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ABSTRACT A special methionine tRNA (tRNA) is uni-
versally required to initiate translation. Amongst species a
tRNA; structural conservation is most apparent in the
anticodon and T arms of the molecule but extends into the
variable loop and the 3’ strand of the D stem. This suggested
that they could share a similar ancestral or current function in
initiation of translation. We report that the sequence of bases
neighboring the translational start codons of many eubacterial
genes are complementary not only to the extended anticodon
but also to the D and T loops of tRNA,. Study of the coding
properties of tRNA; and of miutations that affect translation
suggests that the translational start domain can be a mosaic of
signals complementary to the loops of tRNA,. The hypothesis of
multiple loop recognition suggests that unusual triplets can
start prokaryotic and mitochondrial genes and predicts the
occurrence of other reading frames. Furthermore, it suggests
a unifying model for chain initiation based on RNA contacts

and displacements.

An unresolved and perhaps universal issue about the genetic
code is the ambiguity of the initiator codon AUG (and
occasionally UUG and GUG), which not only specifies
initiation of a polypeptide but also codes for internal amino
acids. These codons also occur randomly, out of phase, in
mRNAs. A unique secondary or tertiary structure of the
messenger could specify initiation, but such a structure has
not been observed in most mRNAs examined (1, 2). In
prokaryotes, the specificity of initiation relies partially on
recognition of regions complementary to 16S rRNA (the
Shine-Dalgarno or SD region) (3). Sequence analysis and
biochemical and genetic data support this hypothesis (1-4).
However, (i) other nonstart regions in mRNAs also comple-
ment the 16S rRNA (2, 5), (ii) no simple correlation exists
between the degree of complementarity with the 16S rRNA
and the efficiency of translation (2), (/i) at least 10 normal
Escherichia coli proteins lack this region in the prestart
sequence (2, 6-11), and (iv) most eukaryotic mRNAs lack
such signals and instead frequently initiate synthesis at the
AUG closest to the 5’ terminus (12). A 5'-terminal 7-
methylguanine is essential for the efficient initiation of many
of these mRNAs, but, as with the SD region, it is not always
sufficient or necessary (12). Certain eukaryotic nRNAs have
long leader sequences (see ref. 13 for examples) where the
translation apparatus must recognize the start site amidst
many nonstart and out-of-phase homonymous triplets.

We have, therefore, searched for the one reactant for
initiation that has both constancy through evolution and
flexibility in recognizing the variety of observed start signals.
We propose it to be initiator tRNA (tRNA;; frequently
referred to as tRNA() and suggest that a variety of interac-
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tions between it and mRNA may underlie much of the
specificity of initiation.

Evolutionary Conservation and Special Features of tRNA;
Structure

A special methionyl-tRNA is universally required to initiate
protein synthesis (14). Phylogenetic studies and heterologous
aminoacylation, formylation, and translation experiments
indicate that initiators are the most highly conserved family
of tRNAs (15-17). tRNAs, from eubacteria (including
chloroplasts) have remarkable sequence invariance (18, 19).

The hypothesis that the anticodon and T arms emerged
from an internal duplication in an ancestral tRNA molecule
has been proposed by Woese (20).

This high degree of tRNA; sequence conservation suggests
that initiation of protein synthesis may exhibit similar fea-
tures in eubacteria and eukaryotes.

Features of tRNA; other than the anticodon loop could be
important in discriminating initiation signals. For example,
there are subtle differences in tertiary structure of the
unpaired regions of E. coli tRNA; and yeast tRNAF (21, 22).
Other features distinguishing initiators from elongators are as
follows: (i) The absence of modified bases in the anticodon
loop that could permit additional pairing. (ii) The D loop
contains only one dihydrouridine, leaving seven nucleotides
around the CCU region available for pairing. These have
been shown to bind complementary oligonucleotides (23).
(iii) T and ¥ residues pair as uridine, allowing potential pair-
ing of seven bases in the T loop.

The natural tertiary link between the T and D loops can be
disrupted by the codon—anticodon association, making the
loops available for intermolecular contacts (24). Given these
properties of tRNA;, we asked whether signals complemen-
tary to the D and T loops as well as the anticodon loop
neighbor translational start codons.

Potential Recognition of D, T, and A Loops by mRNAs

If regions of tRNA; other than the anticodon are recognized
during initiation, one expects the complementary sequences
to neighbor the translational start codon. To determine this,
the sequences of nucleotides of 268 genes with 34 nucleotides
on each side of the start codon were computer-searched for
regions able to pair with D, T, or extended anticodon (A)
loops of tRNA; or with the SD region of rRNA.

Pairings with five or more complementary bases in mRNA
are compiled in Fig. 1 as a function of position along the
mRNA sequence. We find that the regions surrounding the
initiation codons of the prokaryotic genes examined are rich
in potential sites of interaction with the A, D, and T loops of
tRNA,. In addition, the start codon itself is frequently
embedded in stretches of larger sequence homology to the
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FiG. 1. Histogram showing the location of signals in start
sequences complementary to tRNA;. The sequences of 268 different
prokaryotic genes, each consisting of the start AUG at position 0 and
34 nucleotides on either side, were searched for signals complemen-
tary to five or more nucleotides of the extended anticodon (open
bars), T signals (stippled bars), and D signals (hatched bars) of tRNA;
as described in the text.

anticodon loop. We name the sequences complementary to
the A (3'-AAUACUC-5"), D 3'-ADGGUCCGA-5') (D, 5,6-
dihydrouridine), or T (3'-UAAACY¥ T-5’) loops of tRNA,; in
the vicinity of a start codon A, D, or T signals. The 3’ or 5’
prefix refers to their position relative to the start codon.
Position numbers are 5’ to 3', with the central codon
beginning at 0.

There is a concentration of A signals at the start position.
The 5’ T signals peak around position —14, and D signals
occur predominantly at positions —13 and +15 (Fig. 1).

Occurrences of the various signals at positions on the
mRNA consistent topologically with an interaction with
tRNA; (D or T loop at positions —25 to —7 or +7 to +25 and
A signal, including the anticodon) were counted. The totals
were compared by the x? test with expected values that were
calculated from the proportions of nucleotides in the library
on the null hypothesis of random nucleotide distribution: E =
PT, in which E is the expected number of matches in the total
T of sequences, and P is the probability of matching at least
one of the signals of length 7 or more somewhere in the range
(k, 1) of permitted start positions for one sequence. To
calculate P we first obtained values for P;, i = 1 to n, the
probability of finding a pairing nucleotide at a given location.
These P; values were calculated on the assumption of random
distribution of the nucleotides in the library. Given the P;, we

calculated
- n [~k+1
P=1- [n(l—ﬂpi)] ,
Jj= i=1

in which m is the number of sequences in the library.

The data were compared to 268 71-nucleotide prokaryote
sequences that were centered on matching in-frame AUG or
GUG codons in the coding portions of different mRNAs. A
similar comparison was made of 119 eukaryote start domains
and 119 matching internal sequences.

Prokaryote Signals: SD Interactions

Many prokaryote gene starts had SD signals (P = 3.08 x 1078
for five base pairs or more). By contrast (Table 1), the
prokaryotic internal sequences displayed a marked avoid-
ance of the SD signal on the 5’ side of internal AUG codons.
This avoidance was absolute for pairings of six nucleotides or
more, and the numbers of length — 5 (P = 3.75 x 10~%) and
length — 4 (P = 1.31 x 107%) matches were well below those
predicted under the random distribution hypothesis. Nine of
268 start sequences that lacked a SD signal or 37 that had this
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signal in more than one position of the 71-base-pair window
had, in each case, a D, T, or A signal. Thus, signals
complementary to tRNA; could be ancillary to the SD signal.

A Signal. Of the 268 prokaryotic start sequences examined,
214 contained 4 or more bases complementary to the 5'-
extended anticodon (P = 4.41 X 10~7) (Table 1). Of the 268
starts 239 were AUGs, and 72 of these were extended to
UUAUG or UAUGA. There were 207 nonstart AUGs in
positions other than 0 in this same library, and of these only
41 were extended to UUAUG or UAUGA (P = 3 x 1079
(data not shown). There was a nearly random distribution of
bases neighboring internal AUG (Table 1). It is thus quite
possible that prokaryotic ribosomes start preferentially at
UAUG or UUAUG. Coding data for tRNA;, discussed
below, support this suggestion. Transcripts of phage \ and
phage 434 cI that lack the ribosome binding site retain
substantial complementarity to the anticodon loop. This
could account for the residual translation of the messages (2,
6, 9).

D Signal. In prokaryotes, the 5’ and 3’ D signals were found
in both the start and the internal sequences. D signals peaked
at —13 and +15 (cf. Fig. 1) in the start sequences but were
scattered uniformly in the internal sequences. This discrete
distribution was observed even though there were no more D
signals in the relevant areas (7 through 24) of the start regions
than would be expected if chance governed the nucleotide
distribution.

T Signal. The T signal, on the other hand, was significantly
more common in the prestart region (P = 3.04 x 1077 for six _
bases) than in the internal coding region (P = 0.84 for six
bases) (Table 1). Though relatively scarce, several very
strong (seven- to eight-base-pair) T signals were observed at
position 12 of start sequences. A rough correlation was
observed between the abundance of gene products and the
length of the T signal—e.g., tsf, rplJ, rplL, and the tufA and
tufB cistrons are coordinately transcribed (25), but only the
last three messages have a long T signal. The coat protein
cistrons are the best expressed RNA phage genes (1) and are
the richest in T loop complementarity. A sequence comple-
mentarity of the phage QB coat protein and the T loop was
noted by Gupta et al. (26).

Given these results, an identical distribution and statistical
analysis of 119 eukaryotic sequences was carried out. These
preliminary data are summarized below.

Eﬁkaryote Signals: SD Interactions

Polypyrimidine tracts abound in the 5' prestart region of
the eukaryotic genes examined. Some of these tracts have
been assigned as points of potential contact with the 3'-
UAGGAAGGCGU-5' region of 18S rRNA (27), but they do
not occur with statistical significance in 119 genes examined
(data not shown and ref. 28).

A Signal. A significant number of four-base-pair A signals
were observed. Seventy percent of the sequences started
with AUGG, the tetranucleotide complementary to the 5’
extended anticodon of tRNA;, whereas only half the predict-
ed number of spurious A signals appeared within internal
sequences (P = 3 x 1075 for four nucleotides or more).
Unlike the case in prokaryotes, the 5’ A signal does not occur
with significant frequency. We note that a base modification
of the eukaryotic tRNA; (A to N-[(9-8-D-ribofuranosylpurine-
6-yl)carbamoyllthreonine) located 3’ to the anticodon may
restrict the latter from base pairing (29), precluding an A
signal.

T Signal. The T signal does not seem significant in the
eukaryotic sequences examined. Again, the T loop of verte-
brate tRNA; contains 1-methyladenosine rather than A. The
modification would weaken the base-pairing interactions.
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Table 1. Distribution of signals in prokaryotes
Sequences Length of signals A 5D 5T SD 3D 3T
Start 4 Exp. 158 213 125 91.1 213 125
Obs. 214 220 135 171 225 128
P 4.41 x 1077 0.294 0.201 4.38 x 10~ 0.0675 0.682
5 Exp. 69.9 85.2 34.6 21.9 85.2 34.6
Obs. 72 83 44 61 88 38
P 0.595 0.768 0.0821 3.08 x 108 0.717 0.540
6 Exp. 15.1 24.1 8.90 3.64 24.1 8.90
Obs. 22 2 30 20 18 8
P 0.0650 0.513 3.04 x 107 3.56 x 10°® 0.189 0.758
Internal 4 Exp. 157 223 123 114 223 123
Obs. 178 239 126 63 240 135
P 0.0102 0.00884 0.693 1.31 x 106 0.00569 0.129
5 Exp. 71.8 100 33.8 30.8 100 33.8
Obs. 62 111 31 11 93 26
P 0.172 0.171 0.617 3.75 x 104 0.636 0.149
6 Exp. 15.4 31.1 8.4 5.60 31.1 8.44
Obs. 13 40 9 0 31 6
P 0.543 0.0854 0.840 0.0161 0.984 0.602

mRNA sequences of 71 nucleotides, 268 centered on initiator codons (Start) and 268 centered on internal codons of the same sequence
(Internal), were examined with the aid of a computer program. The program identified regions capable of pairing the extended anticodon, the
D loop, the T loop, and the SD sequence. Pairing between G and U was allowed. Complementarity of contiguous pairs was sought in parts of
the sequence, the locations of which were specified relative to the 5’ nucleotide of the control codon with position numbers increasing from
5" to 3. The probability of finding such a complementarity within the specified range, on the assumption of a random distribution of nucleotides
about the central codon, appears for each signal in P rows. These probabilities take into account the different frequencies of occurrence of the
nucleotides in start and internal sequences. The number of sequences expected (Exp.) to possess the sought-for complementarity is compared
with observed values (Obs.) by the x? test. Probabilities below 1% are considered to give reasonable support to rejection of the null hypothesis.
For start sequences, 17,959 nucleotides were searched, of which 5344 were A, 3731 were C, 4687 were U, and 4197 were G. For internal
sequences, 18,957 nucleotides were searched, of which 4724 were A, 4442 were C, 4763 were U, and 5028 were G.

D Signal. For the 119 eukaryote starts, the 5’ D signal was
the only one found in significant numbers (P = 1.11 x 1074
for six nucleotides or more).

The fact that eukaryotic start domains conserve D and 3’
A signals suggests that these sequences may underlie a
primitive mechanism for the initiation of protein synthesis.
Alternatively, these signals could transiently interact with the
tRNA; during the earliest stages of translation, favoring the
association of the active ribosome complex. Observations
outlined below support this hypothesis.

Coding Properties of tRNA;

In prokaryotes, AUG, GUG, UUG (2, 30-35), and, in one
gene, AUU (36) function as initiator codons in vivo. In vitro
both GUG and AUG code for fMet-tRNA. Surprisingly,
tRNA,; binds to ribosomes with poly(U), but not poly(A), and
the complex so formed can be chased into fMet-(Phe), (37).
The poly(U) coding can be explained by interactions of the T
loop with UUU in the mRNA. Remarkably, the isolated
anticodon of tRNA; binds to both AUG and GUG, while
fragments of tRNA; containing the T and anticodon arms bind
UUG (38). Thus, the T signal in the fragment could have
paired with UUG acting as an anticodon.

Jay et al. reported that prokaryotic initiation complexes
programmed with d(AATTCTAGGATTTAATCCATG) and
d(AATTCTAGGATTTAATC) stimulated binding of fMet-
tRNA equally well (39). This suggests that fMet-tRNA can
bind through the T signal (overlined) contained in both
polymers, even when the ATG (underlined) is changed to
ATC. In addition, the T loop is the only tRN A, region able to
bind to AUU, the start of the initiation factor 3 gene (36).
Furthermore, T loop recognition could account for anoma-
lous coding properties of tRNA,; if, in fact, the T loop acts as
an anticodon.

UAUG promotes binding of the E. coli tRNA; more
efficiently than any other tetranucleotide and preferentially

stimulates dipeptide synthesis directed by heptanucleotides
bearing a 3’ coding region (40—43). Furthermore, UUAUG is
the most efficient pentanucleotide (40). UAUG or UUAUG
could pair with the CAUAA anticodon of tRNA;. Thus, an
extended anticodon could be used for gene start designation
(40-44).

Table 2 shows that a number of prokaryotic genes begin
with UUG and one starts with AUU (30-36). In each case,
four or more bases complement the T loop of tRNA;. Quite

Table 2. Unusual initiation triplets predicted by the model

Predicted
T signal  start Genes with
Species (3'-5') triplet observed start triplet
Prokaryotes UAAACYT UUG lacA, NDH, S20, lacl restart
proteins, T4 rlIIB restart
proteins
AUU Initiation factor 3
Beef and CAUAUUU UAU
Drosophila AUA Bovine URF-2, URF-3, URF-5
mitochondria UAA Drosophila cytochrome
oxidase subunit I
Human CAUA-UU UAU
mitochondria AUA URF-1, URF-3, URF-5
UAA
Yeast UAAACUU AUU URF-6L
mitochondria

T stands for 5-methyluridine. The references for the observed start
triplets are lacA (30), diphosphopyridine nucleotide dehydrogenase
(NDH) (31), ribosomal protein S20 (32), lacl restart proteins (45),
phage T4 rlIB restart protein (35), initiation factor 3 (36), and
mitochondrial genes (46—48) (URF, unassigned reading frame).
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remarkably, several mitochondrial genes begin with AUA,
UAA, or AUU (46-48), and each exhibits up to six bases of
complementarity with the T loop of the mitochondrial tRNA;
(see Table 2 for examples).

Prokaryotic Mutants Defective in A, D, and T Signals

A number of mutations whose effects on translation have
remained unexplained can be rationalized in terms of the
proposal that signals complementary to tRNA; modulate
initiation. Several that alter the initial AUG abolish transla-
tion as expected (2, 49-51). However, at least four mutants
of this type do not shut off protein synthesis completely: QB
coat protein (41), trpE (49), T4 rIIB (52, 53) (see Table 3), and
lacZ (54, 55). In these the AUG codon is changed to AUA,
resulting in lower but significant initiation at the correct site,
consistent with the use of an extended anticodon (40-44).

Recent experiments by Munson et al. (54) suggest that,
depending on the base-pairing potential of the translational
start domain, when two AUGs occur in the 5’ prestart region,
the one able to pair with the extended anticodon of tRNA; is
the preferred start codon.

A second set of mutations affecting the SD interactions
affect protein synthesis as expected. The sequences of some
of these have been summarized by Gold et al. (ref. 2; see also
refs. 50 and 51). Since the SD and D signals have bases in
common, mutations altering the SD region can overlap
potential D signals. In the little tumor antigen gene, ¢, of
simian virus 40 in plasmid pTR436 (Table 3) a two-base
substitution from GAAA to GCCA increases expression (2).
Note that the underlined sequence can pair with the 16S
rRNA while the overlined sequence cannot; CCA is part of
the D signal (Table 3). Similarly, in the lacZ gene, mutants
affecting the D signal CAG alter lacZ expression (54).

Other mutations between the SD domain and AUG (2, 55)
have remained unexplained—e.g., changes in the his leader
peptide of Salmonella typhimurium that alter the AUUU T
signal decrease expression (Table 3). Also, longer transcripts
of galE, containing AUUUC, translate 4 times better than
shorter transcripts lacking this sequence (56). The GUUU

Table 3. Effect of mutations in D, T, and A signals on the
efficiency of protein synthesis

Expression,
Gene Sequence % Ref.
tRNA; A loop 3'-CAAUACUCG-5'
trpE ACAAUGAAA 100 49
ACAAUAAAA 26
Qg coat protein CAUGG 100 41
CAUGA 280
CAUAG 10
CAU4A 33
T4 rlIB AUUAUGUA 100 51
AUUAUAUA 30
tRNA; D loop 3'-ADGGUCCGA-5’
t (pTR436) GAAAGAUGGAUA 2
GCCAGAUGGAUA )
tRNA; T loop 3'-UAAACYT-5""
his leader AUUUUUAUGACAC 2
AUGUUUAUGACAC i
AUGCUUAUGACAC !
T4 rlIB restart X UUUUGAAAAAUGCUGA 51

The efficiency of translation is given in percent or as 1 for
increased or | for decreased protein synthesis. The latter symbols
represent a minimum of 4-fold changes in expression. Base changes
are indicated by italics. Regions of D or T loop complementarity and
the start codon are underlined.
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sequence (57), a T signal, when inserted 5’ to the simian virus
40 ¢ gene enhanced its expression in prokaryotic cells 10-fold.

Striking mutations occur when premature termination
results in reinitiation of translation. In the T4 rIIB protein, 5
of 11 functional restart sites began with UUG (51) and
invariably contained regions of extended complementarity
with the T loop. Two restarts, X (Table 3) and 360, had no SD
signal but had T and D signals, respectively. Three of the
remaining restart sites contained four bases that could be SD
or D signals. No single mutant of this class obliterated a T
signal (2, 51). In view of the above, these results best fit the
idea that a T signal can be a critical determinant of initiation.

It is tempting to fit the sequences of many of these mutants
into differing arbitrary potential secondary structures. How-
ever, alternative structures can usually be drawn, and even
if these were responsible, one expects ribosomes to disrupt
secondary structures to initiate synthesis (1, 2).

Implications for the Start of Protein Synthesis

We propose that the code to initiate protein synthesis is more
flexible than previously thought. This proposal is based on
the ability of mRNA to complement one of the three tRNA;
loops in addition to or instead of the SD 16S rRNA region.
The prestart regions of most messengers are, in fact, mosaics
of sequences complementary to 16S rRNA and one or more
tRNA,; loops (Fig. 1, Table 1).

The D and T signals peak at about 14 bases from the
initiator codon. Approximately 50 A span the D or T loop and
the anticodon in the tRNA; molecules (21, 22). Thus, func-
tional tRNA; mRNA contacts involving D and T loops are
sterically possible.

In prokaryotes, signals are accommodated 3’ or 5’ to the
start codon, which is consistent with the finding that initiation
efficiency can be affected by bases 5’ or 3’ to the initiator (41,
44). If the signals are functional, then the 30S subunit could
support a tRN A, scan for a 3’ or 5’ signal prior to peptide bond
synthesis. Data for a scanning mechanism by 40S particles
are documented (12). Accordingly, in both eukaryotes and
prokaryotes codon-anticodon association could be length-
ened or absent altogether. Interactions of 16S rRNA could
also occur (58).

If these RNA-RNA contacts confer specificity, then there
could be a mechanism for promoting or displacing them so
that translation can continue. Reported interactions of the 5’
end of the tRNA; with the 23S rRNA (59) or the 16S rRNA
(58), or of the T arm of tRNA; with 16S rRN A (60), could play
such a role.

We propose that the association of fMet-tRNA;, 30S
particle, and mRNAs may involve interactions with signals
present in the latter, leading to many configurations, each
dependent on the sequence of the message. The ability of
such aggregates to reorganize into the proper configuration
may determine the efficiency of initiation. The conversion
could occur upon association of the ribosomal subunits, with
23S RNA displacing the mRNA from the lateral arms of
fMet-tRNA;. An overall increase in pairing stability could
drive such rearrangements. Thus, entering elongation would
require energy. Consistent with this is the fact that peptide
bond synthesis cannot occur when initiation complexes are
formed with nonhydrolyzable analogues of GTP (61). An
additional function of initiation factors and ribosomal pro-
teins could be to promote or destabilize RNA-RNA contacts.
This could explain the necessity for initiation factor-2-
catalyzed GTP hydrolysis in activation of ribosome-bound
tRNA; (62). Alternatively, an early mRNA-tRNA,; interac-
tion may occur independent of any proteins.

The model could be tested by analyzing the effects of
judicious tRNA; modifications on the specificity and efficien-
cy of protein chain initiation.
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Depending on the extent to which the T loop of tRNA; can
pair UUG, AUU, or UUU, the hypothesis of loop recogni-
tion predicts that the anomalous coding properties of tRNA;
are used to start the synthesis of perhaps many as-yet-
undiscovered genes (see Table 2 for discovered examples).
Alternatively, the conservation of such RNA pairing schemes
in diverse phyla could reflect an ancient mechanism of
translational initiation that utilized flexible RNA-RNA inter-
actions to ensure the preservation of the reading frame of
genes amidst adaptive evolutionary constraints.

Note Added in Proof. An alternative model for the AUU start in
initiation factor 3 has been proposed by Gold et al. (63).
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