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ABSTRACT. Specific proteir-nucleic acid interactions are usually the product of sequence-dependent
hydrogen bonding. However, in the crystal structureEstherichia coliglutaminyl-tRNA synthetase
(GInRS) in complex with tRNA™™, leucine 136 (Leul136) stabilizes the disruption of the weak first (U1-
A72) base pair in tRNA" by stacking between A72 and G2. We have demonstrated, by a conihined

vivo andin zitro mutational analysis, that Leu136 is important for tRNA specificity despite making no
hydrogen bonds with tRNA". Both more (L136F) and less (L136V, L136M, L136A, and L136T)
mischarging mutants of GInRS have been identified. GINRS(L136F) is more mischarging and less specific
than wild-type GInRSn vivo, due not to an increased affinity for the noncognate tRNAs but to a decreased
affinity for tRNACM.  Also, unlike other mischarging mutants of GInRS that have been characterized, it
does not exhibit generally relaxed tRNA specificityzizo and mischarges only a subset of the tRNAs
tested. A possible sequence preference for a Pyl-Pu72/Pu2-Py71 combination is suggested. The L136A/
M/T/V mutants are the first GInRS variants, including wild-type, expressed on pBR322 which no longer
mischargetyrT(UAG) invivo. We have shown that, while the L136A mutant is less mischarging than
wild-type bothin vivo andin witro, it is not more specific as it also exhibits reduced affinity for its
cognate glutamine tRNA. On the basis of these results, we suggest that the aminoacyl-tRNA synthetases
have evolved to balance cognate tRNA recognition and discrimination against noncognate tRNAs.

The accuracy of protein translation depends on the fidelity et al., 1988). In addition, many tRNA mutants and artificial
with which the correct amino acids are esterified to their amber suppressors are recognized by GInRS (Normanly &
cognate tRNA molecules by aminoacyl-tRNA synthetases Abelson, 1989; Sherman et al., 1995). Although the muta-
(AARSSs). In wivo, a synthetase is presented with the tions which confer glutamine identity on tRNAs are located
challenge of selecting its cognate tRNA from among ap- mainly in the anticodon, a number also weaken the acceptor
proximately 60 different tRNA species. In essence then, the stem (Rogers & Sb 1988; Seong et al., 1989; Varshney et
tRNA recognition problem is as follows. How does an al., 1991a; Normanly et al., 1992). The crystal structure of
AARS specifically recognize its cognate tRNA and discrimi- the GINRSARNA"/ATP ternary complex has provided an
nate against noncognate tRNAs when the secondary andexplanation for this sequence preference (Rould et al., 1989).
tertiary structures of tRNAs are so well-conserved? In the complex, the U1-A72 base pair of tRRRAis broken

While a great deal is known about tRNA identity and and the CCA end bent back toward the anticodon. Similar

recognition elements and the competitionzivo between  disruption of the acceptor stem has been observed for
AARSs for a given tRNA, relatively little is known about tRNA™etand has been predicted to occur in precursor tRNA
the tRNA specificity determinants which reside on the AARS interacting with M1 RNA of RNase P (Ferguson & Yang,
due to its relative complexity and large size (Schulman, 1991; 1986; Westhof & Altman, 1994). In tRNA, this confor-
Giege et al., 1993). The solution of numerous AARS crystal mation is stabilized by a hydrogen bond between the N2 of
structures has facilitated the understanding of AARS speci- G73 (the discriminator) and the phosphate oxygen of A72
ficity determinants and has also led to a more direct approach(hence the need for a weak first base pair and a guanine
to designing AARS mutants (Carter, 1993; Delarue, 1995). discriminator) as well as by the hydrophobic stacking of the
The relaxed tRNA specificity oEscherichia coliGINRS leucine 136 (Leu136) side chain between .Gz a}nd A7,2 (Figure
makes it an ideal enzyme for the study of tRNA recognition 1, Rould etal., 1989). Leul36 has been implicated in tRNA

determinants (Sherman et al., 1995). Expressed in singleSPecifiCity, as mutations in amino acids whose side chains
copy, GInRS mischarges tRNR(UAG), and overexpressed, are likely to affect thg position of Leu136 resglt in generally
GINRS mischargesyrT(UAG)(Yaniv et al., 1974; Swanson relaxed tRNA spg0|f|0|ty (Weygand-Duras_ewc etal., 1993).
We have examined the impact of mutations of Leul136 on
the specificity of GInRS. We were interested in determining
"' This work was supported by a grant from the NIH (GM22854).  \yhether GInRS could be made more mischarging and less
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Ficure 1: Leucine 136 stabilizes the conformation of the acceptor end of Nk the crystal structure of GINnRS in complex with
tRNAGM and ATP, Leu136 (L) is located in the acceptor binding domain of GInRS (left) (Rould et al., 1989). The acceptor end &f tRNA
assumes a hairpin conformation in which the U1-A72 base pair is disrupted and the CCA end bent back toward the anticodon by an
intramolecular hydrogen bond between the N2 of the discriminator G73 and the phosphate oxygen of A72. Leul36 stabilizes the disruption
of the first base pair by stacking between A72 and G2 (right). The detail (right) was taken from Perona (1990).

tRNAs have identified both more (L136F) and less (L136A)  Cloning of the Mutant Glutamine Opal Suppressor and
mischarging mutants of GInRS. These mutants exhibit a tRNAP{UAG) Genes. For the purpose of thén wivo
number of unusual properties and suggest that AARSsexperiments, the mutant opal suppressor derived from
balance the need for cognate tRNA recognition with the need tRNA®" (GLNA3U70) and the amber suppressor derived
to discriminate against noncognate tRNAs. from tRNAPPe [tRNAP'QUAG)] were recloned onto
pACYC184. The tRNA{UAG) gene was recloned from
pGFIB as described previously (Weygand-Durasevic et al.,
1993), while the gene encoding GLNA3U70 was recloned
as aPuwull fragment into theEcoRV site of pACYC184.
DNA sequence analysis confirmed the presence of the tRNA
genes and of the appropriate mutations.

In Vivo Recognition of Noncognate Amber Suppressors
and of a Mutant Glutamine Opal Suppressdfhe ability
of the Leul136 mutants of GINRS expressed on pBR322 to
recognize a battery of amber suppressor tRNAs (Figure 2)
was assessed using tleZ(UAG1000)glutamine-specific

MATERIALS AND METHODS

General. Uniformly labeledL-[*H]glutamine was pur-
chased from Amersham and NEN. Pure tFQ\'FA(specific
activity of approximately 1500 pmdsg) was the generous
gift of D. Jeruzalmi. All protein purification steps were
carried out at 4°C unless otherwise noted. Media for
bacterial growth and the molecular biology protocols were
both standard (Maniatis et al., 1982).

Site-Directed Mutagenesis and ConstitetExpression of
Leul36 Mutants.The Leul36 mutants of GINRS, with the
exception of L136V, were all made by oligonucleotide- marker in E. coli strains BT235 $u*, lacZ(UAG1000)
directed mutagenesis using an M13mp19 clonglo§(the transformed with pACYC clones of the amber suppressor
gene encoding GInRS), including its promoter and terminator, tRNAs, and RS109tyrT(UAG), lacZ(UAG1000) (Uemura
as the template, and the mutants were screened for byet al., 1988; Weygand-Durasevic et al., 1993). Each of the

dideoxy sequencing. The mutant (L136F/M/AgIinSgenes
were then recloned fan vivo expression agcaoRI-Hindlll
fragments into pBR322. The L136V mutant was isolated

BT235/pACYCtRNA(UAG) strains and RS109 was also
transformed with the pBinSmutant clones. Recognition
of the coexpressed amber suppressor tRNA by the GInRS-

during random mutagenesis of the codons for amino acids(L136X) mutants results in a Lacphenotype (growth on

126-138 of the gInS gene cloned on Bluescript pKS
(Weygand-Durasevic et al., 1993). @spi5I-Clal fragment

containing the L136V mutant was used to replace the wild-

type fragment on pB&nSfor in vivo experiments. Reclones
were screened for initially by restriction enzyme analysis;

appropriately supplemented lactose minimal plates) &C30
The ability of the GINRS mutants expressed on pBR322 to
recognizeyrT(UAG)andproH(UAG)was quantitated using
pB-galactosidase assays. Six different transformants were
picked for each and grown in appropriately supplemented

the mutant fragment contains an additional translationally glucose minimal broth at 3TC. Thef-galactosidase activity

silent Kpnl site as a result of the saturation mutagenesis.

of each culture was assayed in triplicate using 0.5 mL of

Potential positive clones were then sequenced to confirm theculture. Incubation at 28C was terminated at between 90

presence of the L136V mutation.

and 120 min.
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Ficure 2: Acceptor ends ofE. coli tRNAs used forin vivo

specificity assays. The range of suppressor efficiencies indicated

below the tRNA acceptor types (bold) are for the amber (UAG)
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mL/min. The fractions which contained GInRS activity and
were the most enriched for a 65 kDa protein [analyzed using
sodium dodecyl sulfate (SDS)-containing polyacrylamide
gels] were pooled and dialyzed against buffer C [20 mM
HEPES (pH 7.9), 10 mM KCI, 5% glycerol, and 0.5 mM
DTT]. The dialysate was chromatographed on a MonoQ 10/
10 (Pharmacia) column at room temperature and eluted with
a 10 mM to 1 M KCI gradient in buffer C at a flow rate of

2 mL/min. The fractions were placed on ice as they were
collected. The single most active and most pure GInRS
fraction (2 mL volume) was dialyzed against buffer E [50
mM Tris (pH 8.0), 150 mM NaCl, and 5% glycerol] and
chromatographed on a polyclonal anti-GInRS FPLC column
(U. Thomann, unpublished results) at room temperature. The
GInRS variant was eluted at a flow rate of 0.5 mL/min with
50 mM triethylamine (pH 11.5) directly into 0.5 M HEPES
(pH 7.0) to neutralize it (pH 7:58.0), and the fractions were
immediately placed on ice. To maximize the recovery of
GInRS, the flow through was rechromatographed on the
antibody column. Those fractions which contained GInRS
were pooled, immediately dialyzed against buffer C, and
chromatographed on a MonoQ 5/5 column at room temper-
ature. Pure GInRS elutes at approximately 235 mM KCI.
Approximately -2 mg of each Leu136 mutant was purified

suppressors except for the glutamine tRNA where the suppressorin this way. No GInRS(T266P) protein or activity was

efficiency is that of the A3-U70 mutant opal (UGA) suppressor.
The glutamate acceptor stem is thatghdA(UAG)A73 which no
longer inserts glutamine.

The mutant opal suppressor derived from tRNA
GLNA3U70, no longer inserts a sufficient amount of
glutamine to suppress the glutamine-spedifirA(UGA15)
marker in E. coli strain KL2576 (Rogers et al., 1992).
KL2576 was transformed with pACYCGLNA3U70 and then
with the pBRyIN§L136X) clones. A Trp phenotype

detected in the MonoQ 5/5 eluent. This is consistent with
the loss, in all of the GInRS preparations from UT172 [which
contain GInRS(T266P)], of a small amount of activity
between the MonoQ 10/10 and MonoQ 5/5 columns. As a
control, pure wild-type GInRS [i.e. no contaminating GInRS-
(T266P)] was loaded onto the antibody column, eluted at
high pH, neutralized, and run over the MonoQ 5/5 column.
Little or no loss of activity was observed. All of the purified
mutant GInRS preparations appeared as one bane- 8018

resulted in growth on glucose minimal plates in the absenceug applied) on a Coomassie blue-stained SDS-containing

of indole and tryptophan at 30C. Due to the lower

polyacrylamide gel following electrophoresis.

suppressor efficiency of the opal suppressor tRNA, growth  Aminoacylation AssaysAfter preincubation of the 5aL

was slower than for suppression of theecZ(UAG1000)
marker by the amber suppressor tRNAs.

Purification of Wild-Type and Mutant E. coli GInRS.
Wild-type GInRS (specific activity of~1000 nmol/mg min)
was purified as described (Hoben &15d985). In order

assay mixes [100 mM HEPES (pH 7.2), 10 mM magnesium
acetate, 2 mM ATP, &@lH]glutamine/glutamine mixture, and
tRNA] at 37 °C, the reactions were initiated by the addition
of GINRS and the mixture incubated at 32. The amount

of AARS added never exceedeg@b, and the enzymes were

to eliminate contamination of the mutant protein preparations diluted in enzyme dilution buffer [20 mM-mercaptoethanol,

with wild-type GInRS activity, the Leul36 mutants were
purified from theglnS temperature-sensitive. coli strain
UT172 (Englisch-Peters et al., 1991), transformed with
pBR322 clones of)in§L136F) andgin§L136A). For each
mutant, six 1 L cultures were grown in LB medium
containing ampicillin (0.1 mg/mL) at 37C to saturation.
As a control, cultures of UT172 transformed with a Blue-
script clone (pESQ19, gift of E. Schwob) gingT266P),
the temperature-sensitiggnSmutation in UT172, were also
prepared; however, these cultures were grown atG0n

10% (v/v) glycerol, 1 mg/mL bovine serum albumin (BSA),
50 mM HEPES (pH 7.2), and 0.2 mM DTT]. At various
time points, an aliquot of the reaction mixture was removed
and spotted onto 3MM filters. The filters were washed
extensively in 5% trichloroacetic acid (TCA), soaked in 95%
ethanol, dried, and analyzed by liquid scintillation counting.
The conversion factor for correcting counting efficiency of
free PH]amino acids was 3.62 pmol ofH{i]glutamine/[“C]-
glutamine (Rogers & 3b 1993).

When the steady-state kinetic parameters for tRNwere

all cases, the cells were harvested, washed in phosphatedetermined, glutamine and ATP were present in the assay
buffered saline, repelleted, resuspended at a concentratiormix at concentrations which are saturating for wild-type

of 1-2 g of cells/mL in buffer A [20 mM HEPES (pH 7.9),
20 mM KClI, 1 mM ethylenediaminetetraacetic acid (EDTA),
10% glycerol, 2.5 mM dithiothreitol (DTT), and 0.2 mM
phenylmethanesulfonyl fluoride (PMSF)], subjected to a
quick freeze-thaw, and then disrupted by sonication. An
S100 was prepared, chromatographed on a—1@ED mL
(diethylamino)ethyl cellulose column, and eluted with a 20
to 500 mM KCI gradient in buffer A at a flow rate of-46

GInRS, 68QuM and 2 mM, respectively (Kern et al., 1980).
The tRNA concentration was varied over a 10-fold range,
and tRNA was present in at least a 66ld molar excess
over GINRS. Assays were performed in duplicates using a
minimum of five tRNA concentrations and four time points

in the linear range of initial rate, and errors were consistently
less than 10%. The kinetic parameters were calculated using
both LineweaverBurke and Eadie Hofstee plots.
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Table 1: In Vivo Specificity of Leul36 Variants of GInRS for
Suppressor tRNAs

Table 2: In Vivo Mischarging oftyrT(UAG) and proH(UAG) by

Leul36 Variants of GInRS

tRNA(UAG)

(Lact")?2 tRNA(UGA)

+/—)a

gluA- (@)

GInRS tyrT A73 proH phe serl metm lysall GLNA3U70
GInRS" + — - - - - = = -
L136F + - ++ £ - - - - +
L136A — — - - - - = = -
L136M - - - - - - - - -
L136T — — — - - - = = -
L13ev. - - - — — nd nd nd -

aLac~ and Trp”~ indicate growth on lactose minimal plates
containing cysteine and ampicillin and glucose minimal plates contain-
ing methionine, ampicillin, and chloramphenicol at°8 respectively,
relative to others in the same strain with the same suppressos nd
not determined.

For the time courses of misaminoacylation, 6 [*H]-
glutamine (260 cpm/pmol) in a total glutamine concentration
of 680 uM was used. The amber suppressor tRN#sT -
(UAG) and tyrT(UAG)G73, were producedn vizo and
purified as described (Sherman et al., 1992a). For amino-
acylation oftyrT(UAG), the tRNA concentration was /M
while the concentrations of wild-type GInRS and GInRS-
(L136A) were 0.5«M, and that of GINRS(L136F) was 0.26
uM. The concentration dfyrT(UAG)G73 was 1.«M and
that of all three variants of GInRS was 1. These tRNA
concentrations were in the linear range for initial velocity
(data not shown).

The assay conditions used for tire vitro competition

p-galactosidase activity

(Miller units)
GInRS tyrT proH
GInRS" 17 3
L136F 20 34
L136A 4 nat
L136M 2 nd
L136T 3 nd
L136V 4 nd

and = not determined.

Table 3: In Vitro Kinetic Parameters for tRN#"2 of Leu136
Variants of GInRS

tRNAGInZ
Kwm Keat Keal Km relative
GInRS (M) (s (uM-ts?) KealKn
GInRS" 0.27 3.83 14.2 1.00
L136F 0.40 0.36 0.90 0.06
L136A 0.79 3.14 3.97 0.28

aKinetic constants with respect to tRN! were determined with
680uM glutamine present in the assays. This is less than the measured
Kwm for glutamine of GInRS(L136A) (data not shown).

nine tRNA (Kleina et al., 1990), and as such is less specific
in vivo. In contrast, none of the other Leul36 mutants
(L136M, A/T/V) expressed on pBR322 even recogriyad -
(UAG) well enough to confer a Lacphenotype on RS109
and thus appear to be more specificvizo than wild-type
GInRS.

experiments (Sherman et al., 1992a) between the Leul36 netic Characterization. In order to rule out the pos-

variants of GInRS and purified TyrRS were very similar to
those used for the time courses of aminoacylation. The
concentration otyrT(UAG) was 1.0uM, the GINRStyrT-
(UAG) molar ratio was approximately 1:2, and TyrRS, when

present, was added at a concentration half that of GInRS.

Unlabeled tyrosine (12@M) was added to all the reaction
mixtures. Total levels of GlityrT(UAG)produced by GInRS

in the presence and absence of TyrRS were measured afte{han that of GINRS(L136F); for L136RafKw

incubation for 30 min at 37C.

RESULTS

In Vivo Specificity and Actity Assays.A weak first base
pair is important for glutamine identity (Hooper et al., 1972;
Shimura et al.,, 1972; Sherman et al.,, 1995). Leul36
stabilizes the disruption of the U1-A72 base pair and thus
the conformation assumed by the acceptor end of tRNA
(Rould et al., 1989). In order to determine the contribution

of this side chain to both cognate and noncognate interac-

tions, Leul36 was changed to phenylalanine (L136F),
methionine (L136M), valine (L136V), alanine (L136A), and
threonine (L136T). The effect of these mutations on the
ability of GInRS to discriminate against noncognate amber
and mutant cognate opal suppressor tRNAs (Figune @po
was determined using the glutamine-specific markiacs,
Z(UAG1000) andtrpA(UGAL5) (Tables 1 and 2). The

sibility that the differences in specificity observed vivo

are due to differences in the level of expression, overall
AARS activity, or general tRNA affinity, the steady-state
kinetic parameters for tRNA" were measured for both the
more mischarging GInRS(L136F) and the less mischarging
GINRS(L136A) (Table 3). In fact, the relative specificity
constant K./Ky) for tRNACM of the L136A mutant is higher

is reduced

by a factor of 17, whereas for GINRS(L136A), the reduction
is only by a factor of 3.5. However, the, and Ky are
affected differently in the two mutants. Most of the defect
in the L136F mutant is ik, Which is reduced by 1 order
of magnitude, while almost the entire decrease in the
specificity constant for the L136A mutant is due to an
increase irky. In addition, the L136A mutant also exhibits
an approximately 4-fold increase in Ks; for glutamine (data
not shown) above the already highZ00u«M) Ky of wild-
type GInRS for its cognate amino acid (Kern et al., 1980).
Overall, the magnitudes of the effects of mutating Leu136
are comparable to those observed for base pa2lmutants

in tRNAC" (Jahn et al., 1991).

In Vitro Mischarging. Overall, it is clear that the altered
tRNA specificities of GINRS(L136F) and GINRS(L136A) are
not due simply to changes in AARS activity and tRNA
affinity (Tables +3). However, we were interested in
determining whether the alanine substitution makes GInRS

results of the plate angtgalactosidase assays are consistent. a more accurate AARS and conversely whether the phen-
In vivo, only the L136F mutant expressed on pBR322 still ylalanine substitution makes GInRS less specific. In order
mischargegyrT(UAG) as well as wild-type GINRS. How-  to conclude that a mutant AARS is more or less spedaific
ever, unlike wild-type, GINRS(L136F) also mischarges the vitro, the ratio of its specificity constant with respect to the
amber suppress@roH(UAG), a hybrid proline-phenylala-  noncognate tRNA [e.gtyrT(UAG) relative to that for
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Table 4: In Vitro Specificity of Leul36 Variants of GInRS fdyrT
(UAG) andtyrT-G73 (UAG}

Keaf Km Keal Km keafKm(noncognate)/
(uM~tsh uM~ts keafKm(cognate)
(x1) (x10%) (x10™%)
GINRS  tRNA"  tyrT-A73 tyrT-G73 tyrT-A73  tyrT-G73
GInRS" 14.2 6.58 112 0.46 7.89
L136F 0.90 6.86 60.0 7.62 66.7
L136A 3.97 3.33 27.0 0.84 6.80

2 The specificity constants for the noncognate substrates were derived
from the initial rate at a single tRNA concentration which is in the
linear range with respect to initial rate.

itscognate glutamine tRNA must be compared with the same
ratio for wild-type GInRS (Table 4). For this reason, the
specificity constantsk(./Kw) for the mischarging of both
wild-type tyrT(UAG)[tyrT(UAG)A73] andtyrT(UAG)G73
have been determined vitro. The G73 mutant ofyrT-
(UAG) was selected because it is a better substrate for
recognition by GInRS botin »ivo andin vitro (Hooper et

al., 1972; Shimura et al., 1972; Sherman et al., 1992a,b).
Since the purifiedin vivo-producedyrT(UAG)tRNAs were
only available in limited quantities (Sherman et al., 1992a),
the individual kinetic parameters could not be determined.
Instead, the initial rates were used to calculate the specificity
constantkea/Ku (vo/[tRNA][E]). Table 4 shows the mea-
sured specificity constants for the amber suppressors as wel
as these specificity constants normalized to those for
tRNASI,

As predicted from thén vivo mischarging data fotyrT-
(UAG), GINRS(L136F) mischargegrT(UAG) invitro at the
same rate and to the same level of total tRNA charging as
wild-type GInRS [andyrT(UAG)G73 andgluA(UAG)}G73
almost as well] (Tables 24). This is despite GInRS-
(L136F)’s almost 20-fold lower specificity constant for its
cognate glutamine tRNAn vitro. Thus, the L136F mutant
is clearly less specific than wild-type GInRS, in agreement
with the ability of GINRS(L136F) to mischargeoH(UAG)
in vivo which wild-type cannot (Tables 1 and 2). Also, as
predicted from then vivo tyrT(UAG) suppression results,
the L136A mutant does not mischargeT(UAG) as well
as the Leul36 (wild-type) and L136F variants. In fact, it
mischargegyrT(UAG) at half the rate and to only 50% of
the total charging of the other two AARSs (Table 4).
However, the magnitude of this difference is lower than
predicted from then vivo results (Tables 1 and 2).

In Vitro Competition AssaysThein vivo andin witro
assays differ significantly as the vivo assays are conducted
in a competitive environment in which 20 AARSSs, including
TyrRS, are competing fayrT(UAG)(Yarus, 1972; Swanson
et al., 1988; Sherman et al., 1992a). In order to mimic the
in vivo situation and to eliminate the possibility thatvivo
GINRS(L136A) does not compete as effectively against
TyrRS fortyrT(UAG), in vitro competition experiments have
been conducted (Sherman et al., 1992a). Mischarging of
tyrT(UAG) by the GInRS variants was measured in the
absence and presence of TyrRS, with the SubsiyeI€UAG)
limiting to enhance competition (Figure 3). As expected,
the L136F mutant competes most effectively against TyrRS.
However, while GInNRS(L136A) is at least as effective as
wild-type GInRS in competing with TyrRS, it is also less
mischarging, such that the overall level of GinT(UAG)
is lower in the reaction catalyzed by GInNRS(L136A).

Biochemistry, Vol. 35, No. 2, 199605
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RELATIVE AMINOACYLATION
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L136F
GLNRS
FiGUrRe 3: In vitro competition between TyrRS and Leul36 variants

of GInRS fortyrT(UAG) Total levels of GintyrT produced by each

of the GInRS variants was measured in the presence and absence
of the cognate AARS fotyrT, TyrRS. The concentration ayrT

in all of the reactions was limiting as the GINRS:tRNA ratio was
1:2. The TyrRS, when added, was present at approximately 50%
of the concentration of GInRS.

DISCUSSION

E. coli GINRS exhibits relaxed tRNA specificity as shown
by its mischarging of tRNAP(UAG) and tyrT(UAG) and
by the ease with which mutants of both GInRS and tRNAs
which confer glutamine identity on noncognate and mutant
tRNAs have been isolated (Sherman et al., 1995). Mutational
analyses of tRNAs and the GInRS/tRRAcrystal structure
indicate that GInRS recognition requires a weak first (1
72) base pair (Hooper et al., 1972; Shimura et al., 1972;
Rogers & Sd, 1988; Rould et al., 1989; Seong et al., 1989;
Varshney et al.,, 1991a; Normanly et al., 1992). The
disruption of the U1-A72 base pair in tRNA is stabilized
by the stacking of Leu136 between A72 and G2 (Figure 1;
Rould et al., 1989). While the positioning of Leul36 has
been implicated in specific tRNA recognition by GInRS
(Weygand-Durasevic et al., 1993), we have demonstrated
directly that Leu136 is a tRNA specificity determinant (Table
1) and have identified both more and less mischarging
Leul36 mutants which are significantly different from all
the previously isolated GINRS mutants.

GINnRS(L136F) Mischarges a Sequence-specific Subset of
Noncognate tRNAsGINRS(L136F) is the first, less specific
GInRS which is not generally mischarging and which exhibits
a decreased affinity for tRNA", rather than an increased
affinity for noncognate tRNAs (Tables 1, 3, and 4; Inokuchi
et al., 1984; Swanson, 1988; Weygand-Durasevic et al., 1993,
1994; Rogers et al., 1994). GINRS(L136F) not only mis-
chargegyrT(UAG) invivo but also recognizegroH(UAG),
an artificial proline-phenylalanine hybrid amber suppressor
tRNA (Kleina et al., 1990). However, GINRS(L136F) does
not mischarge tRNA{UAG), whose suppressor efficiency
is equal to or greater than that pfoH(UAG) in almost all
contexts (Figure 2), serl(UAG)andgluA(UAG}A73, both
of which are recognized by the GInRS mutants which affect
the positioning of Leu136 (Weygand-Durasevic et al., 1993).
The L136F mutant also does not recognize tRRAUAG)
which is recognized by all of the GInRS-mischarging mutants
analyzed to date (Weygand-Durasevic et al., 1993). Thus,
the failure of GINRS(L136F) to mischarge tRNAYUAG)
is not due to a context-dependent difference in suppressor

L136A
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efficiency. It is tempting to speculate that the unusual Py1- to tRNAC" is reduced by less than a factor of 4 and in fact
Pu72 and Pu2-Py71 acceptor stem combinatiomproH- is higher than that of GInRS(L136F) which mischarges both
(UAG) allows GINRS(L136F) to recognize it (Figure 2). This tyrT(UAG) and proH(UAG) in vivo (Table 3).

base pair combination maximizes hydrophobic stacking Consistent with thén vivo results, the L136A mutant
energy by allowing Leu136 or Phe136 to stack between two mischargestyrT(UAG) with reduced efficiencyin vitro
purines (Figure 1). Unlike the initiator methionine (C1A72/ (Table 4). However, the magnitude of this decrease in
A73) and glutamine (U1-A72/G73) tRNAs which are ami- mischargingin vitro is less than the difference jfrgalac-
noacylated by wild-type GInR# vivo andin vitro, GINRS tosidase activity observeth vivo (Table 2). Although
recognition of proH(UAG) may require the additional GINRS(L136A) does not mischargevitro any of the amber
stabilization provided by the planar phenylalanine ring suppressor tRNAs tested as well as wild-type GInRS, it has
because of its strong first base pair (C1-G72) and because ita reduced affinity for its cognate glutamine tRNA such that
lacks G73 (Figure 2; Schulman & Pelka, 1985; Rould et al., it is of approximately the same specificity as wild-type
1989; Seong et al.,, 1989; Varshney et al., 1991a,b). In GInRS (Table 4). Thus, GINRS(L136A) cannot be termed
addition to the possible sequence specificity described abovemore specific, only less mischarging. Yet, the tguhe-
proH(UAG) may be a better candidate for mischarging notype conferred on RS109 by this mutamtyizo would
vivo because it is an artificial tRNA, and thus, the competi- suggest otherwise. This difference betweenithea vo and
tion for proH(UAG) may be less than when GInRS is in wuitro results is also not due to the inability of GInRS-
competing against PheRS and LysRS, respectively, for (L136A) to compete effectively with TyrRB vivo. In fact,

tRNAPP{UAG) and tRNA"{(UAG). the L136A mutant competes against TyrRS about as well as
In sitro characterization of GINRS(L136F) with both wild-type GInRS, despite its elevatég for tRNAS" (Figure
cognate glutamine and noncognate tyrosihgT(UAG) 3). Thus, an elevately alone does not impair the ability

tRNAs has demonstrated that this mutant, unlike all of the of an AARS to compete for a tRNA (Yarus et al., 1986;
other mischarging mutants of GInRS characterized to date,Varshney et al.,, 1991a). However, while GINRS(L136A)
exhibits a significant decrease in affinity for tRIGA competes slightly more effectively, it does not mischarge
However, GINRS(L136F) still mischargesT(UAG)as well tyrT(UAG) as well, so that the total amount of Giy¥T-
and tyrT(UAG)YG73 almost as well as wild-type GInNRS (UAG) produced by this mutant in the presence of TyrRS is
(Tables 3 and 4; Inokuchi et al., 1984; Swanson, 1988; less than that produced by wild-type GInRS (Figure 3, Table
Weygand-Durasevic et al., 1993, 1994; Rogers et al., 1994).4). Thus,in vitro there is an obvious threshold which could
This phenotype has been observed in other systems, e.gaccount for the difference between tfagnd Lac pheno-
Meinnel et al. (1991). Furthermore, the reduced tRNA typesin vivo.
specificity observedin vivo is probably not due to an Optimization of Cognate Recognition and Discrimination
increased level of expression (see below) which could against Noncognateslf GINRS(L136A) is less mischarging
compensate for less efficient recognition and thus bias than and as specific as wild-type GInRS, then why did GINRS
competition (Swanson et al., 1988; Hou & Schimmel, 1989; not evolve to have an alanine at position 136? While an
Sherman et al., 1992a), although the L136F mutant is a morealanine at position 136 allows GInRS to discriminate more
effective competitor (Figure 3). effectively, it also decreases cognate tRNA recognition. Our
Other Leul36 Mutants Are Less Mischarging than Wild- results suggest that AARSs are optimized for overall
Type. In contrast to GINRS(L136F), all of the other Leul36 specificity rather than for either cognate tRNA recognition
mutants (L136M/A/T/V) no longer recognizgT(UAG)and or discrimination against noncognate tRNAs (Yarus, 1972).
thus are less mischarginig vivo than wild-type GInRS An analogous situation exists for the discrimination between
(Tables 1 and 2). These are the first mutants of GInRS tyrosine and phenylalanine by tyrosyl-tRNA synthetase
which, when expressed on pBR322, do not recogtjré- where it is clear that the wild-type enzyme has not reached
(UAG) sulfficiently well to suppress théacZ(UAG1000) the maximum level of discrimination between the two amino
marker (Swanson, 1988; Weygand-Durasevic et al., 1993, acids (de Prat Gay et al., 1993). Furthermore, while GInRS-
1994; Rogers et al., 1994). However, two Asp235 mutants (L136A) has relatively higher affinity for its cognate tRNA,
when expressed as single copy lysogens also fail to do soit also has a 4-fold highdf, for glutamine. Thus, the wild-
(Uemura et al., 1988). In addition, the L136M, L136V, type may in fact provide the best compromise between
L136A, and L136T mutants do not recognize any of the other substrate specificity and optimal catalysis, similar to TyrRS,
amber suppressors tested and thus are not likely to have avhere the overall rate of aminoacylation is optimized by
different sequence preference. While it is possible that the compromising between the various steps in the reaction
inability of these Leu136 mutants to recognizeT (UAG) pathway (Avis et al., 1993; Avis & Fersht, 1993). This is
is due to reducedn vivo levels of expression (and the similar to the compromise between reaction rate and accuracy
decreased specificity of the L136F mutant a result of elevatedreached by the ribosome for protein biosynthesis (Yarus &
expression), it seems unlikely since purification of the L136F Thompson, 1983; Kurland & Gallant, 1986).
and L136A mutants yielded similar amounts of purified  The decreased efficiency with which the L136A mutant
AARS. aminoacylates tRNA" could also have significant repercus-
In order to attribute the decrease in mischarging observedsionsin vivo, as glutamine tRNAs, expressed at normal
in vivo more directly to the loss of the stabilizing interaction physiological levels, read through termination codons and
of the leucine side chain, a representative mutant, GInRS-the amber (UAG) suppressor derived from tRNAreads
(L136A), was analyzedn witro with both cognate and the glutamine (CAG) codon in yeast (Weiss et al., 1987;
noncognate tRNA substrates. The inability of the L136A Edelman & Culbertson, 1991). The chemical properties of
mutant to mischargyrT(UAG) invivois not due to reduced  glutamine (GIn is structurally nondisruptive and uncharged
tRNA affinity, as its specificity constank{/Ku) with respect yet can act as both hydrogen bond donor and acceptor) make
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it an ideal residue to insert into proteins at nonprescribed Lapointe, J., Duplain, L., & Proulx, M. (1986). Bacteriol 165

positions, and thus, a more specific GInNRS would not
necessarily confer a selective advantage. Finally, the currentV
GInRS enzyme, with a leucine instead of an alanine at

88—93.

aniatis, T., Fritsch, E. F., & Sambrook, J. (198®lplecular
Cloning: A Laboratory ManualCold Spring Harbor Laboratory
Press, Cold Spring Harbor, NY.

position 136, may eit_her represent gvolution in progress or Meinnel, T., Mechulam, Y., LeCorre, D., Panvert, M., Blanquet,
reflect a lack of selection pressure to introduce such changes. S., & Fayat, G. (1991Proc. Natl. Acad. Sci. U.S.A. 8291—

In addition, it has been shown that GINRS not only

295.

mischarges noncognate amber suppressor tRNAs but alsgiermanly, J., & Abelson, J. (198#nnu. Re. Biochem. 581029~

recognizes and misaminoacylates a number of non-cognat

wild-type E. colitRNAs, including tRNA" (Uemura et al.,
1988; Sherman et al., 1992b; Rogers &lIS®993). The

somewhat relaxed specificity may be an artifact of evolution

q\lormanly, J., Ollick, T., & Abelson, J. (199Broc. Natl. Acad.

Sci. U.S.A. 895680-5684.
Perona, J. J. (1990) Ph.D. Thesis, Yale University, New Haven,
CT.

from an ancestral GIXRS which, in common with a number Rogers, K. C., & Stb, D. (1993) Biochemistry 3214210-14219.

of contemporary GIuRSs (Sthet al., 1988), is thought to
have once recognized and aminoacylated both tRNa#nd

tRNAC (Lapointe et al., 1986; Breton et al., 1990; Rogers

& Soll, 1993; Lamour et al., 1994).
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