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ABSTRACT We describe an assay that converts the effects
of tRNA-tRNA contacts at two particular codons into a quan-
titative effect on ,8-galactosidase level. The assay measures the
separate and combined efficiency of suppression at adjacent
nonsense codons in vivo using a set of specially created homol-
ogous messages. In a survey of distal anticodon arm substitu-
tions, we find that particular mutant tRNAs occupying the
P-site reduce the apparent efficiency of the suppressor tRNA
reading the A-site codon by factors of 2-170. By using mea-
sured tRNA-tRNA distances and the crystallographic tRNA
structure, we propose a model of the tRNA-tRNA-mRNA
complex. In the model, the anticodon loops of the P-site and
A-site tRNAs contact one another in a way that is consistent
with our combined tRNA efficiency data. These results suggest
that tRNA-tRNA interactions that modulate tRNA action are
an inevitable feature of translation.

There are several reasons to suspect that tRNAs interact with
one another on the ribosome. One reason, perhaps the most
compelling, is found in the topology of translation: tRNAs
bind adjacent codons, and nascent peptide must be trans-
ferred to the incoming amino acid. Thus both the anticodon
loops and 3' ends of the P-site and A-site tRNAs should
approach one another at some time, if not throughout the
translational cycle. This reasoning finds experimental sup-
port in the measurement ofthe distances between fluorescent
probes attached to ribosome-bound tRNAs (1-3), which
places A- and P-site tRNAs no more than a few angstroms
apart.
The non-uniform nature of the translational process sug-

gests that tRNA-tRNA interactions have a functional signif-
icance: the rate at which a codon is read appears not to be
constant but depends on the identity of the codon's neigh-
bors, a phenomenon known as the "context effect" (4-7).
Contacts between tRNAs have been proposed as one source
ofnon-uniformity (4, 8): different sets ofcontacts for different
pairs of A- and P-site tRNAs alter the rate of A-site occu-
pation.
We have designed a genetic assay for functionally signif-

icant tRNA-tRNA interactions that appreciably alter the rate
ofaminoacyl-tRNA selection. The principle of this assay can
best be described by its null hypothesis: if tRNAs do not
interact, then translation of a codon should be insensitive to
changes in the structures of neighboring tRNAs. A test of the
hypothesis requires a system in which translation at a spec-
ified codon can be monitored when the structure of a neigh-
boring tRNA is altered.

Fig. 1 outlines such a system. The plan of the experiment
is to alter a single site in the P-site tRNA and to measure the
rate of aminoacyl-tRNA selection at the adjacent codon as
compared to a control. The tRNAs translating both codons
can be controlled, and translation at the A-site codon can be
measured during the steady state in vivo by using nonsense

suppressor tRNAs. The probability of suppression measures
the rate at which the A-site tRNA translates its codon (9, 10),
because a nonsense suppressor tRNA competes with its
release factor. We vary the UAG suppressor tRNA at the
P-site and use a constant UGG/UGA-reading tRNA for the
other codon. During translation of both controls and the test
message (Fig. 1), both ribosomal sites are occupied by a
derivative oftRNATrp (E. coli). Thus tRNA-tRNA interfaces
are equivalent throughout the experiment except for the
effects of a single change in the P-site tRNA.
The null hypothesis ofno interaction posits that translation

of neighboring codons is independent. For nonsense sup-
pression this means that the probability oftransmission of the
nascent peptide (rather than termination), also called the
efficiency of suppression, of adjacent codons is independent.
Experimentally, if suppression efficiency in the test allele
with adjacent nonsense codons (Fig. 1 Right) differs signif-
icantly from the product of the efficiencies of the controls
having single nonsense codons (Fig. 1 Left), this difference
reflects the effect of the structural alteration of the UAG
(P-site) suppressor acting on the efficiency of the UGA
(A-site) suppressor. We call the ratio of the observed to
expected efficiency the translational nonindependence. This
ratio increases as interference between tRNAs increases.
The source of the signal in this assay needs special em-

phasis. Since the mutant P-site tRNA has an A-site neighbor
in both control and test, one might expect the potential effects
ofa P-site mutation to manifest themselves in both the control
and the test (Fig. 1). How, then, is translational nonindepen-
dence detected? The answer is that reduction in the rate of
A-site occupancy by a sense tRNA at a sense codon (in the
control) slows transit of 1 codon in 1028 along the lacZ
message, with small or no effect on the gene product. A
similar reduction in the rate of A-site occupation by a
nonsense suppressor tRNA at a nonsense codon (in the test),
however, can increase the probability of termination by
release factor and so cause a marked reduction in the yield of
gene product. Our test exploits the difference between sense
and nonsense codons to amplify rate differences in tRNA
selection as a result of changes in a single tRNA-tRNA
interface.
By using this system, we have identified tRNA structures

that affect the efficiency of translation at adjacent codons
and, by use of a second test, distinguished direct effects (i.e.,
those attributable to tRNA-tRNA contacts) from indirect
interactions.

RESULTS
tRNA-tRNA Interactions Can be Detected by Genetic

Means. The results of the survey of P-site tRNA structures
that can affect translation at the A-site are shown in Fig. 2,
which plots the expected/observed suppression at UAG
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FIG. 1. Test for functional tRNA-tRNA interactions. tRNAs are

shown binding to their codons in the two control (Left) and test
(Right) messages. If tRNAs do not interact, or their interactions are

equivalent, suppression efficiency of the test message (EUAG-UGA)
should equal the product of the efficiencies of the controls (EUAG X
EUGA). Amino acid abbreviations denote parental tRNAs; UAG
suppressor derivatives of tRNATrIP actually insert gluatmine. Termi-
nation codons, whose tRNAs are manipulated in these tests, are

underlined. The strains used are Escherichia coli K-12 (Alac-pro,
recA56, trpT178). The UGG/UGA-translating tRNA (Su9 Su7
A24) replaces tRNATrp on the chromosome, the lacZ alleles are

carried on a chloramphenicol-resistant plasmid with a pl5a origin (9),
and the UAG suppressor tRNA gene is carried on a compatible colEM
origin, tetracycline-resistant plasmid (10). Strains were grown and
f3-galactosidase activity was assayed as described (9).

UGA against the expected suppression. Translational non-

independence is indicated by distance along the y axis; the x
axis is not the independent variable but serves to separate the
UAG suppressor tRNAs in order of increasing activity (Fig.
2 legend). The tRNAs used are a set of site-directed mutant
derivatives of the E. coli tRNATrP-based UAG suppressor
Su7 (10, 11), which saturate the anticodon loop and distal
portion of the anticodon stem. We begin with a discussion of
the controls built into this assay and of the nature of the
information provided by it.

Suppression Efficiency and Nonindependence Are Uncon-
nected. Since the x axis orders the UAG suppressors by their
activity, the graph in Fig. 2 shows what, if any, relationship
exists between suppression efficiency (the fraction ofnascent
peptides transmitted) and nonindependence in the translation
of adjacent codons. Nontranslational or indirectly transla-
tional effects, such as transcriptional polarity, might reveal
themselves through a dependence on suppression efficiency.
For polarity, the points should fall on a line with a negative
slope: nonindependence should decrease as suppression ef-
ficiency increases. Although there may be a trend in this
direction, the data show that there is no necessary relation-
ship between suppression efficiency and translational non-
independence, as weak suppressors often show no more

nonindependence than the parental suppressor Su7 or other
efficient suppressors. In addition, suppressors of similar
efficiency often show different levels of nonindependence.

Effects of Cell Physiology on Nonindependence Are Con-
trolled. The argument that nonindependence is a directly
translational property is supported by a survey of mRNA
levels of the reporter lacZ alleles in a sample oftRNA mutant
strains (Su7, A32, A33). RNA from the appropriate strains,
which show the extreme of nonindependence we have ob-
served (Fig. 2), was extracted and immobilized on Amersham
Hybond-N filters by use ofa dot-blot manifold. The RNA was

probed (9) by 32P-labeled synthetic oligonucleotides comple-
mentary to the 5' or 3' ends of the lacZ coding sequence.
Differences in the levels of mRNA from the test and control
alleles were never found to vary by more than a factor of 3,
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FIG. 2. Effect of P-site tRNA anticodon arm mutations on

tRNA-tRNA interactions. The x axis plots suppression efficiency
expected (Exp) at UAG UGA if tRNAs do not interact: EUAG X

EUGA. EUGA is nearly constant, 1-2%, and thus the mutant UAG

suppressors are ordered by their efficiency, most efficient on the
right. The y axis plots the ratio of suppression efficiency expected at
UAG UGA (EUAG X EUGA) to that actually observed (Obs) (EUAG-
UGA). If EUAG x EUGA/EUAG-UGA is >> 1, the mutation in the P-site

tRNA is reducing suppression efficiency at the A-site. No suppres-
sion of the UAG UGA test allele was detectable for A33 and G37: the
ratios shown are minimal. The homologous pseudo-wild allele pro-
duces 15,800 units of f-galactosidase activity. Helix mutations are

named by their 3' member (positions 39, 40, 41) when the comple-
mentary second mutation is implied. A29, an A29-C41 mismatch, is
the single deviation. Standard errors are ca. 20% of the values on

each axis. The parental Su7 suppressor is boxed, and a band
representing ±2 standard errors (dotted lines) is centered on the Su7
point. (Inset) tRNA anticodon arm, showing the parental Su7 se-

quence and the numbering for mutations. A* = ms2i6A.

a difference that is insufficient to account for the observed
translational nonindependence.

Potential physiological effects of the two termination sup-
pressors cannot account for translational nonindependence.
All measurements for one tRNA are made in isogenic strains
with both suppressors present in both controls and test. The
bacteria are therefore genetically and physiologically identi-
cal. The sole differences between the control and test strains
are the single nucleotide substitutions in the reporter gene
(lacZ, Fig. 1), which is not required for cell growth.
Comparison of tRNA's Controls for mRNA Structure. The

ratio of expected to observed suppression at adjacent codons
could reflect not only tRNA-tRNA interactions but also two
differences in the control and test mRNAs found at the
second position of the P-site codon and in the third position
of the A-site codon (Fig. 1). These mRNA sequence differ-
ences may contribute, through effects on mRNA levels or

structure, a basal difference between control and test effi-
ciencies. This effect may perhaps be observed in the example
ofSu7, which differs minimally from normal tRNATrIp, having
the same sequence outside the anticodon. The expected/
observed value for Su7 (Fig. 2) indicates that translation at
the adjacent nonsense codons is five times less efficient than
expected.

Therefore, our analysis compares nonindependence for
different tRNAs to one another rather than to theoretical
values. Because all tRNAs translate the same messages, any
effects of the messages on nonindependence are systematic.
Thus we conclude, for instance, that the introduction of the
A33 mutation into the P-site tRNA causes a 30-fold increase
in translational nonindependence (compare Su7 A33 to Su7).
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tRNA Structure and Nonindependence. The anticodon loop
is more influential than the helix in determining nonindepen-
dence. Fig. 2 shows that 9 of 20 of the anticodon helix and
loop substitutions tested significantly increase translational
nonindependence above the level observed for the minimally
altered suppressor, Su7. Increases in nonindependence are
observed at all four of the mutated positions in the anticodon
loop. Ofthe 11 loop substitutions tested, only 2 (C37 and C33)
fail to appreciably increase nonindependence. Notably, loop
substitutions that alter nonindependence always increase it:
the wild-type anticodon loop in Su7 appears optimal for the
adjacent tRNA.

In contrast, 0 of 9 base-pair substitutions at three positions
in the stem increase nonindependence over the basal level,
and 2 (A40 and U40) cause a slight reduction. The stem
therefore is a minor site of tRNA-tRNA interaction; even the
mid-helix mispair mutant (A29-C41) has no appreciable effect
on nonindependence.
The 5' Side of the Anticodon Loop Is Most Influential. P-site

tRNAs with purine substitutions in the 5' side of the anti-
codon loop (positions 32 and 33) show the most marked
interactions, decreasing A-site suppression efficiency >30-
fold below the level of the unmutated suppressor. The effect
at position 33 is greater than the effect at position 32, and the
substitution of adenine has a larger effect than the substitu-
tion of guanine at both positions. Because pyrimidine sub-
stitutions here show smaller effects (especially C33), it is
likely that the greater size of the purine bases contributes to
their high levels of nonindependence. We will argue that
these purines on the P-site tRNA produce nonindependence
in translation by occlusion of the A-site.

Substitutions on the 3' side of the anticodon loop (positions
37 and 38) have smaller effects on nonindependence. These
substitutions may cause an 2-fold increase in nonindepen-
dence relative to the parental suppressor (Su7), but we see no
clear pattern that relates nonindependence to position or type
of substitution. The effects of these mutations may be com-
municated through loop structure rather than through imme-
diate contacts of the mutated base with the A-site tRNA.
Comparison of the nonadditivities of the U32 tRNA with that
of the double mutant U32G38 supports this interpretation.
Introduction of the G38 mutation somewhat reduces the
nonadditive effects of the U32 mutation, and positions 32 and
38 oppose each other across the anticodon loop (Fig. 2 Inset),
where an interaction between them is quite plausible.
A Test for Specific Contacts Between tRNAs. Although these

experiments detect significant interactions between tRNAs,
they do not distinguish direct structural contacts of the
mutated base from those that have a more indirect mecha-
nism. One test of direct interactions is to determine the
dependence of the effects on the relative orientation of the
two tRNAs. A mutant base in the P-site (UAG suppressor)
tRNA that contacts the A-site (UGA suppressor) tRNA
cannot make the same contact when the tRNAs are ex-

changed. An indirect effect (e.g., through suppression of
natural terminators) would have a similar effect on noninde-
pendence regardless of the tRNA-tRNA interface in our test
message. We repeated our measurements using a set oflacZ
messages in which codon order has been reversed; UGA is
the P-site codon and UAG is the A-site codon.

Fig. 3 shows that most of the nonindependence has disap-
peared upon reversal of codon order, most notably for tRNAs
with substitutions on the 5' side of the anticodon loop (A33,
A32, U32). Whereas these substitutions lowered suppression
by a factor of 10-170 below that expected in the codon order
UAG UGA, this factor is reduced to 1-4 in the order UGA
UAG and is not very different from the parental suppressor

(Su7). Because nonindependence in translation caused by
these tRNAs is very dependent on tRNA-tRNA orientation,
they meet this criterion for direct interaction.

Lii
x
0 j(3

0

X3 Q

LLI
3C:

5

4

3

2

0 2 4 6 8 10 12 14 16

EXP = EUAG XEUGA ( X 0 3)

FIG. 3. Effect of relative orientation on tRNA-tRNA interac-
tions: Nonindependence after reversal ofcodon order. See the legend
to Fig. 2 for explanation of the axes.

DISCUSSION
The Case for tRNA-tRNA Contacts. The results we present

in this paper show that changes in the structure of a tRNA at
one codon affect translational efficiency at its 3' neighboring
codon. The highly controlled nature of the experiments with
respect to cell physiology, mRNA levels, mRNA structure,
and tRNA structure leads us to conclude that the defined
mutations introduced into the suppressors are in fact the
source of measured changes in translational nonindepen-
dence.
Though interaction through the ribosome is possible, we

believe that the simplest explanation of the data is one of
tRNA-tRNA interactions, either by contacts of two tRNAs
mediated by the mutant bases or indirectly through contacts
at a second site. Direct interactions define the area of contact
and so are informative with respect to the topology of the
tRNA-tRNA-mRNA complex on the ribosome. The indirect
effects of substitutions (i.e., on the 3' side of the loop) are less
informative with respect to translational topology but also
identify tRNA structures that affect formation of a productive
ribosomal complex.
The 5' Side of the P-Site Anticodon Loop Contacts the A-Site

tRNA. The substitution of purines for the conserved pyrim-
idines in the 5' side of the anticodon loop produces the
greatest departure from expectation (2170-fold), and this
effect depends critically on the physical interface between the
P- and A-site tRNAs (Figs. 2 and 3). The simplest interpre-
tation of these results is that the 5' side of the mutant P-site
anticodon loop is in contact with the A-site tRNA at the site
of the mutations. Substitution by the larger purine bases may
actually occlude the A-site and so reduce the rate at which the
A-site tRNA is accepted at the A-site codon. This may
explain the virtually universal occurrence of pyrimidines at
positions 32 and 33 in natural tRNAs.

Nature of the Contacts. There is a chemical effect of 5'
anticodon loop substitutions. At both positions 32 and 33,
adenine has a greater negative effect than guanine. Because
the molecular mass of adenine is less than that of guanine,
size is not the sole factor in determining nonindependence:
unfavorable tRNA-tRNA interactions are either ameliorated
by the exocyclic groups of guanine (2-amino and 6-keto) or
worsened by the exocyclic group of adenine (6-amino).
Another nonsteric effect may account for the phenotype of

the U32 substitution, which causes as much nonindepen-
dence as G32. Note that the effect of this transition substi-
tution is greater than that of the equivalent one at position 33
(C33, see Fig. 2). The phenotype of U32 may be related to its
effects on 2' 0-methylation of ribose 32: U32 reduces meth-
ylation more than any other of the loop substitutions (10).
Possibly this methyl group is involved in a favorable tRNA-
tRNA contact, and so its loss is equivalent to interference.
A Model of the tRNA-tRNA-nRNA Complex. We wish to

show that our genetic test leads to a plausible molecular
complex. The following structural discussion refers to the
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rate-limiting steps during binding of a new aminoacyl-tRNA,
which is when the outcome of our experiment is determined.

Beginning with A- and P-site tRNAs in the conformation of
yeast tRNAPhe (12), we arranged the molecules to conform
with the measurement of the distances between fluorescent
bases on ribosome-bound tRNAs (1-3), with the additional
constraint that the 3' ends (which bear the peptide and the
amino acid) be within 25 A of one another. The flexibility of
the 3' extension can easily be used to bring the 3' ends
together from this distance. All ofthese constraints cannot be
accommodated simultaneously without some overlap of the
van der Waals' radii of the two tRNAs. The final model is
outside of the reported experimental error for one of the five
distance measurements.
Next we adjusted the model to permit contacts suggested

by the genetic data and paired a two-codon segment of helical
RNA to both anticodons. At this stage, close contacts
between the anticodon wobble nucleotide of the P-site tRNA
and the hypermodified purine 37 of the A-site tRNA ap-
peared. Such close contacts are nearly inevitable at the
junction between the P- and A-site anticodons, which must be
brought together to pair with a continuous message. These
contacts were relieved using ca. 200 rotation of the P-03'
bonds flanking A-site nucleotide 37, well within the range
observed for P-03' bonds in oligonucleotides and tRNA
itself (12). Perhaps the frequent modification ofnucleotide 37,
just 3' to the anticodon (Fig. 2 Inset), facilitates this tRNA-
tRNA contact. Our final model (see Fig. 5) suggests that
message can plausibly contact both anticodons while the
tRNAs interact as required to satisfy the genetics.

Synthesis of Genetic and Crystallographic Data. The general
form of this model (Fig. 4) is roughly similar to that originally
proposed by Rich (13): near approach of the anticodon
regions and 3' ends and an angle between the planes of the
tRNAs. The gap between the 3' base of the P-site codon and
the 5' base of the A-site codon is 10 A, a distance that sets the
helices of the anticodon stems in register and so reduces
potential hindrance between them. The closest approach of
the two tRNAs is at their anticodon loops. However, the
variable loop ofthe P-site tRNA approaches the D-loop of the
A-site tRNA, suggesting that these regions could be involved
in tRNA-tRNA interactions. We propose that the trans-
dominant mutations in the variable loop oftRNAPhC, reported
to deattenuate the PheRS operon (14), may be defective in
tRNA-tRNA interactions in this region.

Fig. 5 focuses on the anticodon loops. Our genetic results
show a functional interaction ofthe 5' side of the P-site tRNA

anticodon loop with the A-site tRNA. The model allows the
most influential bases of the P-site loop (32 and, particularly,
33) to approach the A-site tRNA at bases 38-40, just 3' to its
anticodon. We therefore predict that mutations in the A-site
tRNA at nucleotides 38-40 will alter and perhaps revert the
nonindependence caused by purine 32 and 33 substitutions.

In Fig. 5, A33 is in the syn conformation permissible for
purines. This transformation allows the base to be better
accommodated within an anticodon loop of normal confor-
mation. The syn conformation is also suggested by our
genetic data, because adenine produces more interference
than guanine at both positions 32 and 33. The data thus
suggest the participation of the exocyclic groups in the
tRNA-tRNA contacts, and these groups are not readily
available to the A-site tRNA unless the bases at position 33
ofthe P-site tRNA are rotated to the syn conformation. In this
model, the van der Waals' radius of the P-site tRNA A33-
amino overlaps the backbone at nucleotides 38-39 of the
A-site tRNA, producing a partial occlusion of the A-site.
The difference between the unmutated anticodon loop and

the A33 loop is small and requires extremely close approach
of the loops for A33 in the P-site to contact the A-site tRNA.
The distance that A33 (syn) protrudes is at most only 2.3 A
more than U33. Therefore 2.3 A is an estimate ofthe maximal
distance between unperturbed nonmutant anticodon loops at
this point. This small distance allows the tRNAs to interact
via hydrogen bonding and electrostatic and London forces.
Indeed, such interactions are unavoidable at this distance.
Comparison with Previous Models. It is difficult to reconcile

these results with models in which ribosome-bound tRNAs
are not side by side; for example, Woese's reciprocating
rachet (15). Even in previous side-by-side models (3, 13,
16-18), the 5' side of the P-site loop does not seem to contact
the A-site tRNA. Therefore, the disposition of the tRNAs in
Figs. 4 and 5 is novel in this respect. Put another way, it now
seems fair to conclude that the P-site tRNA anticodon loop
forms one wall of the A- or coding site within the ribosome.

Implications for RNA Structure. It seems plausible that the
anticodon loops of tRNAs have evolved to make their
contacts in the A- and P-sites favorable, given that contact
between anticodon loops is expected to be destabilized by
electrostatic repulsion between the negatively charged phos-
phates of the tRNA backbones. The near-universal conser-
vation of pyrimidines on the 5' side of anticodon loops may
be one expression of this constraint (see Fig. 2).

In our model, several plausible hydrogen bonds can be
drawn between 2'-OH groups on one tRNA and phosphate

the left and the A-site is on the right. The
tRNA 3' ends are at the top. The portion
of the tRNA varied in these experiments
is shown in detail, and the rest of the
tRNA is represented as a line connecting
phosphates.

Proc. Natl. Acad. Sci. USA 86 (1989)
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A B

FIG. 5. Close-up of anticodon arms and message, in the same orientation as Fig. 4. (A) Adenine has been substituted for uracil at position
33 in the P-site tRNA. The rotation of the base to the syn conformation causes it to protrude into the groove behind the P-site tRNA anticodon.
(B) Space-filling model. RNA backbones are shown in light and dark blue on the P- and A-site tRNAs, respectively; the bases are green and
magenta, respectively. The base moiety of A33 is red-orange. The black structure most clearly visible at left is the message.

oxygens and 3-0 groups on the other. A slight unwinding of
the A-site anticodon stem would allow others, including
uridine-2'-OH bonds like those described for an RNA crystal
(19). This tRNA-tRNA complex is an intermolecular nonhel-
ical RNA-RNA interaction that may have found other uses.

We note that the loops involved in the initial binding of the
colEl origin RNA I and primer to one another have structures
that mimic anticodon loops (20).
tRNA-tRNA Interactions and Gene Expression. We believe

that tRNA-tRNA interactions of the type we have described
apply to the mechanics of the normal translational cycle.
Although many of our mutations create unnatural tRNA
sequences (e.g., A33), others are common (e.g., U38) to
wild-type tRNAs and so are likely to exemplify the effects of
sequence differences between wild-type tRNAs. In experi-
ments not shown, we compared a series ofamber suppressors

that differ from normal parental tRNAs only in their anti-
codons (e.g., ref. 21). We find a 9-fold range of nonindepen-
dence for these tRNAs. This further supports the notion that
tRNA-tRNA interactions differ among normal tRNAs. This
should alter translational step time and ultimately gene

expression.
This conclusion is also consistent with that of Yarus and

Folley (7), who noted a pattern of correlation between the
identities of the third nucleotides of adjacent codons in
weakly expressed E. coli genes. They suggested that this
spacing precludes a direct effect of the correlated bases on

each other or on the adjacent tRNA and may instead require
contact between adjacent tRNAs. It was subsequently shown
(8) that introduction of this pattern into a message can reduce
gene expression.

These experiments were supported by National Institutes of
Health research Grant GM30881 to M.Y.
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