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ABSTRACT The middle base (U35) of the anticodon of
tRNAGII is a major element ensuring the accuracy of ami-
noacylation by Escherichia coUl glutaminyl-tRNA synthetase
(GlnRS). An opal suppressor of tRNAGI, (su+2UGA) contain-
ing C35 (anticodon UCA) was isolated by genetic selection and
mutagenesis. Suppression of a UGA mutation in the E. colifol
gene followed by N-terminal sequence analysis of purified
dihydrofolate reductase showed that this tRNA was an efficient
suppressor that inserted predominantly tryptophan. Mutations
of the 3-70 base pair (U70 and A3U70) were made. These
mutants ofsu+2UGA are less efficient suppressors and inserted
predominantly tryptophan in vivo; alanine insertion was not
observed. Mutations ofthe discriminator nucleotide (A73, U73,
C73) result in very weak opal suppressors. Aminoacylation in
vitro by E. coil TrpRS of tRNAGID transcripts mutated in the
anticodon demonstrate that TrpRS recognizes all three nucle-
otides of the anticodon. The results show the interchangeability
ofthe glutamine and tryptophan identities by base substitutions
in their respective tRNAs. The amber suppressor (anticodon
CUA) tRNATrP was known previously to insert predominantly
glutamine. We show that the opal suppressor (anticodon UCA)
tRNAGIn inserts mainly tryptophan. Discrimination by these
synthetases for tRNA includes position 35, with recognition of
C35 by TrpRS and U35 by GlnRS. As the use of the UGA codon
as tryptophan in mycoplasma and in yeast mitochondria is
conserved, recognition of the UCA anticodon by TrpRS may
also be maintained in evolution.

The anticodon of tRNA is critical for recognition by ami-
noacyl-tRNA synthetases (1-4). For Escherichia coli glu-
taminyl-tRNA synthetase (GlnRS) genetic, biochemical, and
biophysical experiments have shown that all three anticodon
bases are important. The significance of uridine as the middle
base of the anticodon (U35) was first suggested when it was
determined that the amber suppressor su+7 (derived from
tRNATrP by a single mutation, C -- U35) was mischarged
with glutamine in vitro (5) and in vivo (6, 7). Chemical
modification of the uridine derivative in position 34 of
tRNAGIn (8) led to severe impairment of charging, while in
vitro mutagenesis and subsequent aminoacylation of tRNA
transcripts (9) showed the importance of all three nucleotides
of the anticodon for recognition. The crystal structure of the
GlnRS-tRNAGIn complex illustrates that each of the antico-
don nucleotides is recognized by a binding pocket formed by
the specific protein-tRNA interaction (10).

In light of these findings it was surprising that an opal
suppressor oftRNAGIn (with C in position 35) was isolated by
in vivo genetic selection (11). Thus, we wondered whether
glutamine was still charged to this tRNA. This was even more
in question because, in addition to the expected anticodon
change, the tRNA had another mutation at position 70 of its
acceptor stem. This C -* U70 mutation creates a G3-U70 base

pair, which is important for recognition by AlaRS (12, 13),
and thus the mutated opal suppressor may not be aminoac-
ylated with glutamine. However, suppression in vivo is a
powerful way of determining the effect of competition in the
aminoacylation of tRNA (14), which is important for the
specificity of aminoacylation (14, 15). The loss of a major
element for glutamine recognition (U -+ C35) can then be
studied with opal suppressors in vivo, as U35 is a dominant
feature for recognition of amber suppressors by GlnRS (16).
Mutants of the supE/su+2 amber suppressor tRNAGIn all
retain aminoacylation by glutamine to >95% (J. Sherman and
K. Rogers, personal communication). Competition in vivo
may result in the opal suppressor tRNAGln being mischarged,
or being inactive if other synthetases do not share the
recognition elements for the tRNA (17).
We have found that the active tRNAGln opal suppressor

SU+2UGAt is mischarged with tryptophan at high efficiency
in vivo. Aminoacylation by TrpRS in vitro, however, dem-
onstrates the requirement for all three nucleotides (CCA) of
the anticodon, as a transcript oftRNAGlnG1 (CCA anticodon)
is a much better substrate than this RNA with the opal (UCA)
anticodon. These data confirm that the recognition of the
anticodon is important for both TrpRS and GlnRS.

MATERIALS AND METHODS
Strains. E. coli LS653 (11) and XAC strains were described

previously (16). Strain KL2576 was a gift of E. Murgola
(University of Texas). Strains CSH39recA (18, 19) and CJ236
were used for in vitro mutagenesis, and DH5a for cloning.

In Vivo Isolation and DNA Sequencing of Temperature-
Resistant su+2UGA Mutants. The hybrid A/480 transducing
phage (h8%cI857psu+2UGA U70) was crossed with Aimm2l to
replace the cI857 marker with the imm2l (cI+) marker. The
resultant phage (h°imm21su+2UGA U70) was mutagenized
by preparing phage stocks with the soft agar containing 100
,ul of N-methyl-N'-nitro-N-nitrosoguanidine (1 mg/ml) and
the indicator bacteria CA274 (11). Mutagenized phage gave
about 3-5% clear plaques.
More efficient UGA suppressors were isolated by plating

the mutagenized h8°imm21su+2UGA U70 phage on strain
LS653 on M9 minimal lactose plates and incubating at 32°C
for 3 days. Larger colonies were isolated and phage were
prepared from these. A mutant from this phage was also
selected that showed suppressor activity at 42°C. DNA
prepared from the hybrid phages carrying the mutant UGA
suppressors was digested with HinclI and subjected to elec-
trophoresis in low-melting agarose. The fragments of 150-300
base pairs were extracted from the gel slice and recloned in
the HincII site of pUC18, selecting for ampicillin-resistant,
Lac+, Leu+ transformants of LS653. DNA sequence was

Abbreviations: GlnRS, glutaminyl-tRNA synthetase; DHFR, dihy-
drofolate reductase.
tsu+2UGA refers to the opal suppressor derived from tRNA2In, with
mutations indicated by, for example, su+2UGA C39 [change of
pseudouridine (NI) to cytidine at position 39].
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determined by dideoxy chain-termination, with double-
stranded DNA as template.
In Vitro Mutagenesis of su+2 and Mutants for in Vitro

Transcription. A synthetic gene for the amber suppressor
derived from tRNAG1n (su'2/supE), cloned on M13mpl8 was
used for in vitro mutagenesis (9, 19). An oligonucleotide
complementary to the anticodon TCA was annealed to single-
stranded DNA. The resulting opal suppressor mutants were
recloned on plasmid pGFIB (20) for constitutive expression.
For in vitro transcription, mutants of a synthetic tRNAGInG1
gene, with a G at position 1, were made by in vitro muta-
genesis. A synthetic gene for E. coli tRNATIP was con-
structed in pUC18, with deletion ofthe first nucleotide so that
transcription begins with G2 (tRNATrPAA1). Transcription of
a BstNI digest of plasmid DNA by T7 RNA polymerase was
under conditions described previously (21). The RNA was
purified by electrophoresis in denaturing polyacrylamide gels
and, after elution from the gel, by DEAE-cellulose chroma-
tography. After purification, transcripts of tRNAGInG1 still
contained about 10-20%o of a product one nucleotide shorter
(shown by electrophoresis in denaturing polyacrylamide gels;
data not shown). The tRNATrPAA1 transcript appeared ho-
mogeneous after purification.

Suppression Assays. (3-Galactosidase activity was assayed
(18) with XAC strains and strain LS653 containing the opal
suppressors either on a plasmid or as lysogens of mutants of
h8°imm21su+2UGA. Overnight cultures grown at the appro-
priate temperature (see Table 2) were inoculated into fresh
M9 medium supplemented with 0.2% glycerol, 0.2%
Casamino acids, thymine (30 ,ug/ml), tryptophan (30 ,ug/ml),
and vitamin B1 (1.0 ,Ag/ml). The cultures were shaken at the
temperatures indicated until midlogarithmic phase, and then
isopropylf3-D-thiogalactopyranoside was added (1 mM). Af-
ter shaking for 1 hr, the cultures were chilled on ice and
treated with toluene. The cultures were assayed for the rate
of hydrolysis of o-nitrophenyl 8-D-galactopyranoside, and
units of ,B-galactosidase were calculated (18).

Purification of Dihydrofolate Reductase (DHFR). Strain
YN2970 (22), mutated in release factor 2, was used for
expression of DHFR suppressed by su+2UGA suppressors
(20, 23). DHFR was purified from 3 liters of culture from
strains transformed with two compatible plasmids; contain-
ing the suppressor tRNA on a pGFIB derivative and a
pACYC184 derivative, pD3op, containing the E. colifol gene
with a UGA codon at position 3 (17). For suppressors of>5%
efficiency, the purified DHFR was sufficient for sequencing.
Suppressors <5% efficient gave DHFR of low yield and
below detectability for reliable sequencing. N-terminal amino
acid sequence was determined by the Protein and Nucleic
Acid Chemistry Facility, Yale University Medical School.
The lower yield of phenylthiohydantoin-derivatized tryp-
tophan ('20%; K. Stone, personal communication) was
taken into account in calculating the total; amino acids
present at <5% were not considered significant. The strain
YN2970/pD3op with no opal suppressor did not give suffi-
cient DHFR for sequencing (data not shown); readthrough of
UGA codons by tRNATA (24) is at a low level under these
conditions and not adequate to give DHFR for sequencing.

Purification of E. coli TrpRS and Aminoacylation Assays.
Strain DH5a was transformed with pCH6, a plasmid carrying
the E. coli trpS gene (25), and used for purification of TrpRS
as described (26). The in vivo E. coli tRNATrP was purchased
from Subriden RNA (Rolling Bay, WA). In vitro aminoacyl-
ation assays by TrpRS were carried out at pH 7.0 at 37°C (27),
and the catalytic parameters of TrpRS for the tRNAG0nG1
transcripts were determined under the conditions described
for tRNATrP. However, parameters were determined at pH
7.0; although the optimum pH for TrpRS activity was deter-
mined at pH 8.8 (27), rather than "bias" aminoacylation
toward tryptophan charging at this pH, conditions for gluta-

mine charging (28) were chosen. The assay mixture (0.5 ml)
contained 100 mM sodium cacodylate buffer (pH 7.0), 5 mM
MgCl2, 1 mM ATP, 0.1 mM [14C]tryptophan, and 0.01-1.0 jig
of TrpRS, depending on the tRNA substrate. The transcripts
were assayed over the range 0.1-10 kuM. Aliquots taken at
various time points were spotted on Whatman 3MM filter
discs, presoaked in 10 mM tryptophan. The discs were
washed and radioactivity was measured by scintillation
counting (28).

RESULTS
Opal Suppressor tRNAGIN Mutants. The opal suppressor

su+2UGA derived by genetic selection contained an addi-
tional mutation (C -* U70) in the acceptor stem (Fig. 1 Left)
(11). To determine the properties of tRNA0GI opal suppres-
sors without this additional U70 mutation or containing other
mutations important for the identity of the tRNA, we gener-
ated these suppressors from characterized tRNAGIn amber
suppressors (9). The opal suppressor tRNAG0n and the C -*
U70 and G -* A3/C -- U70 mutants were made by in vitro
mutagenesis (Fig. 1 Left). Position 73 of tRNA is important
for tRNA identity and has been termed the discriminator
nucleotide (29). For this reason, G73 was mutated to all other
nucleotides in the context of the glutamine opal suppressor.
The opal suppressor isolated in vivo was temperature-

sensitive for suppression of the lacZ659(UGA) mutation in
strain LS653 (Table 1). Therefore we wanted to select in vivo
for opal suppressor tRNAG0n derivatives that were tempera-
ture-resistant for suppression. Temperature-resistant rever-
tants of h°imm21su+2UGA U70 were isolated by suppres-
sion of lacZ659(UGA) in strain LS653 at various tempera-
tures. DNA sequencing showed that the mutation responsible
for the temperature-resistant phenotype in the tRNA was
T -- C39 (data not shown).
Suppression of the lacZ659(UGA) Mutation. Suppression of

lacZ659(UGA) was used to characterize mutants of the
tRNAGin opal suppressor. The temperature-resistant rever-
tant su+2UGA C39U70 suppresses at 30°C and 37°C (Table
1), whereas su+2UGA C39 suppresses at 42°C as well. As
discussed below, the role of this mutation is to increase
suppressor efficiency, consistent with previous results for
mutations outside the anticodon (30, 31). Mutations outside
the anticodon of su+2 amber suppressor have also been found
that probably increase suppressor efficiency (32, 33) and are
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FIG. 1. (Left) Opal suppressor su+2UGA derived from tRNA2 l.
Arrows indicate the positions of mutations made in the opal sup-
pressor in vitro and in vivo, as discussed in the text. The modified
nucleotides are inferred from the sequence of tRNA2GIn. (Right) E.
coli tRNATrp, with boxed nucleotides showing the identity elements
identified in this study. Arrow indicates the tRNATF7AA1 transcript
deleted so that transcription begins with G2.
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Table 1. Suppression in strain LS653 by mutants of su+2UGA

lacZ659(UGA) 3-Galactosidase
activity, units

Suppressor 300C 370C 420C (320C)
h8°imm21su+2UGA U70 + - - 9.3
h8°imm21su+2UGA C39U70 + + -%
h80imm21su+2UGA C39 + + + 220.0
psu+2UGA + + + 160.0
psu+2UGA U70 + + + 31.0
psu+2UGA A3U70 + + + 50.0
psu+2UGA A73 + + - *
psu+2UGA C73 + + - *
psu+2UGA U73 + + - *

Suppression was determined by growth (up to 3 days) on selective
plates at the temperatures indicated. To test complementation by
phage, a loop of phage (-5 x 109 phage per ml) was cross-streaked
against LS653 [lacZ659(UGA)]. +, Growth; -, no growth; ±, weak
growth. 1B-Galactosidase activity was assayed (Materials and Meth-
ods) and is expressed in Miller units. h8°imm21su+2UGA is the opal
suppressor on phage; psu+2UGA indicates the opal suppressor
cloned on plasmid pGFIB. *, Values were not above that for the
strain without opal suppressor (4.4 units).

not mischarged by the DHFR assay (34). It is not clear why
an opal suppressor with changes only in the anticodon was
not isolated by in vivo selection. As shown below, apart from
suppressor efficiency, su+2UGA and su+2UGA C39 are
indistinguishable.
The opal suppressor su+2UGA derived from tRNAGin by in

vitro mutagenesis suppressed lacZ659(UGA) similarly to the
su+2UGA C39 suppressor selected in vivo (Table 1). In
addition, the su+2UGA U70 and su+2UGA A3U70 mutants
suppressed lacZ659(UGA) in a somewhat temperature-
sensitive manner (Table 1). Mutants of the discriminator
nucleotide (su+2UGA A/C/U73) of su+2UGA were ex-
tremely weak suppressors that were also temperature-
sensitive (Table 1).
The assay of 3-galactosidase activity from the suppression

of lacZ659(UGA) correlated with the suppression seen at the
temperatures tested (Table 1). The su+2UGA U70 suppressor
gave the lowest f-galactosidase activity, whereas the C39
mutation increased the activity in the strain suppressed by
both su+2UGA C39 and su+2UGA C39U70. For the opal
suppressor mutants derived by in vitro mutagenesis, the
su+UGA suppressor showed the highest level of suppression,
whereas both su+UGA U70 and su+UGA A3U70 were
weaker suppressors. The difference between psu+2UGA
U70 (on plasmid pGFIB) and su+2UGA U70 (on phage) may
be due to higher plasmid copy number leading to elevated
levels of expression. Mutants of the discriminator nucleotide
(su+2UGA A/C/U73) of su+2UGA gave low levels ofB-ga-
lactosidase that were not above the level of LS653 with no
opal suppressor (su-).

Suppressor Efficiency. The lacI-Z fusion system has been
used to determine suppressor efficiency by measuring the
percentage of readthrough at a termination codon in the lacI
gene fused to lacZ (31). ,3-Galactosidase activity is then
proportional to suppression of lacI, with generally little effect
of the amino acid inserted by the suppressor. A number of
UGA codons in lacI were used, as the surrounding sequence
(or context) has an effect on the efficiency of suppression of
the termination codon, particularly with the su+9 tRNATrP
opal suppressor (35). Also, there is background suppression
of opal mutations in su- strains, presumably caused by
readthrough by tRNATTrp (24).
The strains XAC U4, U6, and U7 are isogenic with

termination codons at different places in lacI; suppression of
the U4 codon gives the highest values for suppressor effi-
ciency, whereas U7 is poorly suppressed in most cases and

U6 gives intermediate values for suppression. The values, as
determined by 3-galactosidase assays (18), are converted to
a percentage with 100% defined as the ,B-galactosidase ac-
tivity from strain XACA14 with a lacI-Z fusion but no
termination codon in lacl (31).
The results (Table 2) show that su+2UGA is 12% efficient

in strain U4 but only 0.6% efficient in strain U7 (this is below
the value for the su- strain, for reasons that are not clear) and
thus has a Lac- phenotype in strain U7. The su+2UGA C39
suppressor is of comparable efficiency in strain U4 but is
more efficient than su+2UGA in suppression ofU6 and much
more efficient in U7. Therefore, in codon contexts that are
difficult to suppress, the su+2UGA C39 and su+2UGA
C39U70 mutants are more efficient suppressors. The
su+2UGA U70 suppressor is less efficient (3.6-3.8%) in U4,
with the difference between phage- and plasmid-encoded
tRNA genes probably due to differences in levels of expres-
sion and/or modification. su+2UGA A3U70 is also a weaker
suppressor than su+2UGA in all the contexts tested. Like-
wise, all the position 73 mutants of su+2UGA showed weak,
temperature-sensitive suppression of U4, although the
su+2UGA U73 was marginally the most active, and showed
very weak growth on lactose minimal medium at 30°C (data
not shown). The su+2UGA U73 suppressor (GLNU73) had
been described as being inactive (23). Because the su+2UGA
N73 mutant suppressors had a marginal Lac' phenotype,
they were not studied in detail.
Amino Acid(s) Inserted by the Opal Suppressors. The spec-

trum of suppression by a number of amino acid substitutions
in the a subunit of tryptophan synthetase (trpA gene product)
has been studied extensively (36). At position 15, the wild-
type amino acid is lysine, but substitution by glutamine (and
a number of other amino acids; ref. 36) leads to a Trp+
phenotype. Thus, an opal suppressor inserting glutamine at
trpA(UGA15) gives Trp+. However, an opal suppressor
inserting tryptophan, or other amino acids at a reduced
efficiency, will give a Trp- phenotype. The suppression of
trpA(UGA15) then provides an assay for insertion of gluta-
mine by the opal suppressors derived from su+2 (Table 1).
While su+2UGA and su+2UGA C39 suppress trpA(UGA15),
all the other mutants of su+2UGA do not suppress this opal
mutation, either because they insert tryptophan (or some
other amino acid not compatible with tryptophan synthetase
activity), or because they have reduced suppressor effi-
ciency, or both.
The amino acid specificity of a suppressor tRNA can be

determined by purification and N-terminal sequencing of E.
coli DHFR expressed from an inducible promoter, with an
opal termination codon at codon 3 and an additional change
at codon 4 (Met -* Leu) to distinguish mutated from wild-type
DHFR (23). The DHFR is expressed from a plasmid (pD3op)

Table 2. Efficiency of suppression by mutants of su+2UGA
% suppression

Suppressor U4 U6 U7

su- 0.9 3.8 1.3
h'imm21su+2UGA U70 3.8 6.0 3.3
h8°imm21su+2UGA C39U70 6.4 11.6 4.0
h8°imm21su+2UGA C39 4.4 10.8 6.0
psu+2UGA 12.0 8.8 0.6
psu+2UGA U70 3.6 3.6 0.4
psu+2UGA A3U70 5.2 4.4 0.4
psu+2UGA A73 3.5 * *
psu+2UGA C73 3.3 * *
psu+2UGA U73 4.5 * *
Strains U4, U6, and U7 were grown at 32°C and /3-galactosidase

was assayed. Suppression is normalized to 100%o (-260 units) from
strain XACA14. *, not determined; the values were not significantly
above background (su-).
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compatible with the plasmid carrying the suppressor tRNA
gene. To increase the suppressor efficiency and thus the yield
of suppressed protein, purification was carried out in a strain
mutated in release factor 2 (22). DHFR from su+2UGA and
su+2UGA A3U70 has tryptophan at position 3 (88% and 90%o,
respectively; Table 3). The remaining 12% and 9%, respec-
tively, is glutamine (including glutamate, which results from
spontaneous deamidation). In the case of DHFR purified
from the weaker su+2UGA U70 suppressor, >90%o of the
signal was tryptophan (Table 3), with other amino acids
present at <5%, including the wild-type amino acid at this
position (serine). The opal suppressors derived from tRNAGln
are then efficient, tryptophan-inserting tRNAs, presumably
now being mischarged by E. coli TrpRS.
In Vitro Aminoacylation of tRNA Species. To test the

contribution of individual nucleotides of the anticodon to
TrpRS recognition, anticodon mutants of tRNAGInGl (the
transcript initiates with the G at position 1 instead of U) were
made for in vitro transcription by 17 RNA polymerase. The
anticodon of tRNAGln is CUG; the C35 mutant results in the
anticodon CCG, the U34C35A36 mutant gives the opal an-
ticodon UCA, whereas the C35A36 mutant has the anticodon
CCA corresponding to tRNATrr. As a control, a gene for E.
coli tRNATrP was constructed for in vitro transcription with
T7 RNA polymerase (Fig. 1 Right); Al was deleted so that
transcription initiates with G2 (tRNATrPIAl). Aminoacyla-
tion of the in vitro transcripts was compared with that of in
vivo purified tRNATrP (Table 4). The in vivo purified tRNATrp
was anminoacylated with kinetic parameters similar to those
described previously (27). The tRNATrpAAl transcript was
aminoacylated by TrpRS with a relative V/Km ratio 2.5 times
lower than in vivo tRNATrp; as has been found for other
systems, modified nucleotides in tRNA help maintain the
fidelity of aminoacylation by ensuring a tighter conformation
of the tRNA (21, 37, 38). The first nucleotide oftRNATrP does
not play a major role in recognition by TrpRS, as this
nucleotide is deleted in the transcript. This is also the case for
GlnRS recognition oftRNAGIn (9). The tRNAGInG1 transcript
that is the best substrate for TrpRS is one with the CCA
anticodon (tRNAG0nGlC35A36; Table 4) which has a V/Km
almost 10 times lower than tRNATrIAA1. However, since
both of the kinetic parameters for the reaction are affected,
other nucleotides in the tRNA aside from the major identity
elements in the anticodon contribute to tryptophan identity.
Surprisingly, the tRNAGInGlC35 (with the anticodon CCG) is
the next-best substrate for TrpRS, followed by
tRNAGlnGlUCA. Therefore, although the opal suppressor
derived from tRNAG0n is efficiently mischarged by tryp-
tophan in vivo (Table 3), in vitro tRNAGInGlUCA is not a
good substrate. Althbugh the first nucleotide (Gi) may act as
an antideterminant for TrpRS recognition, other reasons for
this discrepancy are discussed below. The tRNAGInGl (an-
ticodon CUG) was, as expected, a very poor substrate for
TrpRS, and kinetic parameters could not be accurately
determined. The C35 and A36 single mutants of tRNAGInGl
are very poor substrates for GlnRS in vitro (9); kinetic
parameters for aminoacylation by GlnRS of multiple anti-
codon mutants could not be obtained accurately (data not
shown).

Table 3. In vivo incorporation of amino acids into DHFR by
psu+2UGA and mutants

Opal suppressor Amino acids (%)

psu+2UGA Trp (88), Gln/Glu (12)
psu+2UGA A3U70 Trp (90), Gln/Glu (9)
psu+2UGA U70 Trp (90)*

*Estimated from small yield of amino acid at the site of the UGA
codon; other amino acids were not present at .5%.

Table 4. Aminoacylation with TrpRS

Km, V, V/Km
tRNA 1AM Amolmin- mg-1 (relative)

tRNATrp (in vivo) 0.29 4.5 2.5
tRNATrPAA1 0.37 2.3 1.0
tRNAGInG1* 94.0 0.0015 <1.0 x 10-5
tRNAGInG1C35 1.93 0.028 2.3 x 10-3
tRNAGInG1U34C35A36 5.52 0.0043 1.3 x 10-4
tRNAGInGlC35A36 1.66 1.2 0.12

Conditions for aminoacylation and determination of the kinetic
constants were as described in Materials and Methods; The tRNATrP
(in vivo) was isolated from cells; the other tRNAs were unmodified
transcripts.
*Catalytic parameters could not be accurately determined under the
conditions described.

DISCUSSION
tRNA Identity and the Trp/Gin System. The nucleotides

that determine the specific recognition of tRNA by its cog-
nate synthetase are termed the identity elements (16). This
recognition includes productive interactions with the cognate
synthetase and negative interactions to block the recognition
of non-cognate synthetases. The mischarging by tryptophan
of opal suppressors derived from tRNAGII suggests that the
identity oftRNATP involves anticodon recognition by TrpRS
(Fig. 1 Right). This is confirmed by in vitro aminoacylation by
TrpRS of tRNAGIn transcripts (Table 4); tRNA011G1 with the
anticodon CCA is a good substrate for aminoacylation by
TrpRS but is very poorly aminoacylated by GlnRS. Ami-
noacylation of tRNATrP transcripts also indicates anticodon
recognition by TrpRS (51). It is still a formal possibility that
the anticodon changes in tRNAG0n block the recognition by
GlnRS (and by "default" the tRNA is charged by TrpRS in
vivo) rather than enhance productive interaction with TrpRS.
If this is the case, the UCA anticodon is a negative determi-
nant for GlnRS recognition rather than a positive element for
TrpRS recognition. However, the efficiency of suppression
argues against this, as efficient suppression implies efficient
aminoacylation of the mutated tRNA (the level of incorpo-
ration of tryptophan in vivo is 88% with 0.6-12% efficiency
of readthrough). There may also be discrimination by elon-
gation factor Tu against tryptophan-charged tRNA (39) to
favor incorporation ofglutamine-charged tRNA by the trans-
lational apparatus, as this may account for the discrepancy
for the mischarging of the tRNATrP amber suppressor (su+7)
in vivo and in vitro (39). Therefore, the level of mischarging
detected by protein sequencing (Table 3) may represent a
lower value than the actual level of misaminoacylation by
TrpRS ofsu+2UGA observed in vivo. The in vitro aminoacy-
lation by TrpRS shows a requirement for recognition of all
three anticodon nucleotides, as the tRNAGlnG1 transcript
with the anticodon (UCA) corresponding to an opal suppres-
sor is a poor substrate for TrpRS, even though in vivo the opal
suppressor is an efficient suppressor. This is analogous to the
amber suppressor derived from tRNAG0n; the mutation G --

A36 has a large effect on charging in vitro (9) but the mutant
is an efficient glutamine-inserting tRNA in vivo (su'2/supE).
This is probably a reflection of the sensitivity of the in vivo
suppression compared with aminoacylation in vitro.
The discrimination between TrpRS and GlnRS includes

recognition of the middle position of the anticodon, and
TrpRS may recognize this position in a similar manner as
GlnRS (10), as they are both class I synthetases (40). How-
ever, TrpRS is a 74-kDa a2 dimer, while GlnRS is a 63-kDa
monomer; the apparent similarity in recognition of both the
anticodon and acceptor stem by the two enzymes suggests
that TrpRS may bind tRNA across the surface of the dimer.
This question awaits the structural analysis of TrpRS (41).
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Is the Acceptor Stem oftRNA the Primary Site of Interaction
by Synthetases? It is surprising that the opal suppressor
derived from tRNAGln retains glutamine acceptance in vivo,
as all three anticodon nucleotides are specifically- recognized
by GlnRS (10). This implies that identity elements in the
acceptor end of tRNA01n are a major site of interaction with
the synthetase, with anticodon recognition serving to mod-
ulate the specificity. This is supported by results from the
3-70 mutants and 73 mutants of su+2UGA. The recognition
of the 3-70 base pair may not be critical for TrpRS, and
competition with GlnRS, which specifically recognizes the
G3-C70 base pair (19), results in charging with GlnRS, and
thus reduced suppressor efficiency of su+2UGA A3U70 and
su+2UGA U70. In addition, G73 forms a specific intramo-
lecular interaction in tRNAGln that contributes to glutamine
identity (42); this may be the case for tRNATrP identity (Fig.
1 Right) as the position 73 mutants of su+2UGA are ex-
tremely weak suppressors. It is possible to divide tRNAs as
opal suppressors into classes based on the discriminator
nucleotide; with G73 the opal suppressor is primarily recog-
nized by TrpRS, while with A73 or G73 (and A20) (17)
recognition is by ArgRS, and with U73, by GlyRS (23, 36).
That the acceptor stem plays a major role in tRNA recog-

nition is supported by specific aminoacylation of minihelices
derived from the acceptor stem of tRNAml and tRNAHiS
(e.g., ref. 43). Moreover, mutants of GlnRS with altered
acceptor-stem recognition show relaxed tRNA specificity
(44). Transplanting the proposed tryptophan identity ele-
ments into, for example tRNAfmet (45), may reveal the
contribution of the acceptor stem to tRNATrP in vivo.

Evolution of TrpRS Identity. The UGA codon (usually a
termination codon) has been found in a number of cases to
direct insertion of tryptophan. In E. coli, two opal suppres-
sors derived from tRNATrP have been isolated. One suppres-
sor (su+7UGA) has the expected mutation in the anticodon
(46), whereas the other suppressor (su+9) has a G -* A24
mutation in the D stem (47). The insertion of tryptophan at
UGA codons may be conserved, as mycoplasma, which are
related to Gram-positive eubacteria (48), have two tRNATrp
genes (49); the minor (115%) tRNATrP has the usual CCA
anticodon, whereas the major tRNATrp possesses a UCA
anticodon. The UGA codon may also be read as tryptophan
in eukaryotic mitochondria, as the gene for tRNAT,,A is
found, for example, in yeast mitochondria (50). Assuming
that TrpRS recognition is conserved in these cases, the
identity of tRNATrp may also be conserved in evolution.
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