio-
nine-42 is made. Finally, an amber mutation at position 60
activates initiation of a third restart protein at leucine-62, From
the fact that leucine-62 mutates to UAG with a frequency
characteristic of a single base change, UUG was deduced to be
the triplet for this reinitiation event (6).
The apparent use of GUG and UUG as well as AUG for

reinitiation in the I gene was the first in vivo evidence sup-
porting earlier in vitro observations that several codons in ad-
dition to AUG could stimulate N-formylmethionine-dependent
initiation of protein synthesis (7, 8). This, plus the very frequent
occurrence of reinitiation sites early in the I gene, prompted
the suggestion that the ribosome may use every AUG, GUG,
and UUG for reinitiation. On the other hand, the appearance
of specific conserved sequences in the vicinity of initiator
triplets at the beginnings of cistrons has led to the current notion
that other elements may be as important to ribosome recogni-
tion as the presence of the start codon itself (9, 10). Therefore,
it seemed important to establish whether additional features
are also present in mRNA reinitiation signals.

Both to examine the lac I gene mRNA sequences that par-
ticipate in the initiation of protein synthesis and to increase our
understanding of the functioning of this regulatory gene, I
determined the nucleotide sequence of the first 214 bases of the
repressor mRNA (I mRNA). This report describes the in vitro
synthesis of specific I mRNA fragments initiated at the IQ
promoter and the binding of these fragments to ribosomes in
vitro. Features of the mRNA primary and secondary structures
that relate to translational initiation are considered. A detailed
description of the nucleotide sequence analysis and a discussion
of other aspects of the mRNA will be presented elsewhere.

RESULTS
Sequence of the lac I mRNA. To obtain a-32P-labeled I

mRNA for nucleotide sequence analysis, I produced messenger
fragments 100-200 nucleotides long by kinetically controlled
transcription of a lac transducing phage DNA (XCI857
h8OSt68dlac IQ) and selectively purified the I mRNA by the
hybridization scheme shown in Fig. 1. The synthesis conditions
were developed based on the following rationale. The IQ pro-
moter was used because it increases I gene expression 10-fold
over the low level observed in wild-type I+ strains (11). Tran-
scription from promoters on the X080dlac IQ template other
than those controlled by the Xci repressor was achieved by se-
lecting an ionic strength (80 mM KCI) that maximized RNA
synthesis in the presence of a purified X repressor preparation
(data not shown). Finally, I reasoned that the relative repre-
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FIG. 1. Scheme used to obtain lac I mRNA fragments, showing
genetic maps of bacteriophage strains used for in vitro transcription
and hybridization. 080 genetic material; I, X genetic material;

EB, E. coli genetic material.

sentation of RNA from weak promoters might be increased if
the RNA polymerase molecules could be synchronized beyond
the stage of promoter recognition and DNA binding in the form
of reaction intermediates initiated with the two triphosphates
used for RNA starts. Accordingly, RNA polymerase was

preincubated for 5 min at 370 with the template in the presence

of Mg2 , GTP, and ATP; the temperature was then shifted to
200; CTP, UTP, and rifampicin were added, and the initiated
RNA chains were extended to the desired length (Fig. 2). With
the use of the GTP and ATP preincubation, lac I mRNA tran-
scription became detectable.

Phage RNAs and any lac Z RNA were removed from the
transcription product by successive hybridization to DNAs from
the nontransducing parent phage XcI8s7h80S-t68 and from
XcI857ptrp-lacW225, in which fusion of the trp and lac operons

has deleted the I gene (see Fig. 1). I mRNA transcripts were

finally recovered from the remaining nonhybridizable radio-
activity by annealing to 080plac DNA. The material routinely
released from the 080plac hybrids comprised only 3.5% of the
total transcription product.

Standard nearest-neighbor phosphate transfer methods (12,
13) were used to determine the sequence of the first 214 bases
of the I mRNA fragments purified in this way (Fig. 3). Oligo-
nucleotides were ordered within the mRNA sequence by using
information obtained from limited digestion with Ti RNase
and from fingerprints of I mRNA fragments of various sizes
produced by premature termination or "pausing" (14) of the
RNA polymerase at discrete s tes and were subsequently frac-
tionated on a 7M urea/12% ac anide slab gel (14). In the case

of the 5'-terminal 30 nucleotides, I used the ability of this region
of the mRNA to bind to ribosomes in vitro in order to isolate
a discrete fragment for sequence analysis (see below).

Nearest-neighbor data and overlap between Ti and pan-

creatic RNase digestion products leave a (GUG,AAU) ambi-
guity in the ribosome-protected fragment and several unor-

dered residues in amino acid positions 53-55. In these cases,

amino acid sequences of a trp-I gene fusion protein, in which
the I mRNA leader sequence is actually translated in phase (15),
and of the lac repressor protein, respectively, suggest that the
nucleotide sequences are as written. The presence of several
UCG and CUG trinucleotides in the vicinity of leucine-62
precluded unambiguous assignment of GUX(G) to valine-52
and UUG(C) to leucine-62. Otherwise, the independently de-
termined I mRNA sequence corresponds exactly to the NH2-
terminal repressor protein sequence (4, 5); protein synthesis is

initiated at a GUG codon succeeding a nontranslated leader
sequence of 28 nucleotides (Fig. 3).
Ribosomes Bind to a Single Site In Vitro. Ribosomes rec-

FIG. 2. T1 RNase fingerprints of the [a-32P]GTP-labeled un-

fractionated I mRNA (a) and ribosome-protected fragment (b). The
first dimension was electrophoresis on cellulose acetate (Cellogel)
strips in 7 M urea/pyridinium acetate, pH 3.5; the second was ho-
mochromatography on 20 X 20 cm PEI-cellulose thin-layer plates
(Brinkmann) in homochromatography mixture C of Barrell (13).
Oligonucleotides are numbered to correspond with the sequences

given in Table 1. Only the numbered oligonucleotides in (b) appeared
reproducibly in good yield. I mRNA fragments labeled with 2-4 mCi
of one a-32P-labeled ribonucleoside triphosphate were produced by
transcription of Xc1s87h80S-t68dlac IQ DNA in mixtures described
by Musso et al. (29) with the following modifications. RNA poly-
merase (14 jug/ml) was preincubated with the template DNA (50

Mg/ml) for 5 min at 370 in 20mM Tris-HCl, pH 7.9/80 mM KCl/0.1
mM dithiothreitol/0.1 mM EDTA/10mM MgCl2/bovine serum al-
bumin (0.5 mg/ml)/40 MuM (each) ATP and GTP. At 40 sec after
shifting the reaction to 20°, elongation of RNA chains was begun with
the addition of 40MgM (each) UTP and CTP and rifampicin (10 Mg/ml).
Reactions were terminated after 50-75 sec by adding 50mM EDTA
and 100 Mg of unfractionated E. coli tRNA. After phenol extraction,
the RNA fragments were separated from unincorporated mononu-

cleoside triphosphates by chromatography on a 1.1 X 30cm column
of Sephadex G-50 (fine) in 0.1 M NaCl/10 mM Tris-HCl, pH 7.5. After
precipitation with 2 volumes of ethanol, the RNA was resuspended
in 10mM Tris-HCl, pH 7.8/10mM MgCl2/10 mM CaCl2, treated with
RNase-free DNase (Worthington) at 25 Mg/ml for 15 min at 40, phenol
extracted, and reprecipitated with ethanol. The I gene transcripts
were purified by the hybridization steps outlined in Fig. 1.

XcI857h80S-t68 and XCI857P trp-lacW225 DNAs were used at 50- and
30-fold molar excess, respectively, over the template DNA. A 10-fold
excess of 480plac DNA was used to recover the I mRNA fragments.
After elution from the nitrocellulose filters and DNase treatment, the
I mRNA was stored at -20° in distilled water. Previously reported
hybridization procedures were used (30), except that RNase treatment

of the hybrids was omitted. I mRNA samples were used to direct
formation of translation initiation complexes in vitro, as described
(31), under conditions that gave a ribosome/mRNA ratio of 5. The
average efficiency of ribosome binding to the wild-type initiator region
was 30%. In some experiments, including that shown in b, additional
oligonucleotides (spots 6, 7,9, 10, and 11) corresponding to I mRNA
sequences for amino acid positions 8-14 appeared in the fingerprints
of the ribosome-protected material. Whether this represents ribosome
binding at an out-of-phase AUG codon in this region or heterogeneity
in the positioning of the ribosomes at the wild-type initiation site is

not known.

ognize at least four regions within the first 214 bases of the I

gene mRNA as initiation signals. Although active translation
of the wild-type cistron may mask internal reinitiation signals,
in in vitro initiation reactions, in which ribosomes remain

bound at the position of the initiator codon, one might expect

to detect recognition of the restart sites. If this were the case,

then a substantial fraction of the RNA sequence should be
protected against ribonuclease digestion. Contrary to this
prediction, when unfractionated I mRNA preparations were

used to direct the formation of initiation complexes in vitro, a

fingerprint of the material recovered from the 70S ribosomes
contained only a subset of the I mRNA digestion products.
Oligonueleotides representing only the leader region and amino

acid positions 1-5 predominated (Fig. 2, compare b with a);
RNA' sequences adjacent to the valine-23 and methionine-42
reinitiation codons (Ti RNase products 19, 20b, 22a, and 24,

Table 1) were not observed. These results suggest that the restart
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16 UUUCUG(C)
17 CCACG(U)
19 AACCAG(G)

20a AAAACG(C)
20b AAAAAG(U)
21 AAACCAG(U), CAAACAG(U)

22a UUUCCCG(C)
22b UUAUACG(A)
23 UCAAUUCAG(G)

23a AAUUCAG(G)
24 UCUCUUAUCAG(A)
25 pGp
26 C(AC,AAC)AACUG(G)
32 AAUUACAUUCCCAACCG(C)

The T1 RNase digestion products are numbered to correspond with
the fingerprints shown in Fig. 2; 3' nearest neighbors of unique
products are enclosed in parentheses. Partial digestions with spleen
phosphodiesterase resolved sequence ambiguities in T1 products 23
and 24. The presence of two isomeric sequences in spot 21 was indi-
cated by pancreatic RNase and U2 RNase digestion data obtained
from material labeled with [a-32P]ATP and [a-32P]CTP. A tetra-
phosphorylated moiety derived from the 5' terminus was not detected;
spot 25, however, contained pGp. Degradation of the 5'-terminal
pppGp to pGp may have occurred during the hybridization reactions
at 670. When I mRNA preparations were used to direct the formation
of translation initiation complexes in vitro (see text), the following
subset of T1 RNase digestion products was obtained: G(G), AG(A),
AG(U), UG(G), UG(A), AAG(A), UAACG(U), AAUG(U), AAAC-
CAG(U), UCAAUUCAG(G), and pGp. An additional oligonucleotide,
spot 23a, gave nearest-neighbor data identical to those for spot 23.
It had the same mobility, however, as the spleen phosphodiesterase
partial digestion product AAUUCAG(G) generated from oligonu-
cleotide 23. Spot 23a presumably originated during the initial trim-
ming of the ribosome-bound RNA with pancreatic ribonuclease.

sites, which are used less efficiently than the wild-type initiator
in vivo, are not bound detectably in vitro.

However, one might argue that, because premature termi-
nation by RNA polymerase during the synthesis reaction would
reduce the proportion of RNA from the two restart sites, pref-
erential ribosome binding to the 5' region was simply the con-

sequence of its predominance in the mixture of transcripts. To
determine whether the restart sites could be recognized when
present in longer mRNA fragments, an [a-32P]GTP-labeled I
mRNA preparation was fractionated on a 7 M urea/12%
acrylamide slab gel (14). The RNA fragments extracted (16)
from several regions of theigel were used separately in initiation
reactions. The Ti RNase fingerprints (not shown) of the ribo-
some-protected material from all samples were identical; even

with RNA chains >200 nucleotides long, only the wild-type
initiator region was observed. Thus, the ribosome-binding data
support the conclusion that the initiator for the wild-type re-

pressor protein is used at least 10-fold more efficiently than the
first two restart sites in vitro as well as in vivo (1-3).

DISCUSSION

Several conclusions regarding initiation triplet usage and the
specificity of initiation site selection in I mRNA can be drawn
from inspection of the nucleotide sequence (Fig. 3). The
wild-type repressor protein is initiated with GUG at nucleotide
29. This demonstrates that, at a normal initiation site in an E.

coli mRNA, GUG can specify N-formylmethionine; previously,
GUG was identified as the initiator triplet for the bacteriophage
MS2 A protein (17). The I mRNA sequence also confirms the
earlier assignment of GUG and AUG to amino acid positions

23 and 42, where they function as initiators for the first two

restart polypeptides. Although ray analysis could not verify the
UUG assignment inferred from genetic data (6) for the restart
codon at position 62, this is supported by direct DNA sequence
data (P. J. Farabaugh, personal communication).
A most striking aspect of the I mRNA is the large number of

initiation triplets that do occur in the repressor reading frame.
There are 6 GUG triplets, 1 AUG, and 1 UUG among the first
214 nucleotides, In addition, the GUX at valine-52 has been
shown to be GUG (P. J. Farabaugh, personal communication);
of these, only four have been observed to serve for initiation or
reinitiation in the amber mutants analyzed thus far. Although
early in vitro experiments had suggested that CUG might
function as an initiation triplet (7, 8), it is the UUG at position
62, rather than the CUG at position 56, that is read as N-
formylmethionine in vivo in response to a nonsense mutation
at position 54 or 55 (2, 18).

Thus, based on the amber mutants examined, clearly not
every potential initiation triplet yields a restart polypeptide in
vivo. Moreover, at the wild-type initiation site, where several
in-phase initiator triplets are clustered together, only one ap-
pears to specify N-formylmethionine. Can such initiation site
selectivity be explained in terms of our current understanding
of mRNA'ribosome interaction?

Initiation and mRNArRNA Complementarity. Shine and
Dalgarno (9) have suggested that base pairing between an
mRNA sequence 5' to the initiator codon and nucleotides at the
3' end of the E. coli 16S rRNA occurs during the initiation step
of protein biosynthesis. Regions complementary to 16S RNA
centered at about 10 bases 5' to the initiator triplet appear in
the known ribosome-binding sites from bacteriophage and E.
coli mRNAs (19). In two cases-for the bacteriophage R17 A
protein initiator region (10) and for a bacteriophage X PR RNA
ribosome binding site (16)-mRNA-rRNA complexes have been
demonstrated experimentally.
From Fig. 3, it is clear that the mRNA-rRNA complemen-

tarity is most substantial at the initiation site for the wild-type
repressor, consistent with its more efficient functioning relative
to the reinitiation sites in vivo and its unique protection by ri-
bosomes in vitro. By contrast, the sequences preceding the
valine-23, methionine-42, and leucine-62 restart sites have only
two, three, and three bases, respectively, complementary to the
3'-oligonucleotide of 16S RNA.
The extent of mRNA-rRNA complementarity appears to

provide a plausible explanation for the selective use of one of
several clustered potential initiators at the normal initiation site.
Here there are three GUG codons, only one of which specifies
N-formylmethionine in vivo. In addition, a mutant repressor
carrying a threonine (ACG) to methionine (AUG) change at
amino acid position 5 has been observed to initiate normally (3).
Thus, of the potential initiator codons grouped in this region,
the GUG that is preceded by a longer and more appropriately
positioned mRNA-rRNA complementarity is used in vivo. This
pattern has been noted for the selection of initiator codons in
many other bacterial and phage ribosome-binding sites (19).

Reinitiation and I mRNA Secondary Structure. Another
factor known to influence ribosome recognition of mRNA is
the sequestering of potential initiator regions by stable RNA
secondary and tertiary structures (20). Although active trans-
lation of a wild-type cistron may normally preclude the for-
mation of hairpin loops and prevent reinitiation events as well,
mRNA sequences distal to nonsense codons might be expected
to assume thermodynamically preferred conformations. Hence,
all possible I mRNA secondary structure interactions were
tabulated and-examined for their relevance to reinitiation.
The most stable double-stranded region that might be ex-

pected to form beyond the position of ribosome release at the

Table 1. I mRNA T1 oligonucleotides

1G
2 CG
3 AG
4 UG
5UUG(C)
6CCG(G)
7 CAG(A)
8 AAG(A), AAG(C)
9 UCG, CUG
10 AUG(U), AUG(G)
11 UAUG(C)

13a CCAG(C)
13b ACCG(U)
14 UAACG(U)
15AAUG(U)

Biochemistry: Steege
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pppG.GAA.GAG.AGU.CAA.UUC.AGG.GUG((JG.AAU)GJG.AAA.CCA. GUA.ACG.UUA.UAC.GAU. GUC.GCA.GAG.UAU
8 3 3 23 -'ro-415 4 21 14 22b 10 9 7 3 11
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1 10

GCC.GGU.GUC.UCU.UAU.CAG.ACC.GUU.UCC.CGC. GUG.JGC.AAc.CAG.GCC.AGC.CAC.GUU.UCU
6 4 24 13b 22a 2 4 4 19 13a 17 16

ala-gly-val-ser-tyr-gln-thr-val-ser-arg-val-val-asn-gln-ala-ser-his-val-ser
20 23 restart 30

GCG.AAA.ACG.CGG.GAA.AAA. 3JG.GAA.GCG.GCG.AUG.GCG.GAG.CUG.AAU.UAC.AUU.CCC.AAC.CGC
2 20a 2 20b 4 8 2 2 10 2 3 9 32 2

ala-lys-thr-arg-glu-lys-val-glu-ala-ala-met-ala-glu-leu-asn-tyr-ile-pro-asn-arg
40 42 restart 50

GUX.GC(A.C,AA.C)AA.CUG.GCG. GGC.AAA.CAG.UCG.UWG *
26 27 21 9 5

val-ala-gln-gln-leu-ala-gly-lys-gln-ser-leu

60 62 restart

FIG. 3. The 5'-terminal 214 residues of the lac I mRNA, aligned with the repressor amino acid sequence (4). The nucleotide sequence is ar-
ranged such that the initiator codons encoding N-formylmethionine for the three restart proteins are directly under the wild-type initiator
sequence; the UUG assignment (*) for the leucine-62 restart codon is that deduced previously from genetic data (6). All in-phase AUG, GUG,
and UUG codons appear in bold type. A dashed line indicates the ribosome-protected fragment. Contiguous bases 5' to the initiator codons
which are complementary to the 16S rRNA 3' oligonucleotide (AUCACCUCCUUAOH) are underlined, with potential U-G base pairs shown
by dots. Centered under the appropriate sequences are the numbers corresponding to T1 RNase oligonucleotides (Table 1).

I gene nonsense codons in amino acids 7, 12, and 17 which ac-
tivate reinitiation at valine-23 and methionine-42 is illustrated
in Fig. 4 left. The hairpin loop is closed by a helical stem of 10
base pairs which has a calculated melting temperature of 970
(21, 22). Its formation would explain several features of lac I
reinitiation in these amber mutant strains. First, the GGGA
complementarity to rRNA that appears four nucleotides prior
to the GUG at valine-38 is buried in the double-stranded stem;
this could account for the previously observed lack of reinitia-
tion at this site. Second, this structure might provide a plausible
rationale for the curious observation that the valine-23 restart
polypeptide always occurs together with the methionine-42
restart protein (3). Note that the valine-23 codon and the eight
bases preceding it are base-paired. However, ribosome binding
to the more accessible methionine-42 site should destabilize the
structure, because a portion of the stem falls within the region
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normally protected from nuclease digestion by ribosomes.
Hence, the valine-23 site would be available only as a result of
a position 42 restart.

If we now consider nonsense mutations later in the I gene,
we see that the most stable hairpin loop beyond ribosome release
at a position 26 amber codon would be that shown in Fig. 4
right. The calculated melting temperature for this stem is 780
(21, 22). Again, the sequestering of nucleotides preceding the
potential initiator at valine-38 is consistent with the exclusive
use of the methionine-42 AUG in this repressor mutant. On the
other hand, in strains carrying an ochre mutation at position
33 or 37, in which the presence of ribosomes translating se-
quences immediately adjacent to valine-38 might prevent I
mRNA self-interaction here, use of the valine-38 GUG codon
might be detected. Intriguingly, an unusually high level of
restart material is found in such strains; these NH2-terminal

met 42

CGGCGRE.PG-
A G G
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loop of 44 bases)

Val 38 C
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G *C
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FIG. 4. The most stable hydrogen-bonded regions postulated for I mRNA beyond the position of ribosome release at nonsense codons cor-
responding to repressor amino acid residues tyrosines 7, 12, and 17 (Left) and glutamine-26 (Right) (see text). Potential initiator codons in
the repressor reading frame are boxed; numbers refer to the wild-type repressor protein sequence (4). The thermodynamic data of Crothers
and associates (21, 22) give a calculated free energy of formation (AG) of -19.1 kcal/mol and a melting temperature (Tm) of 97° for the 10-base-pair
helical stem (Left); a AG of -10.7 kcal/mol and a Tm of 780 are predicted for the 6-base-pair structure (Right). The calculated values are based
on measurements obtained in 1 M NaCl; however, the Tms are comparable to those observed in physiological buffers containing 10 mM Mg2+
(32).
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protein sequences, however, have not been determined (J.

Miller, personal communication).
The Problem of Translational Reinitiation. My analysis of

the primary and secondary structures of the first 214 nucleotides
of the I gene mRNA suggests plausible explanations for several
features of the documented pattern of lac repressor restarts.
However, with only these data in hand, certain reservations
must be kept in mind, especially when evaluating the impor-
tance of possible mRNA-rRNA pairing in ribosome selection
of reinitiation sites, which function at only 10% efficiency.
Moreover, the statement that only three internal sites signal
reinitiation is based on characterization of restart proteins from
I gene nonsense mutant strains representing only 17 of the 20
available positions within the first 62 amino acids of the re-

pressor cistron (1-3). The implications of the mRNA secondary
structure compel study of additional mutants to determine if
other in-phase GUG or possibly CUG codons function under
some circumstances. Another unknown factor is the intactness
of mRNA distal to polypeptide chain termination in the various
mutant strains. It is possible, for example, that the unexplained
absence of detectable restart material in strains with nonsense

mutations at positions 2, 3, 5, and 6 (J. Miller, personal com-

munication) is a result of rapid degradation of the message

exposed to nucleases after ribosome dissociation.
On a more general level, it is clear that mRNA-rRNA inter-

action and the negative influence of mRNA secondary structure
cannot entirely explain initiation specificity in E. coli. Ribo-
somal proteins and initiation factors make equally important
contributions (for a discussion, see ref. 23); their role in reini-
tiation has not yet been explored. Furthermore, the evidence
which suggests that ribosomes discharge and reattach at in-
tercistronic termination and initiation sites when translating
a polycistronic mRNA (24, 25) does not establish unequivocally
whether a single ribosome has the capacity, upon termination,
to reinitiate at a new site downstream on the same mRNA
molecule. The occurrence of frequent reinitiation sites in the
lac I mRNA originally prompted the hypothesis that the pro-

duction of COOH-terminal restart polypeptides results from
nonspecific ribosome binding to the next available initiator
codon beyond the nonsense termination codon. Although the
restart data cannot pr6vide molecular information about
ribosome-loading mechanisms at natural versus restart sites, the
evidence that a pair of proteins is produced by some mutant
strains and that not all in-phase GUG codons signal reinitiation
argues for independent selection of initiator regions rather than
simple movement to the next available AUG, GUG, or UUG.

Reinitiation after chain termination at nonsense codons has
been shown to occur in the E. coli lac Z gene (26) and in the
bacteriophage T4rIIb cistron (27) as well as in the lac I gene.

In yeast, although reinitiation as it is seen in these cases has not

been observed, Sherman and coworkers (28) have shown that,
when the wild-type initiator codon for the iso-I cytochrome c

protein is altered by mutation, other AUGs mutationally in-
duced in this region of the gene can function as initiation co-

dons. The information that the study of lac I reinitiation has
provided concerning how mRNA primary and secondary
structures may function as determinants of ribosome initiation
site recognition encourages one to anticipate that an exami-
nation of initiation mutants in yeast and other eukaryotic or-

ganisms may similarly shed light on the mechanisms by which
eukaryotic ribosomes select initiator regions.
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