9836 Biochemistry1998,37, 9836-9842

The Terminal Adenosine of tRN&' Mediates tRNA-Dependent Amino Acid
Recognition by Glutaminyl-tRNA Synthetdse

Jinhua Liut Michael Ibbaf Kwang-Won Hong}, and Dieter St*

Department of Molecular Biophysics and Biochemistry, and Department of Molecular, Cellular and
Developmental Biology, Yale Umérsity, New Haen, Connecticut 06520-8114

Receied March 26, 1998; Résed Manuscript Receeéd May 11, 1998

ABSTRACT. Sequence-specific interactions betwdescherichia coliglutaminyl-tRNA synthetase and
tRNAC" have been shown to determine the apparent affinity of the enzyme for its cognate amino acid
glutamine during aminoacylation. Specifically, structural and biochemical studies suggested that residues
Asp66, Tyr211, and Phe233 in glutaminyl-tRNA synthetase could potentially facilitate cognate amino
recognition through their specific interactions with both A76 of tR¥\¢Aand glutamine. These residues

were randomly mutated and the resulting glutaminyl-tRNA synthetase variants were screened in vivo for
changes in their ability to recognize noncognate tRNAs and retention of tRNA-glutaminylation activity.
When the variants selected in this way were characterized in vitro, they all showed dramatic decreases in
apparent affinity Ky) for glutamine but little or no change in cognate tRNA affinity. Conservative
replacements such as Y211F, F233L, and D66E resulted in 60-, 19-, and 18-fold increases compared to
wild-type in the Ky for glutamine, respectively, but had little effect on the turnover numkgy).(
Nonconservative replacements affected gfor glutamine andk.o; Y211S, F233D, and D66F displayed

1700, 3700, and 1200-fold decreasexkig/Km for glutamine compared to wild-type. Double mutant
cycle analysis indicated that Tyr211, and Phe233 interact strongly to enhance glutamine binding. These
data now show that Asp66, Tyr211 and Phe233 mediate tRNA-dependent cognate amino acid recognition
via the invariant 3terminal adenosine of tRN#.

Aminoacyl-tRNA synthetases (aaRSs) catalyze the esteri-misactivated amino acids are edited. These editing reactions
fication of amino acids with their cognate tRNAs and thus may occur either in the absence [e.g., methionyl-tRNA
are essential in maintaining fidelity during protein biosyn- synthetase,5)] or the presence of tRNA For example,
thesis. Aminoacylation is achieved in two steps, first the tRNA'" induces hydrolysis of enzyme-bound valyl-adenylate
amino acid is activated to form an aminoacyl adenylate in which is misactivated by isoleucyl-tRNA synthetage 7).
the presence of aaRS and ATP, then the activated aminoThus, tRNA plays a critical role in the discrimination of
acid is transferred to the'-8erminus of its cognate tRNA.  noncognate amino acids. More recently, it has been shown
There are 20 aaRSs which have been organized into twothat tRNA is also important in ensuring accurate cognate
groups, class | and Il, of 10 enzymes each based on shortamino acid recognition by glutaminyl-tRNA synthetase
consensus amino acid)(and structural motifs?). The  [GInRS @, 9)]. The aim of this work was to characterize

active site in class | aaRSs is built in the N-terminal domain the point of interaction between GInRS and tRNAwhich
around a Rossmann nucleotide-binding domain (alternating optimizes glutamine binding in the active site.

parallel5-strand andx-helices) 8) which is flanked by the
characteristic signature sequences KMSKS and HIGH. Class
Il aaRSs do not contain a Rossmann fold with the active
site instead composed of an antiparaficiold.

The fidelity of protein synthesis depends on an amino acid
being paired accurately with its cognate tRNA to produce
aminoacyl-tRNA, which may be achieved by an aaRSs alone
or acting in concert with a post charging conversion

Among the 20 known aaRSs, glutamyl-, glutaminyl, and
arginyl-tRNA synthetases are the only three known examples
where the presence of tRNA is required for amino acid
activation (0). The crystal structure oEscherichia coli
GInRS complexed with tRN&" and ATP (1) defined four
functional domains and provided detailed information on the
amino acid residues of GInRS involved in the interactions

mechanism4). While in many cases, differences in amino betweer]t;tlr]efsygthetage_andg;;ognat_? tRNéA' .Th<.e residues
acid structure are sufficient to allow accurate discrimination, r_espor_lshl he or determining t r speC|d|C|tyb_ udr!ng |(;1tera(_:-
some aaRSs have editing activities which ensure thatton With the acceptor stem and anticodon binding domains
and the connectivity subdomain have subsequently been
T This work was supported by Grant GM 22854 from the National SFUdled syster_nat_lcallyg( 1_2_15)' The tWO_ halve_s of t_he
Institutes of Health. dinucleotide-binding domain of GINRS (amino acid residues
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R temperature Small deletions extending beyond the acceptor
o ASp66 binding domain (114 215), including the deletion of Tyr211,
IR ¢ R led to loss of complementatiorl9). This indicated the
importance of Tyr211 in maintaining the function of GInNRS
More recent studies showed that the nucleotide sequence of
tRNAC" exerts an influence on the efficiency of cognate
amino acid recognition and suggested that Asp66, Tyr211,
and Phe233 could potentially facilitate the accurate attach-
ment of glutamine through their interaction with A76 of
tRNASG (8, 9. The apparent importance of these residues
led us to probe their possible roles during tRNA-dependent
glutamine recognition Our strategy was to randomly mutate
the three positions and select the resulting variants for
changes in tRNA specificity This strategy allowed the
selection of mutants with dramatically decreased apparent
affinity for glutamine, indicating that these three residues
mediate tRNA-dependent amino acid recognition.

MATERIALS AND METHODS

Strains and PlasmidsTheE. coli strains BT32135upk
gInSs; derived from BT32) and KL2576 have been described
(8). Opal suppressors [GLNA3U70 and GLNG3U70, en-

73, coding tRNAS, A3U70 and tRNA, U70, respectively;

Ficure 1: Detail of the interaction between the 8nd of (7)].and the two arr1|E)er suppressogm,g:lA?S and_serl
tRNAS" and residues Asp66, Tyr211, and Phe233 of GIng&,( (Which encode tRN’gUA AT3 and tRNAY, respectively)
The amino acid side chains and the phosphodiester backbone ofcloned into the plasmid pACYC184 have previously been
the tRNA are shown (P is shown as white spheres), except for A76 reported (4).
‘SPBeé%t,{}g “é’s(;se and base moieties are also shown. Prepared With o015 g-Galactosidase activity was used to estimate

' the suppression level of tRI\QSA. All the procedures were
tRNA. Investigation of Asp235, which is located in the similar to those describe®,(20) with cell disruption by SDS
second half of this domain and is involved in pairing with and chloroform To investigate other possible changes in
G2 and G3 in tRNA" (11), showed amino acid recognition the spectrum of tRNA recognition, the two opal suppressors
to be tRNA-mediated §). Mutation of Asp235 to His  GLNA3U70 and GLNG3U70 or one of the two amber
resulted in an elevateldy for glutamine when noncognate  suppressorgluA-A73 or serl were cotransformed with
tRNAL, is used instead of cognate tRRAas a substrate ~ plasmids encoding GINRS mutated at positions Asp66,
for aminoacylation This showed that cognate amino acid Tyr211, and Phe233 into the strains KL2576 or BT3213
recognition is tRNA depender)and suggested that GInRS ~ The resulting transformants were plated and screened for
employs a mechanism which is similar to the tRNA- recognition of suppressor tRNAs by synthetase mutants as

dependent editing process found in other aaRiSswever, ~ previously describedl@, 2]). Functional complementation
the interactions between tRN& and GInRS which mediate  of a temperature-sensitignSgene was carried out in the
this process were not resolved. strain UT172 22). Purification of wild-type and mutant

The crystal structure of GInRS indicates that three residues,GINRS was as describe@3) except that a HiTrap Blue
Asp66, Tyr211, and Phe233, contact thete@minus of affinity column (Pharmacia) was used as the first step instead
tRNAC" (see Figure 1) Model building of the complex with ~ of ammonium sulfate precipitationA buffer of 25 mM Tris-
glutamine suggested that the positively chargedNgtoup ~ HCI, 2 mM MgCl, and 10% glycerol was used to load the
of glutamine forms a salt bridge to the side-chain carboxylate supernatant from an S-100 extracsInRS was eluted with
of Asp66 (L6). It was also suggested that Tyr211 and Phe233 the above buffer in the presence of 0.6 M NacCl.
form a hydrophobic “lid” to the amino acid binding site and Saturation Mutagenesis of Asp66, Tyr211, and Phe233.
provide stacking interactions with the adenine ring of the The template for PCR mutagenesis was double-stranded
3'-terminal A76 of tRNA". The main-chain carbonyl group DNA containing thegInS gene cloned into the vector
of Phe233 serves to orient the carboxyl-amide as a hydrogenpBR322 Two 51-mer oligonucleotide primers correspond-
bond acceptor from the glutamine substrdt®( Glutamyl- ing to the complementary DNA strands encoding amino acids
tRNA synthetase (GIURS) is another aaRS which requires 198-214 were synthesized, in which each of the three
the presence of tRNA for the activation of its amino acid nucleotides of the Tyr211 codon was randomizéthese
(17). Comparison of a number of predicted GInRS and primers contained one silent mutation designed to remove a
GIuRS amino acid sequences indicated that Asp66 andBstXl restriction site In a similar way, two 24-mer
Tyr211, but not Phe233, are highly conserved between theseoligonucleotide primers corresponding to amino acids229
enzymes18). In an earlier study of the catalytic core Bf 236 were synthesized, in which each of the nucleotides of
coli GInRS, variants with deletion of the acceptor-binding the Phe233 codon was randomizedl new Xhd restriction
domain (defined as residues H®10) sustained the growth  site was introduced in these two primer§wo 47-mer
of a strain thermosensitive for GInRS at a nonpermissive oligonucleotide primers corresponding to amino acids 63
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78 were also synthesized and included a silent mutation toform productive interactions with GInRS despite an altered
remove anEccRV restriction site. Another two 24-mer positioning of its 3end compared to tRN&" (8). The
primers complementary to thé-Zand 3-ends of thegInS genetic selection described above allowed rapid screening
gene were synthesized, and then combined with one mutatedf complete populations of GInRS variant®f all colonies
primer from each pair and used for PCR. Full lengthS grown at 30°C from transformants containing Tyr211
genes were then prepared by overlap extension using thevariants, 75% showed a white color indicating they would
mutant products from the previous reactions as templatesno longer aminoacylate tR'\@SA- These colonies were
and the 5and 3 terminal oligonucleotides as primers. These restreaked at 30 and 42, and only those which maintained
fragments were then digested with restriction enzymes andgrowth at 42°C were subjected to sequence analysis. Four
cloned into pBR322§). Construction of the double mutant  mutants were identified in this way, Y211L, Y211F, Y211G,
Y211F/F233Y was carried out in a similar way except that and Y211S. In addition, a number of red colonies were
the template contained the single mutation Y211F and the scanned for the introduction of a silent mutation which
primers contained a TFETAC change in the Phe233 codon.  removed aBsiX| restriction site during PCR mutagenesis.
Genetic Selection.Genetic selection was based on the Of these 86 red colonies, only 10 contained the silent
ability of the protein encoded by a mutatgthS gene to mutation site. Sequence analysis showed that the Tyr211
mischarge the amber suppressor tl%%j,ﬁ(encoded by the  codon had been changed to a stop codon (1 example, UAG;
supFgene) with glutamine in vivo. As previously described, charging of tRNAY}, with its cognate amino acid tyrosine
the overproduction of wild-type GInRS results in the mis- would result in the translation of this codon as Tyr, which
charging of tRN,%T{jA with glutamine in vivo £1,24. The could explain the observed phenotype), a different Tyr codon
ligation mixtures containing the Asp66, Tyr211, or Phe233 (3) and in 6 cases still contained the wild-type Tyr codon
mutants were used to transform strain BT3213 and plated A similar scanning procedure was performed on transfor-
on MacConkey plates containing ampicillid\fter 1 day of mants from mutagenesis of Phe233. In 13 DNA sequences
incubation at 30C, the colonies were restreaked at 30 and of plasmids isolated from white colonies, only the two GInRS
42 °C, incubated for 1 day, and plasmid DNAs isolated, mutants F233Y and F233L were found~rom five red
screened by restriction analysis, and sequenced. Whitecolonies which contained plasmids with the silent mutation,
colonies were derived from GInRS mutants which no longer all the mutatedyinS genes still encoded wild-type protein.
mischarge tRNA/j, with glutamine, red colonies from  In addition, 10 pink colonies were found. Sequence analysis
wild-type, or mutant GInRSs which mischarge thA of plasmids isolated from these colonies showed them to
with glutamine Pink colonies showed intermediate char- contain a mixture of wild-type and mutant codons at residue
acteristics. Subsequent sequence analysis was limited t6233, giving rise to an intermediate phenotype. These mixed
genes encoding functional GInRS as evidenced by the ability plasmids were then retransformed into BT3213, and a white
of colonies to grow at 30 and £ on MacConkey plates. ~ colony subsequently isolateequence analysis showed that
Enzyme Kinetics Aminoacylation assays were performed the plasmid-encoded GInRS contained the replacement
as previous|y describe(BX except as detailed below. For F233D. The colonies from transformants Containing ASp66
the measurement of kinetic parameters for glutamine, 6:025 Variants showed a completely white color, except in some
10 mM [H]glutamine (48-50Ci/mmol) was used Nor- cases where a central red color was surrounded by white. In
mally, this glutamine concentration corresponded to a rangethe DNA sequences of plasmids from 11 complete white
between 0.2 and 5 timéd&y, except for the GINRS variants ~ colonies and 12 central red ones, nine GInRS mutants were
Y211F, Y211S, and F233D whose hidt, prevented the  found They were GInRS containing the replacements D66P,
use of saturating®H]glutamine concentrations of sufficient D66R, D66L, D66G, D66V, D66E, D66S, D66F, and D66H.
specific activity For the measurement of kinetic parameters ~ When the same sets of mutants were tested for their
for ATP, glutamine was maintained at 5 timg (except  recognition and charging of cognate tRRIA they showed
15 mM for Y211F, 10 mM for Y211S, and F233D), and varied growth rates at 4 when expressed in strain UT172
ATP concentrations of 0-25 timesKy were used For all (Table 1). Y211G and Y211S grew very poorly compared
the above measurements, the GInRS concentration was 10 with Y211L and Y211F, which had the same growth rate as
100 nM Kinetic parameters were calculated from Eagdie  that of wild-type GInRS Similar results were found for
Hofstee plots The values were from the average of at least changes in positions Asp66 and Phe233. DG66E, D66S,
two independent determinations within 15% error. The D66F, F233L, and F233Y grew at the same rate as wild-
association of GInRS and tRNA was monitored by  type, while other mutants of Asp66 and F233D grew very
stopped-flow fluorimetry as previously described).( poorly at 42°C.

RESULTS tRNA Substrate Specificity of GInRS Mutanithe GInRS
mutants isolated above were tested for their ability to
Selection of Actie GINRS Mutants with Altered Recogni- recognize a broad spectrum of noncognate suppressor tRNAs
tion of the 3-Terminal Adenosine of tRNAIt has been in vivo. Quantification of the in vivo recognition of
proposed that Tyr211 and Phe233 participate in the amino-tRNAZ/, by GInRS, assayed by suppression of léeZ; 000
acylation of tRNA" with glutamine through stacking allele, indicated that in all cases mischarging of this tRNA
interactions with A76 of tRNA". To probe this interaction, ~was reduced by 717-fold for the Tyr211 and Phe233
these residues and Asp66, which also interacts with A76, variants and 4 10-fold for the Asp66 variants compared to
were randomly mutated, and the resulting GInRS variants wild-type (Table 1) These values correlate with the white
screened for changes in tRNA specificitfhe substrate of  color observed when transformants producing these mutant
choice was tRNéyUrA, which has previously been shown to proteins were plated on MacConkey indicator platébese
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Table 1: Characterization of GInRS Mutants

amber suppressor opal suppressofs
glngs B-galactosidase i o tRNASC, tRNAS, tRNASY,
ginSisolate complementatioh activity (Rp tRNA A tRNAZA A73 A3U70 u70
WT +++ 1 +
Y211G + 0.06
Y211L +++ 0.11
Y211F +++ 0.06
Y211S ++ 0.12
F233L +++ 0.10
F233Y +++ 0.08
F233D ++ 0.14
Y211F/F233Y ++ 0.14 nd nd nd nd nd
D66P ++ 0.23
D66R + 0.10
D66L ++ 0.19
D66G + 0.10
D66V ++ 0.11
D66E +++ 0.26
D66S +++ 0.24
D66F +++ 0.27
D66H + 0.15 +
D235A + 8.9 + + + + +
D486R/L488Q ++ nd nd nd nd + +

a Complementation ofInS172(ts) was tested after incubation on complete medium at@2+++, normal growth after 16 hi+, weaker
growth after 1 day:+, marginal growth after 2 days. nd, not determin®dctivity relative to BT3213 transformed with g822 containing the
wild-type gInSgene 8). ¢ Suppression was assayed by growth of transformants on minimal medium due to opal supprespidifUWEAL5) or
by the appearance of red colonies due to the amber suppressdamZ§UAG1000). As controls for the various in vivo activities, the GINRS mutants
D235A (8) and D486R/L488Q13) were used.

Table 2: Aminoacylation Kinetics of GInRS with GIn and ATP

GInRS Kw («M) Keat(mMin=?) Kead K (Min~t uM 1) AAG(kcal mol?)2

Gin

wild-type 114+ 12 157+ 7 1.38+£0.16

Y211L 118+ 11 241+ 1.0 0.205+ 0.021

Y211F 7050+ 910 88.7+ 6.9 0.0126+ 0.0019 —2.87+£0.12

Y211S 6050+ 600 4.92+ 0.25 0.000 812 0.000 090

F233Y 525+ 81 181+ 16 0.345+ 0.062 —0.85+0.13

F233L 2210+ 160 97.2£25 0.0439+ 0.0034

F233D 7760+ 850 2.87£0.18 0.000 37@: 0.000 0 47

D66E 2020+ 180 42+ 2.4 0.0209+ 0.0022

D66F 758+ 74 0.846+ 0.031 0.001 15t 0.000 12

Y211F/F233Y 584t 55 331+ 14 0.0589+ 0.0061 —1.93+0.15
ATP

wild-type® 110 168 1.53

Y211L 315+ 17 19.1+ 0.4 0.0606+ 0.0035

Y211F 740+ 44 90.6+ 3.1 0.122+ 0.008 —1.54

Y211S 735£ 78 8.16+ 0.41 0.0111 0.0013

F233Y 420+ 42 148+ 6 0.352+ 0.038 —0.90

F233L 745+ 49 165+ 5 0.221+ 0.016

F233D 538+ 61 2.54+ 0.14 0.004 72+ 0.000 59

D66E 134+ 8 37.6+£1.2 0.280+ 0.019

D66F 593+ 94 0.953+ 0.091 0.001 6 0.000 30

Y211F/F233Y 246t 8 27.8+0.4 0.113+ 0.004 —1.59

a Apparent difference between mutant and wild-type in the Gibbs’ free energy for GIn or ATP biddh@®,= RT IN[(KealKm) mud (Kead Km)wita]-

bValues taken from re8.

data also show that perturbation of the interaction betweenthe ginStemperature-sensitive strain UT172 indicated that

the 3-terminus of tRNAY}, and GInRS results in a higher
substrate specificity with respect to discrimination of non- aminoacylate tRNA" with glutamine. The most stable of
cognate tRNA This was supported by the observation that, these mutants, as assessed by in vivo complementation, were
in contrast to all but one previously isolated GINnRS acceptor- then selected for further characterization in vitro. The impact
stem recognition mutant, none of these mutants recognizeof mutating residues Asp66, Tyr211, and Phe233 on the
steady-state kinetic parameters for the aminoacylation reac-

either the amber suppressors tR}/A and tRN

Glu
ua Or the

opal suppressors tRNA, A3U70 and tRNAL, U70

(Table 1).

In Vitro Characterization of GInRS VariantsThe obser-
vation that all of the isolatedInS mutants complemented

the resulting GInRS variant proteins retained the ability to

tion was examined in vitro (Table 2)The effects of mutating
Tyr211 were strictly dependent on the nature of the substitu-
tion. Y211L showed no change in g, for glutamine and

a 6-fold decrease ik.;: compared to wild-type, in contrast
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Table 3: Equilibrium Constants and Gibbs’ Free Energies for
Binding of tRNA®M to Wild-Type and Mutant GINRS

Kon Kot Kirna  Gerna AG
GInRS (stM™ (sH (M) (kcal/mol) (kcal/mol)

WT® 21.2+09 7.1+15 0.33 —8.76

Y211F 48.0+2.2 6.5+2.1 0.135 -—-9.28 —0.52
Y211S 58.32.3 8.0+2.5 0.137 -—9.27 —0.52
Y211L 56.3+3 5.8+3.1 0.103 —9.44 —0.68
F233L 542+ 14 54+1.2 0.099 -—9.46 —0.70
F233D 55.8:3.4 7.1H2 0.129 —9.31 —0.55
F233Y 52428 4516 0.086 —9.55 —0.79
Y211F/F233Y 50.#1.4 7.6t2.1 0.150 -9.30 —0.54

2 Parameters were derived as previously descriBpd {/alues for
wild-type GInRS were previously determineg).(

to Y211F, which was predominantly effected in its apparent
affinity for glutamine, which fell 60-fold Y211S showed
both a significant increase in thi€,, for glutamine and
decrease ik In all cases, comparable but significantly
less pronounced effects were seen for the ATP kinetics. With
the variants of Phe233, both F233Y and F233L showed
increases irky for glutamine but little change ik, In
contrast, F233D showed dramatic changes in bqshand

keat resulting in a 3700-fold decrease in catalytic efficiency
(kcafKm) compared to wild-type, the largest change among
the mutants described in this studps with replacements

of Tyr211, substitution of Phe233 showed comparable but
much smaller effects on the kinetics for ATP than observed
for glutamine. The mutants of Asp66 displayed a different
pattern D66E showed a large decreasdin for glutamine,

but not ATP, resulting in a 66-fold decrease in catalytic
efficiency for glutamine. D66F led to the biggest fallkigy

Liu et al.
Gln -2.9 kcal mol”
Y211 F233 ——— F211F233
-0.85 kcal mol! +0.94 keal mol™*
Y211 Y233 —5varma > F211 Y233
|coupling energy = 1.8+0.2 keal mol™ |
ATP

-1.5 keal mol™

Y211 F233 —— > F211F233

-0.9 keal mol™! -0.05 keal mot”

l !

Y211 Y233 —(7rarg " F211 Y233

-0.7 kcal mol’

|coup|ing energy = 0.85+0.2 kcal mol'1|

Ficure 2: Double mutant cycle analysi8®) for Gln and ATP
during aminoacylation by GInRS-Y211F/F233Y.

DISCUSSION

Mischarging of Suppressor tRNAs by GInRS Mutariise
ability of GInNRS mutants to recognize a broad range of
suppressor tRNAs has been widely exploited during inves-
tigations of tRNA recognition and substrate specificity
(reviewed in refs25 and 26). While numerous mutations

among all the tested mutant GInRSs, which subsequently 5 the acceptor stem-binding domain of GInRS result in a

resulted in its very low catalytic activity D66S was
thermally unstable in the assay and lost its activity rapidly
during aminoacylation, preventing its kinetic characterization.

The affinity for cognate tRNA (tRNA"™ of the various
mutants involved in stacking interactions with A76 was
determined by stopped-flow fluorimetry All mutations
resulted in small decreases in the dissociation conkta,
indicating little or no change in affinity for tRN%In
compared to wild-type (Table 3).

Double Mutant Cycle Analysis of Tyr211 and Phe233.
The double mutant Y211F/F233Y was constructed to inves-
tigate the role of the hydroxyl group of Tyr211 and the
contribution of the two aromatic side chains to glutamine
binding Y211F/F233Y GInRS showed a 5-fold increase in
Km for glutamine and 5-fold decrease kg, compared to
wild-type. The double mutant also showed less dramatic
changes in the kinetic parameters for ATP. The double
mutant displayed lower catalytic efficiency compared to
F233Y but improvement compared to Y211Fhe 23-fold

relaxation in tRNA substrate specificity, as indicated by the
ability to recognize a broadened range of suppressor tRNAs
compared to wild-type (e.g., ref2, 24, 2%, mutations of

the residues which interact with A76 of tRNA result in an
increase in tRNA specificity. Thus, GInRS variants mutated
at Asp66, Tyr211, and Phe233 and then selected for their
inability to recognize tRNA!|, are also unable to recognize
other noncognate tRNAs. A comparable spectrum of sup-
pression was previously obtained for the GINRS mutant
L136A (14); Leul36 stacks between A72 and G2 and
stabilizes the disruption of the weak first (8A72) base
pair of tRNA®" and is thus important in determining the exact
orientation of the 3end of tRNA". This is in contrast to
mutation of Asp235, which is involved in recognition of the
2—71 and 3-70 base pairs, where similarly selected mutants
displayed a reduced ability to discriminate opal suppressors
derived from tRNA" (8). These differences suggest that
the selected variants of Asp66, Tyr211, and Phe233 do not
disrupt interactions distal to the active site in the GInRS:

decreased catalytic efficiency compared with that of wild- tRNAS" complex. This is consistent with the suggestion
type suggested that the correct positioning of the hydroxyl that the 3-end of the tRNA molecule does not play a role in
group was critical for glutamine binding. The larger tRNA discrimination by an aaRS since it is common to all
difference in coupling energy for glutamine than for ATP tRNAs, bqt may |n.stead be'lnvolved in determining the rate
(1.79 and 0.85 kcal/mol, respectively) derived from double Of catalysis of aminoacylatior2g).

mutant cycle analysis (Figure 2) indicated that the two  Proteinr—RNA Interactions Optimize Glutamine Binding.
residues, Tyr211l and Phe233, predominantly interact to Mutation of any of the three amino acid residues in direct
optimize glutamine binding. The two residues also interact contact with A76 of tRNA&'" led to significant reductions in

to a lesser extent to enhance tRNA binding, as evidencedthe apparent ability of GInRS to bind glutamine, the most
by a AAG of 0.77 kcal/mol (Table 3). pronounced changes being observed at Tyr211 and Phe233.
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Mutation of Tyr211 to Phe or Ser resulted in a-6M-fold binding through increased interaction with phosphates or 2
increase in th&y for glutamine, suggesting the importance hydroxyls @3). The wide distribution of such interactions

of both the hydroxyl and aromatic moieties of Tyr211 in is also well illustrated by the extensive use of Phe/Tyr base
optimizing amino acid binding. The magnitude®AG for stacking in the conserved RNA-binding motif of the spli-
glutamine binding of the Y211F mutant compared to wild- ceosomal protein ULA complexed with an RNA hairgd)(

type (—2.87 kcal mot?') suggests that the hydroxyl group Thus, through the use of well-established protein-RNA
may contribute to substrate binding either by direct or water- stacking interactions, contacts between Tyr211 and Phe233
mediated hydrogen bonding interactions with glutamifg). ( and the invariant base A76 provide the molecular basis for
The substitution of Tyr211 with Leu did not effect tig, tRNA-dependent amino acid recognition by GInRS.

for glutamine, suggesting that in this mutant, neighboring AckNOWLEDGMENT

amino acids might provide the necessary functionalities for
glutamine binding. Mutation of Phe233 demonstrated the
requirement for an uncharged aromatic moiety at this
position; introduction of an additional hydroxyl group
(F233Y) led to a 5-fold increase K for glutamine, removal

of the aromatic moiety (F233L), a 20-fold increase, and
replacement with an acidic moiety a 75-fold increase. Taken
together, the in vivo and in vitro results for the individual
mutation of Tyr211 and Phe233 support the proposed role

2.

of these two aromatic residues in optimizing glutamine 3
binding through their stacking interactions with A76 of
cognate tRNAs. This was corroborated by double-mutant 4.
cycle analysis of Y211F/F233Y GInRS (Figure 2), which 5
showed there to be significant cooperativity between the two
residues with respect to glutamine binding. This indicates 6
that the minimum functional requirements at these positions
are for two aromatic residues, presumably to allow stacking !
with A76 of tRNA, and a single hydroxyl group to participate s.
in glutamine binding. This is further supported by the
observation that, in the crystal structure of the complex
between GINRS:tRN&" and a glutaminyl-adenylate ana- 9.
logue, the hydroxyl group of Tyr211 is an obligate hydrogen
bond acceptor in a network of water-mediated interactions
with the amide side chain of glutaminadj. 11.
tRNA-Mediated Substrate Binding in Aspartyl-tRNA Syn-
thetase. The crystal structures of the various complexes 12.
formed by the class Il aspartyl-tRNA synthetase (AspRS) 13
and its substrate8{) identified a number of residues within
the active site which directly contact A76 of tRN& 14.
Mutation at three of these positions (GIn300, Ser301, and 15
Phe304) all led to changes both in the rate of aminoacylation ~~
and theKy, for aspartic acid, although the magnitude of these 1.
changes was generally less than for the GINRS mutants
described here. Interestingly, stacking interactions between 17.
A76 and aromatic residues of AspRS contributed little to 18
the efficiency of catalysis or substrate binding, in contrast '
to the dramatic effects reported here for GInRS. This may 19,
be due to the observation that AspRS does not require the 20.
presence of tRNA for aspartyl-adenylate formation.

Stacking Interactions of RNA Bases with Aromatic Side
Chains of Proteins.The data presented here clearly show 54
the critical role of interactions between two aromatic residues,
Tyr211 and Phe233, and the-teérminus of tRNA in 22.
optimizing the active-site conformation of GInRS with
respect to glutamine binding. The two residues perform this 23.
function by using their side chains to provide stacking o4

interactions with the adenine ring of A76 of tRNA
Previous studies have revealed the existence of a number of 25.
other strong interactions between RNA base-amino acid pairs 26
including aspartate-cytosine and tyrosine-cytosine (sum-
marized in ref32). For example, the study of zinc-finger
RNA interactions showed that such interactions may enhance

27.

We are grateful to L. Silvian for help with interpretation
of structural data and to A. Mitra for critical reading of the
manuscript.
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