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ABSTRACT: We have studied the interactions betwé&estherichia coltRNAVa and valyl-tRNA synthetase
(ValRS) by enzymatic footprinting with nuclease S1 and ribonuclease V1, and by analysis of the
aminoacylation kinetics of mutant tRNA transcripts. Valyl-tRNA synthetase specifically protects the
anticodon loop, the'3side of the stacked T-stem/acceptor-stem helix, and tteédg of the anticodon

stem of tRNA@ against cleavage by double- and single-strand-specific nucleases. Increased nuclease
susceptibility at the ends of the anticodon- and T-stems in the tRNAIRS complex is indicative of
enzyme-induced conformational changes in the tRNA. The most important synthetase recognition
determinants are the middle anfdaBiticodon nucleotides (A35 and C36, respectively); G20, in the variable
pocket, and G45, in the tRNA central core, are minor recognition elements. The discriminator base, position
73, and the anticodon stem also are recognized by ValRS. Replacing wild-type A73 with G73 reduces the
aminoacylation efficiency more than 40-fold. However, the C73 and U73 mutants remain good substrates
for ValRS, suggesting that guanosine at position 73 acts as a negative determinant. The amino acid acceptor
arm of tRNAa contains no other synthetase recognition nucleotides, but regular A-type RNA helix
geometry in the acceptor stem is essential [Liu, M., et al. (198@leic Acids Res. 23883-4890]. In

the anticodon stem, converting the U29:A41 base pair to C29:G41 reduces the aminoacylation efficiency
50-fold. This is apparently due to the rigidity of the anticodon stem caused by the presence of five
consecutive C:G base pairs, since the A29:U41 mutant is readily aminoacylated. Identity switch experiments
provide additional evidence for a role of the anticodon stem in synthetase recognition. The valine recognition
determinants, A35, C36, A73, G20, G45, and a regular A-RNA acceptor helix are insufficient to transform
E. coli tRNAPPeinto an effective valine acceptor. Replacing the anticodon stem of fiRNWith that of
tRNAVa however, converts the tRNA into a good substrate for ValRS. These experiments confirm G45
as a minor ValRS recognition element.

The ability of aminoacyl-tRNA synthetases to discriminate nucleotides in tRNA contribute to recognition, and these are
their cognate tRNA(s) from structurally similar noncognate scattered throughout the three-dimensional structure of the
species is crucial for maintaining translational fidelity. This molecule, with a different distribution in different tRNAs.
specificity depends on recognition by the enzyme of a defined Positive recognition elements are found in the anticodon of
set of nucleotides and structural features that determine tRNAall E. colitRNAs, except those for serine, alanine, and leucine
identity. Much progress has recently been made in identifying (17 out of 20) ). The discriminator base (position 73), the
synthetase recognition determinants, both those required formost distal base pairs of the acceptor stem, the variable
efficient aminoacylation (positive determinants) and those pocket (formed by nucleotides 16, 17, 20, 59, and 60), and
that prevent productive recognition of noncognate tRNAs less frequently the variable loop and the augmented D-helix
(negative determinants), for each of the 20 isoaccepting also contain recognition elements for many synthetases (
tRNA groups inE. coli (reviewed in1—4). Relatively few 2, 4, 6, as do certain posttranscriptionally modified nucle-
otides in the anticodon loof¥ ( 8). Crystallographic9, 10
" TLhifg Wogkswas suplgorteg itr_l paf; ay G_rr&;]f_“ Mcf 95'1|3g32 frOIV\T and chemical footprinting studied1) have revealed that
089 ot the loa Ag?ili:letirlgnargd. sz'm e Soon O%rcgaEX;;?r; ent’ T€COgNItion elements either are in direct contact with the
Station, Ames, A, Project No. 3552. synthetase or affect the presentation of the contact nucleotides
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aminoacylation of this tRNA. Although the major synthetase carried out at £C for the times indicated, in the presence
recognition elements of tRNA are located in the anticodon and absence of added ValRS #®3 uM) in reaction
(15—-18), nucleotides in other parts of the tRNA and mixtures (10uL) buffered at pH 7.2 (50 mM Tris-HCI) or
structural features of the molecule also contribute to the 5.0 (50 mM NaOAc) and containing 10 mM MgCIiL mM
specificity of synthetase recognition. Preliminary accounts ZnCl, 2 uM unlabeledE. coli tRNA (unfractionated), and

of some of these results have appearks} (9. 25 units of nuclease S1 or 0.15 unit of RNase V1. Reactions
lacking ValRS contained an equivalent amount of bovine
MATERIALS AND METHODS serum albumin (BSA) to control for any nonspecific effects

Materials. Native tRNA2(UAC) (1600 pmol/As) was of protein on the activity or specificity of the enzymatic

urchased from Subriden RNA, and further purified b probe. B.SA does not inhibit nuclgase S1 or RNase V1
genaturing gel electrophoresis. Ribonuclease gl was pﬁr_hydroly&s of tRNA® under the conditions studied, nor does

chased from Boehringer Mannheim. Nuclease S1 and ribo- it alter the sites of cleavage. Incubated control reactions

nuclease V1, both FPLC-pure grade enzymes, were frommcluded all ingredients except the enzymes. Reactions were

: : ; terminated by phenol extractionX2, the agueous layer was
Pharmacia/LKB. Ribonuclease-free, molecular biology grade, . . .
bovine serum albumin was purchased from Boehringer washed with ether_ (8) and heated briefly to drive the ether
Mannheim. Nucleoside triphosphates (ATP, CTP, GTP, and off, E_’m_d t_he reaction produc'_[s were reco_\_/ere_d by etha_mol
UTP) were products of the United States Biochemical Corp. precipitation. Pellets were _dr'Ed by Iyop_hlhzatlon and dis-
5-Fluorouridine 5triphosphate (FUTP) was prepared by Sol\l)l’egD'r_}_ioﬂoLlaj sgquenmrr]]g d¥ebFOIUt'°nd(80“f;reai 20
Sierra Bioresearch. T7 RNA polymerase was isolated from (r:r;/anol) » V.17 bromophenol blue, and ©.1% Xxylene
E. coliBL21/pAR1219 as reported by Zawadzki and Gross vy .
(20). Homogeneous valyl-tRNA synthetase was prepared 5'-32p-labeled tRNA was cleaved under conditions that

from E. coli GRB238/pHOV1 as described by Chu and result in a limited scission of tRNA molecules to minimize
Horowitz (21), andE. coli phenylalanyl-tRNA synthetase secondary cleavages. Primary cleavage sites were identified

was partially purified as described by Peterson and Uhlen- by digesting tRNA with varying amounts of enzyme (resqlts
beck @2). not shown). !_evels of nuclease used in prgblng reactl_ons
Preparation of tRNADNA templates for in vitro tran- were approximately half those that gave rise to the first
scription by T7 RNA polymerase were derived from the detectable secon_d_ary cleavages_. RNA fragments dej[ected
recombinant phagemid pVAL119-21, containing the cloned under these conditions were consu;iered to arise from primary
wild-type E. coli tRNAV@ gene linked to an upstream cleavages, although we cannot ennre]y exclude the possibility
bacteriophage T7 promoter, as reported previougs). ( th.at some clegv_age product; ar,e gerlved from secondary cuts
pFPHE119 is a similar construct containing t&e coli W'gz“’“t examining results with'3P-labeled tRNA.
tRNAPrgene, and was prepared (Liu and Horowitz, unpub- P-labeled nu_cleas()e cleavagg products were separated by
lished) from recombinant pUS61822) containing the eIectrophoregs n 15% denatunng polyacrylamu_je 9805 (
tRNAP"® gene, kindly supplied by Dr. O. C. Uhlenbeck and were wsyahzed by autoradlography. Assignment of
(University of Colorado, Boulder). The tRNA gene cleavage positions was made by comparison with the known

: : itions of G residues in partial RNase T1 digests of
sequence differs from that of natural tRR&by having the pos Val . ) .
C3:G70 base pair replaced by G3:C70 to improve transcrip- tTF?LNhA da’ Ia ndtan alkaline hydrglg&_s Ia%d(ta_r. P&rtllaLRlN;se
tion efficiency @2). Mutations were introduced into the yv rlo ysates were prepared by Incubalingld-labele
o . : tRNAVa (20 000 cpm) in 20 mM sodium citrate, pH 5.0, 1
cloned tRNA genes by site-directed mutagene2# (sing M EDTA. 0.6 ma/mL ier tRNA. 4.2 M 0.025%
mutagenic oligonucleotides synthesized by the Nucleic Acid m , 9.0 Mg/mL carrer r urea, v. y

" : . bromophenol blue, and 0.025% xylene cyanol, with 5 units
Facility at lowa State University. Mutants were selected by . .
dideoxy DNA sequence analysigs). of RNase T1 at 65C for 5 min 31). Alkaline ladders were

Transfer RNAs were transcribed in vitro from the synthetic generated by incubating 1 of tRNA (20 000 cpm) in 5

tRNA genes as describe@®). The transcripts, purified by ff'c‘ of 20 mM sodium bicarbonate, pH 9.5, for 5 min at 90
HPLC (27), could be amln_oac_ylafced (o levels of 1.101500 . Steady-State Aminoacylation KineticBhe kinetics of
pmol/As unless otherwise indicated. Both native and in

; . Al . _ aminoacylation were determined at 3 as previously
vitro transcribed tRNA2 were quantified by spectrophoto described 82) in a 60L reaction mixture containing 100

metric measurements at 260 nm, assuming a valB&f ' ieoes bH 7.50. 15 mM MgGI100 mM KCl, 7 mM

= 24 . ) ATP, 1 mM DTT, 99uM L-[*H]valine (5 Ci/mmol, from
Nu?/l;aase MappingContacts between ValRS aifd coli aAmersham, Arlington Heights, IL), and transfer RNA ranging

tRNAY were mapped by enzymatic probing reactions with oy ¢ 5 to 4,M. Reactions were initiated by addition of 1

nuclease Sl_ and ribonuclease V1 at pH _7._2 and 5.0; the, purified valyl-tRNA synthetasé, andkex values were

synthetase binds tRNA more strongly at acidic @8)(For  getermined by a least-squares fit of the double-reciprocal

these experiments, transfer RNA was®-labeled with T4 plot of the data. Under our conditions, th@ for valine is

polynucleotide kinase2Q) and purified by gel electrophore- 43 .\ (3. Liu and Horowitz. unoublished). and that for ATP
sis. Limited hydrolysis of théP-end-labeled tRNA3Q) was is f_3 r(nM 3. Une )

1%F NMR SpectroscopyFor F NMR spectroscopy,

! Abbreviations: ValRS, valyl-tRNA synthetase; FUra, 5-fluoro-  5-fluorouracil-substituted tRNAs were transcribed using
uracil; (FUra)tRNA®, 5-fluorouracil-substitutede. coli tRNAVa; FUTP in place of UTP. Transfer RNA samples were
HPLC, high-performance liquid chromatography; NMR, nuclear mag- . . o ’ .
netic resonance; BSA, bovine serum albumin; EDTA, ethylenediamine- dissolved in 111% standard NMR buffer (55.55 mM sodium

tetraacetic acid. cacodylate, pH 6.0, 16.66 mM Mg£ 1111 mM NacCl, and
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FicURE 2: Partial nuclease digestion Bf coli tRNAV@ at pH 5.0

in the presence and absence of ValRS) (@nincubated control;

(T) RNase T1 ladder; (OH) alkaline hydrolysis ladder; (C) incubated
control minus and plus ValRS; (S1) nuclease S1 digestion, minus
and plus ValRS for 5 min (5) and 10 min (10); (V1) RNase V1
digestion minus and plus ValRS for 5 min (5) and 10 min (10).
Symbols and nomenclature are the same as in Figure 1.

'
e

the nucleotide that donates the phosphate; i.e., cleavage
between the first and second nucleotides from thenfl is
denoted as cleavage at p2.
At both pH 7.2 and pH 5.0, ValRS protects nucleotides
“ i in the anticodon loop oE. coli tRNAV@, positions 34-37
(Figure 3a), from nuclease S1 hydrolysis (Figures 1 and 2,
left). Cleavage near the-Berminus of the tRNA, although
unassignable to specific nucleotides, also is significantly
reduced by ValRS (Figure 1). Valyl-tRNA synthetase binding
to tRNAV? is quite specific. The enzyme does not inhibit
!'. . 3: cleavage of 5°?%P-labeledE. coli tRNAY®' by nuclease
probes (results not shown), this despite the fact that
_ o ) tRNAY® can be aminoacylated with valine when the Met
Ficure 1: Partial nuclease digestion Bf coli tRNAVa at pH 7.2

in the presence and absence of ValRS. (T) RNase T1 ladder; (OH)antlcodon IS replace'd \,N'th that f‘?r valings).
alkaline hydrolysis ladder; (C) incubated control plus and minus ~ RNase V1 footprinting experiments at pH 7.2 reveal
ValRS; (S1) nuclease S1 digestion, minus and plus ValRS for 5 contacts between ValRS and the anticodon stem, the T-stem,

min (5) and 10 min (10); (V1) RNase V1 digestion minus and plus and the amino acid acceptor stem of tRRA(Figure 1,

ValRS for 5 min (5) and 10 min (10). Open triangles indicate i ; ; .
phosphodiester bonds protected from cleavage by ValRS. Solid right). The synthetase protects positions 69 (in the aminoacyl

triangles indicate bonds whose susceptibility to cleavage is increasecd?CCEPIOr stem), 66 (at the junction of the amino acid acceptor
in the tRNA—ValRS complex. and T-stems), 63 (in the T-stem), and-28) on the 5side

of the anticodon stem, from RNase V1 hydrolysis. At pH
1.11 mM EDTA) and dialyzed against two changes of the 5.0, where the synthetase binds tRNA more tigh)(
same buffer. Sample volume was adjusted to 4Bpand protection at position 69 is more evident, and protection at
10% (v/v) DO was added as an internal lock signal. Before p43 (in the anticodon arm) is observed (Figure 2, right).
spectra were recorded, tRNA samples were renatured by ynder conditions of the experiment, spontaneous hydroly-
heating at 55°C for 20 min, followed by slow cooling to  sjs of tRNA'® occurs, most frequently at labile pyrimidine
room temper_aturelﬁ’F NMR spectra were collected at 47 gdenine phosphodiester linkages (Yp&B €.g., p9, pl4,
°C on a Varian Unity 500 FT NMR spectrometer at 470 26, p35, and p37 (Figures 1 and 2). Valyl-tRNA synthetase
MHz by using 12K data points, with no relaxation delay and protects the tRNA from spontaneous cleavage at positions
a pulse angle optimizing the Ernst conditic8¥). 8, 9, 14, and 39 (Figures 1 and 2). Results of the nuclease
probing experiments are summarized in Figure 3b. It is clear

RESULTS AND DISCUSSION that ValRS makes strong contacts with the anticodon loop,

Nuclease Mapping of Synthetase Contact Sitasitacts the B side of the anticodon stem, and thes3de of the
between ValRS ancE. coli tRNAYa were mapped by  stacked T-stem/acceptor stem helix.
nuclease S1 and ribonuclease V1 footprinting, at pH 7.2 and Two phosphodiester bonds at the ends of helical stems of
pH 5.0. B3-32P-end-labeled native (modified) and in vitro tRNAYa become more susceptible to RNase V1 hydrolysis
transcribed (unmodified) tRNY®' were partially digested as a result of ValRS binding: p31, in the anticodon stem
with the enzymes in the presence or absence of ValRS (sedqFigure 1, right); and p53, in the T-stem (Figure 2, right).
Materials and Methods). Similar results were obtained for This suggests that conformational changes occur in the
both tRNA samples; only those with native tRNBAare anticodon stem and the T stem when the synthetase interacts
shown (Figures 1 and 2). Cleavage sites are designated bywith tRNAY?. Such changes were detected fir NMR
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Ficure 3: Nucleotide sequences of the tRNAs used in these studiesE. @)li tRNAV2, Shaded areas in (a) and (c) indicate sequence
differences betweeR. coli tRNAVa andE. coli tRNAP"e (b) Summary of nuclease footprinting results shown on the structuie obli

tRNAVa, (White arrowhead) Phosphodiester bonds protected from nuclease S1 hydrolysis by ValRS; (stippled arrowhead) bonds protected
from RNase V1 hydrolysis by ValRS; (hatched arrowhead) bonds protected by ValRS from spontaneous hydrolysis; (black arrowhead)
bonds hydrolyzed more readily by RNase V1 in ValRS-bound tRNAc) E. coli tRNAPhewith the natural C3:G70 base pair replaced by
G3:C70. (d) 5-Fluorouracil-substitute#l coli tRNAVal,

experiments with 5-fluorouracil-substitutéd coli tRNAV& aminoacylation activity, despite replacement of all uracils
(21). F NMR is well suited for monitoring structural by the base analogug, 36, 37. There are 14 fluorouracil
changes because of the high resolutioA®6fNMR spectra residues distributed throughout every stem and loop of the
and the sensitivity of the fluorine nucleus to changes in its tRNA molecule (Figure 3d). Thé’F spectrum of (FUra)-
environment. 5-Fluorouracil-substituted tRKAretains full tRNAVa shows a resolved peak for each incorporated FUra
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and has been completely assign&8,(39. Comparison of
the 1% spectrum of the free tRNA with that of ValRS-bound

tRNAVa indicates enzyme binding causes partial unwinding

Biochemistry, Vol. 38, No. 24, 1999741

Table 1: Aminoacylation Kinetics of Anticodon Arm Mutants &f
coli tRNAVa

of the T-stem helix near position 64 and a limited disruption tRNA (5,\'}]) (Zfaf) KealKon r,iljﬂ\:ne

of T—Ioop/D—Ic_Jop_ |_n_teract|on511). This unW|nd|r_1g could wild-type 14 90 64 (1.0)

account for inhibition of RNase V1 hydrolysis at p63, anticodon

because the enzyme acts preferentially at helical or base- U34— G34 19 77 41 0.63

stacked regions‘l@). —C34 1.7 7.0 4.1 0.63 .
19 NMR also detects the strong interactions of ValRS A35:g§’§ B B i'gi igz ;gi %gG

with the anticodon of tRNA. Loss of intensity of the signal — U35 - _ 58x 105 89x 10°¢

from FU34 is the major effect of synthetase binding on the  C36— A36 97 036 4.0<102 58x10°3

19F spectrum of (FUra)tRN®&' (21). Schweizer and co- —U36 459 025 5510°% 9.0x 10"

workers reported comparable resultd3@ NMR experiments _ —G36 462 040 8%10° 13x107

. . . . . anticodon loop

probing the interaction of [4,%C]luracil-labeledE. coli C32— U32 14 72 51 0.80

tRNAVa andB. stearothermophilusalyl-tRNA synthetase —G32 069 65 94 15

(41, 42. °F NMR experiments also provide evidence for —A32 069 81 117 18

synthetase contacts at FU7 and FURT)( consistent with uss— ggg ig 1%2 g'i i'g

the nuclease footprinting results, which show protection by 537 37 11 81 74 12

ValRS against nuclease V1 cleavage at the nearby residues — G37 0.99 101 10.2 1.6

8 and 9 and at 66 (Figures 1 and 2). A38—G38 47 25 054 8.4 10°°
Synthetase Recognition Determinants of tFANnmodi- —C38 14 76 54 0.84

, . X o —U38 045 17 37 0.58

fied wild-type tRNA'® transcripts exhibit nearly the same C32:A38— G32:C38 2.6 119 4.6 0.72

aminoacylation kinetics as native (modified) tRXA(23). anticodon stem

This allows us to identify nucleotides and structural features =~ U29:A41— 253:82111 225.41 ;;3 §J.815 02.830102

of the tRNA that serve as ValRS recognition determinants, C30:G40— U30A40 20 101 50 078

by analysis of the steady-state aminoacylation kinetics of in

vitro transcribed tRNA' mutants. Mutations were introduced
in all parts of the tRNA? molecule, particularly those shown
by nuclease footprinting to be contacted by ValRS.

(1) Anticodon Loop Nuclease footprinting experiments
identify the anticodon as a key site of ValRS interaction with
tRNAVa' (Figure 1). Schulman and co-workers initially
reported 15, 17, 43 that the anticodon is the main synthetase
recognition determinant of tRNA! (also see ref46, 18.

no detectable aminoacylation activity (Figure 4b). However,
when A37 in the double mutant is converted to C37, intro-
ducing the valine anticodon sequence shifted one position
toward the 3side of the anticodon loop (U35A36C37), the
tRNA readily accepts valine, although at a slower rate than
wild-type tRNAV2 its charging level almost reaches that of
the wild-type tRNA afte 1 h (Figure 4b). The mutant

To determine the quantitative contribution to synthetase tRNAY2 with the anticodon sequence shifted one position

recognition of individual positions in the anticodon, the
aminoacylation kinetics of anticodon mutants of tRXA

to the 3 side of the anticodon loop (U33A34C35) has no
detectable aminoacylation activity (results not shown),

were analyzed. The results (Table 1) identify A35 and C36 Presumably because of the sharp U-turn in the anticodon loop
as major synthetase recognition determinants. Mutants atbetween nucleotides 33 and 34.

position 35 are aminoacylated only POas efficiently as
wild-type tRNA, and those at position 36 are-3 orders

of magnitude less active. Mutants at position 34, however,

remain good substrates for ValRS, as expected, bedause
coli valine isoaccepting tRNAs have eitha G or a U at

position 34. Substituting A36 for the wild-type C36 is less
deleterious than replacing C36 with U36 or G36 (Table 1),
suggesting that the exocyclic 4- or 6-NH functional group

Effects of mutations at other positions in the anticodon
loop of tRNAVa on aminoacylation are summarized in Table
1. Substitutions for C32, U33, and A37 have little effect on
general aminoacylation effectiveness (Table 1). The specific-
ity constants K.a/Km) of these tRNA? variants are close to
or greater than that of wild-type tRNA. Mutant tRNAs
with purines at position 32 generally have smiglls, and
relative specificity constants that are greater than 1. Replacing

of C or A is recognized by ValRS. A38 with U lowers bothK,, andk.y, but has little effect on
Efficient binding of tRNA® to ValRS requires an the overall aminoacylation efficiency (Table 1); substitution
unaltered valine anticodon; anticodon mutants have a low of A38 with C decreases valine acceptance only slightly.
affinity for the enzyme. This is exemplified by the failure However, changing A38 to G38 reduces the specificity
of mutant G35 to inhibit aminoacylation of wild-type constant 12-fold, due to an increasekip and a decrease in
tRNAVa (2 uM) at concentrations up to 6M (Figure 4a). Kkeat (Table 1). This could be the result of base pair formation
A truncated tRNA? missing the single-stranded-@&rminal between G38 and C32 at the top of the anticodon loop,
ACCA sequence, but retaining the wild-type anticodon, extending the RNA helix of the anticodon stem. Extra cross-
readily inhibits the aminoacylation reaction (Figure 4a). loop base pairs have been observed in the complex of
ValRS recognizes the valine anticodon sequence evenglutaminyl tRNA with its cognate synthetase, GInRS, and
when it is displaced from its usual position in the anticodon their formation produces changes in anticodon loop confor-
loop. The A35U and C36A anticodon mutants of tRXA mation @4). Structural changes in the anticodon of the A38G
are each 35 orders of magnitude less efficient as substrates mutant of tRNA® could inhibit aminoacylation by altering
for ValRS than the wild-type tRNA (Table 1), and the double the presentation of the synthetase recognition nucleotides in
mutant A35U;C36A (which retains the wild-type A37) has the anticodon (A35 and C36) to ValRS. Spectral shift
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FiGure 4: (@) Inhibition of wild-type tRNA? (2 uM) aminoacylation by tRNA& variants: @) mutant A35G; ©) mutant lacking 3
ACCA. (b) Aminoacylation of anticodon mutants of tRN& (@) wild-type; (O) mutant U35A36C37;¥) mutant U35A36A37.

changes in théH NMR and?°F NMR spectra of the A38G

Table 2: Aminoacylation Kinetics dE. coli tRNAVa Mutants
mutant of tRNA@ (unpublished results) provide evidence

. . . Kn ke relative
for conformational changes resulting from the transformation tRNA (M) (S—T) kealKm  KeadKom
of A38 to G38. I_t is mf[erestlng tq note that the C:_’>2G;A38C wild-type 14 90 64 (L0
double mutant, in which a putative G:C base pair at the top discriminator base
of the anticodon loop would have the opposite orientation, A73—U73 25 49 20 0.30
is quite readily aminoacylated (relatikg/K, = 0.72) (Table —Gr3 65 11 017 0.026
1)q y y (relatik@dKm ) ( —C73 23 67 29 045

) . . . variable pocket

(2) Anticodon StemThe 3 side of the anticodon stem U17_,p017 12 88 74 11
contacts ValRS directly (Figures 1 and 2). Results of a  G20— A20 47 115 25 0.38
mutational analysis of several base pairs in the anticodon —C20 60 112 19 029
stem are presented in Table 1. Conversion of C30:G40 to U59: gég i'g 32 %‘8 8‘3%
U30:A40 has little eff_ect on aminoacylation efficiency (Table — G59 11 79 7.2 11
1). However, mutating U29:A41 to C29:G41 reduces the T-stem, central core, and variable loop
charging efficiency 45-fold (Table 1), primarily due to an ~ G50:U64— G50:C64 13 106 82 13
18-fold increase irKy,. Although this may result from loss [G45L_J(A'G71_o',gg;)] 1183 75 12
of a direct synthetase recognition site, it is more likely due — [U45-(G10:C25)] 27 99 37 0.57
to the rigidity or lack of flexibility of the anticodon stem — [A45-(G10:C25)] 3.8 119 31 0.49
caused by the presence of five consecutive C:G base pairs. S;‘rg* é‘é‘é ?é% 1%% 22% %332
Replacing U29:A41 with A29:U41 generates a much more Cad + A2E— A4+ G26 19 128 67 105

active tRNA, having a catalytic efficiency 60% that of wild-
type tRNAY (Table 1). Moreover!®F NMR experiments in the vicinity of the 4:69 base pair, as monitored ¥
show a conformational change in the anticodon loop of the NMR spectroscopy of 5-fluorouracil-substituted tRXA
C29:G41 mutant of tRNX%! (38), and this may interfere with  (45), suggesting that maintaining regular A-type RNA helix
effective synthetase recognition of the tRNA by altering geometry in the acceptor stem, at or near the 4:69 base pair,
access of the enzyme to essential functional groups on A35is important for proper recognition of tRNA by valyl-tRNA

and C36. synthetase.

(3) Acceptor StemAlthough ValRS makes direct contact (4) Discriminator Base and'3CCA End Substitution of
with the acceptor stem of tRNA, particularly near p69 G for the wild-type discriminator base, A73, of tRNA
(Figure 1), we previously demonstrated the absence ofresults in a 40-fold reduction in aminoacylation efficiency
essential recognition nucleotides in the acceptor hdlby. ( (Table 2). The C73 and U73 variants are much more active,
Replacing any base pair in the acceptor stem with anotherhavingk../Km values only 2- to 3-fold lower than that of
Watson-Crick base pair has little effect on aminoacylation wild-type tRNAY® (Table 2). Evidently A73 is not an
efficiency. In additionBacillus stearothermophiluRRNAVa absolute requirement for the productive interaction of
is readily and fully aminoacylated Hy. coli ValRS despite tRNAVa with ValRS. Tamura et al.1@) also have investi-
major acceptor stem sequence differences framcoli gated the role of the discriminator basemfcoli tRNAV&
tRNAV@ (Tardif and Horowitz, unpublished). Moreové, in ValRS recognition. Although their results generally agree
coli tRNA”A2 and yeast tRNA'™ whose acceptor stem with ours, they reported the A73U mutant to be inactive,
sequences also differ significantly from that of tR¥Acan with an aminoacylation efficiency more than 3 orders of
be converted to efficient valine acceptors by inserting a valine magnitude lower than that of wild-type tRNA Reasons
anticodon and replacing the G:U base pair in the acceptorfor this discrepancy are not clear.
stem of these tRNAs4E). The negative effects of G:U base The identity of the discriminator base is known to affect
pairs are strongly correlated with changes in helix structure the structure and stability of the acceptor helix of tRNA
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We had earlier shown that guanosine in place of the
universally conserved'derminal adenosine has a negative
effect on the aminoacylation of tRNA, reducing the
charging efficiency more than 2 orders of magnitude due to
a 300-fold decrease ik (49). Valine tRNAs terminating
in either 3-cytidine or 3-uridine retain almost full aminoa-
cylation activity @9). Base substitutions for C74 and C75
have relatively little effect on the aminoacylation efficiency
of tRNAVa except that the G75 variant exhibits a 185-fold
decrease kot (49).

(5) Variable Pocket, T-Stem, and Central CoMucle-
otides in the variable pocket (16, 17, 20, 59, and 60), the
single-stranded region of tRNA where the T- and D-loops
interact, as well as those involved in tertiary interactions in
the central core are known to serve as synthetase recognition
determinants for several tRNAs (e.82, 50, 5). In tRNAVa,
Ul7, U59, and C60 are not important for synthetase
S e et recognition since the conservative pyrimidine-pyrimidine
o T T e T e e substitutions U17C and U59C exhibit normal aminoacylation
kinetics; the U59G mutant (Table 2) and the double mutant
U59G;C60U (Tardif and Horowitz, unpublished) also are
charged at the wild-type rate.

Converting G20 to any other nucleotide consistently
reduces the aminoacylation efficiency-8-fold (Table 2).
Although substitutions for G20 are not expected to affect
tRNA structure because this nucleotide is not involved in
stabilizing tertiary interactions, nucleotide substitutions at
position 20 are known to produce structural changes in tRNA.
Most pertinent to our results are the findings of Peterson
and Uhlenbeck22), who showed that replacing the wild-

g type U20 ofE. colitRNAP"reduces the lead cleavage rate.
T AR ASSNASRS aanas panay They also found that changing U20 to G20 introduces several
85 80 75 70 65 60 55 50 45 40 35 30 25 pem additional lead cleavage sites into the tRNA. Both results
FiGure 5 *9F NMR spectra of 5-fluorouracil-substitutdgl coli indicate altered tRNA folding, which was attributed to the

tRNAVa: (a) (upper) wild-type tRNA2, (lower) mutant A73G; ; . .
(b) (dashéd) Ii(ng)pwi)ld-typéy?RNW', (soli(d Iineg tant Gooe.  bresence of three consecutive G residues in the D-loop of

Arrows indicate positions JfF resonances shifted in the spectrum  the U20G mutantZ2). _ o
of mutant G20C. Spectra were recorded at°'@7 The G18G19G20 sequence also is present in wild-type

tRNAVal (Figure 3), and'®F NMR of FUra-containing
(46—48). To determine whether changes in acceptor stem tRNAYa shows that mutations at position 20 produce
structure cause the observed decrease in aminoacylatiorstructural changes (Figure 5b). Comparison of'frReNMR
efficiency of the A73G mutan#4), we have compared the  spectrum of the fluorine-substituted G20C variant (Figure
%F NMR spectrum of FUra-substituted A73G tRNA 5b, solid line) with that of wild-type tRNX (Figure 5b,
mutant with those of wild-type tRN¥' and of the A73U dashed line) indicates that the two spectra are similar, but
mutant. The results clearly show that the spectra of wild- that in the spectrum of the G20C mutant, resonance FU59
type tRNAY and of the A73G tRNAY mutant are identical  is shifted 0.3 ppm upfield and FU47 shifts 0.2 ppm
(Figure 5a). In particular, there are no changes in the downfield, to overlap FU33. These structural changes in the
chemical shift positions of the three FUra residues in the variable pocket and the variable loop of the G20C variant
acceptor stem, FU4, FU7, and FU67, which indicates that of tRNAV make it difficult to determine whether the reduced
replacing A73 with G73 does not affect the overall structure catalytic efficiency of this tRNA is due to loss of a synthetase
of the tRNA or the local conformation of the acceptor stem. recognition determinant or the result of structural defects in
The °F spectrum of the A73U tRN®' mutant is also the tRNA. To help resolve this uncertainty, we have
identical to that of wild-type tRNAY except for an additional ~ examined the effects on valine acceptor activity of nucleotide
peak due to the presence of FU73 (results not shown). Thesesubstitutions at position 20 of a mutagieast tRNAPhe
results suggest that guanosine at the discriminator positiontRNAP'{A36U;G4A), that readily accepts valinéd). Chang-
acts as an antideterminant for ValRS, either because iting the nucleotide at position 20 of yeast tRMAwvas shown
contains a functionality that blocks enzyme binding or not to affect tRNA structure, as assessed by the rate of lead
because it lacks a functional group(s) necessary for propercleavage %2). If G20 is specifically recognized by ValRS,
recognition by ValRS. As we discussed previougi9)( A, mutating G20 of yeast tRNA{A36U;G4A) should reduce
C, and U share common hydrogen bond donor/acceptorvaline acceptance. Aminoacylation kinetic experiments (re-
patterns that are absent in G and which may be essential forsults not shown) demonstrate that the aminoacylation ef-
correct recognition of tRNA at the active site of the ficiency (.a{Km) for valine acceptance of tRNA{A36U;G4A)
synthetase. is 3 times that of the corresponding G20U variant, indi-

A73G
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Table 3: Valine Acceptance @&. coli tRNAP" Mutants

tRNA Km (uM) Keat (5—1) Keal Km relativekea/Km
E. colitRNAVa
tRNAVa(UAC)(wild-type) 1.4 9.0 6.4 (1.0)
E. coli (tRNA)Phe
tRNAPNYGAA) (wild-type) ND° ND
tRNAP'YGAC) 31.1 0.95 3.1x 1072 5x 1073
+G20 17.1 1.1 6.% 1072 1x102
+G45 22.7 15 6.4 1072 1x1072
+G20+ G45 23.3 3.7 0.16 X102
tRNAP'YGAC)(G20)
+A6:U67 - - 0.17 3x 1072
+C16 - - 3.1x10+* 4.8x 10°°
+C60 - - 0.14 2x 1072
+C16+ C60 - - 25x 104 3.9x10°°
tRNAPP{GAC) (G20} 14.7 6.1 0.42 6< 1072
+A3:U7C - - 0.63 0.10
+U4:A6% - - 0.56 9x 1072
+G453 8.0 9.0 1.13 0.18
tRNAP'YGAC)G20 (V-stem, V-loop) 43 10.1 2.3 0.36
tRNAPP{GAC)G20+ G45 (V-stem, V-loop) 15 9.2 6.1 0.95
tRNAP'YGAC)G20+ G45 (V-stem, F-loop) 1.8 9.9 5.5 0.86
tRNAPP{GAC)G20+ G45 (F-stem, V-loop) 16.5 3.8 0.23 1072

aThe top three base pairs of the anticodon stem of tRREG27:C43+-G28:C42-G29:C41) were replaced with the corresponding base pairs
of tRNAVa (C27:G43+C28:G42-U29:A41).° No detectable aminoacylation.

cating that G20 is a minor recognition determinant for
ValRS.
Further mutational analysis (Table 2) shows that nucle-

removing G:U base pairs from the middle of the acceptor
stem @5). ConvertingE. coli tRNAP'{GAA) into a good
substrate for ValRS proved more difficult and permitted

otides in the T-stem, the variable loop, and central core areidentification of additional synthetase recognition determi-

not important for synthetase recognition. Converting the G50:
U64 wobble base pair in the T-stem to a G50:C64 Watson
Crick base pair, or substituting C47 for U47 in the variable
loop, does not decrease valine accepting activity (Table 2).
Substitution of A or U for G45 in the base triplet G45-G10-
C25 reduce/Km approximately 2.0-fold, compared to
wild-type tRNA'@ (Table 2). Identity switch experiments
with E. coli tRNAP" described later, suggest that G45 is a
minor synthetase recognition determinant. Mutations A26G
and G44A in tRNA? result in moderate, 5565%, reduc-
tions in aminoacylation efficiency (Table 2), due largely to
a 2.5-fold increase iy, The double mutant A26G;G44A,
which recapitulates the A:G tertiary base pair of wild-type
tRNAVa with the location of the bases interchanged, is,
however, as good a substrate for ValRS as wild-type tRNA
(Table 2). The reduced activity of the single mutants is
probably due to structural changes in the tRNA. Bases at
positions 26 and 44 form a purine-purine propeller twist
tertiary interaction at the junction of the anticodon and
D-stems. Peterson and Uhlenbe@®)(reported that single
substitutions at positions 26 or 44 k coli tRNAPhe result
in misfolding of tRNA, as shown by the reduced rate of lead
cleavage of the A26G and G44A mutants. Normal lead
cleavage rate is restored in the double mutant, A26G;G44A
(22), possibly because the propeller twist between G26 and
A44 is isomorphic with that of the wild-type A26-G44.
Transplantation of tRNY&' Recognition Determinants into
E. coli tRNA" To test the completeness of the synthetase
recognition set and to identify possible additional antideter-
minants, the known tRNX' identity elements, A35, C36,
A73, and G20, were transferred into the framework of other,

nants.

Wild-type E. coli tRNAP'{GAA) is not aminoacylated
with valine under standard experimental conditions (Table
3). The sequence d@&. coli tRNAP"e differs from that ofE.
coli tRNAV? at 31 positions, including most of the acceptor
stem, the entire anticodon stem, part of the anticodon loop,
and part of the T-stem (see shaded areas in Figure 3a,c).
Two of the four ValRS recognition nucleotides of tRKA
are missing, C36 and G20 (also G45). Introducing the valine
anticodon into tRNAM by converting A36 to C36 increases
valine acceptance slightly (Table 3); however, tQgKn
for this tRNA is still less than 1% that of wild-type tRNA.
Further substitution of G20 for U20 has little effect on
activity; the tRNA remains a poor substrate for ValRS (Table
3). Additional mutations were introduced into different
regions of tRNAMGAC)(G20) in attempts to increase
valine-charging efficiency.

Because the G:€rich nature of the acceptor stem of
tRNAP"e (Figure 3) may increase rigidity and interfere with
productive interaction with ValRS, A:U base pairs were
inserted at several positions in the acceptor stem. Introducing
A3:U70 in place of G3:C:70, U4:A69 for C4:G69, or A6:
U67 for G6:C67, however, improves aminoacylation ef-
ficiency with valine only a little (Table 3).

E. colitRNAVa andE. colitRNAP"ediffer at four positions
in the variable pocket (16, 17, 20, and 60) (Figure 3). As
already mentioned, changing U20 to G20 in tRNYGAC)
has little effect on aminoacylation efficiency (Table 3).
Similarly, substitution of C16 for U16, or C60 for U60, either
singly or in combination with other mutations, fails to
enhance valine acceptance in the tRIREGAC)(G20)

noncognate, tRNAs. In previous experiments we had shownframework (Table 3). Valine and phenylalanine tRNAs also

that E. coli tRNAA3(UGC) and yeast tRNA{GAA) were

differ at position 45 (Figure 3). This nucleotide forms a base

readily transformed into efficient valine acceptors by intro- triple with the 10:25 base pair, which is G10:C25 in both
ducing these identity nucleotides (where necessary) andtRNAs (Figure 3). Replacing the U45 of tRNGAC)-
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(G20) with G45 increaselg../Km 3-fold (relativekea/Km =
0.18) (Table 3). The aminoacylation efficiency is still
relatively low, but the results point to position 45 as a minor
ValRS recognition element (see below).

The anticodon stem of tRNA¢8is very G:C-rich, with four
consecutive G:C base pairs (Figure 3). Because increasing
the G:C content of the anticodon stem of tR\/Adecreases
the aminoacylation efficiency (Table 1), we examined effects
of introducing A:U base pairs into the anticodon stem.
Replacing the entire anticodon arm©fcoli tRNAP'{G20)
with that of tRNA® raises the aminoacylation efficiency
considerably. The resulting tRNA, tRNA(GAC)(G20)(V-
stem,V-loop), has a relativie../Kn of 0.36, due primarily
to a 3-fold higherK,, compared with wild-type tRNX!
(Table 3). This increase in valine-accepting activity is due
only to the valine anticodon stem; the anticodon loop (outside
the anticodon itself) makes no contribution to activity. When
the valine anticodon loop alone is inserted into tRAthe
mutant tRNA is a poor substrate for ValRS, having a relative
keaf K Of only 0.04 (Table 3). On the other hand, the mutant
tRNAP"e with a Val-stem and a Phe-loop (except for the
A36C mutation to introduce a valine anticodon) is a very
good substrate, with a relativg,/K, of 0.86 (Table 3). We
have been unable to identify nucleotides in the anticodon
stem responsible for the increase in activity. Individual or
multiple base pair substitutions in the anticodon stem of
tRNAP'YGAC)(G20) increase the aminoacylation efficiency
to only 15-34% that of wild-type tRNA? (results not
shown). All these variants have a much higKgr(10—18-
fold), which indicates that binding of the tRNA substrates
by ValRS is severely affected.

Introducing G45, in place of U45, in mutants of tRRI&
(GAC)(G20) containing a valine anticodon stem increases
the valine acceptance activity to nearly wild-type levels,
primarily by lowering theK, (Table 3). These results confirm
G45 as a minor ValRS recognition determinant.

Conclusion Our study demonstrates that two anticodon
bases, A35 and C36, are the major synthetase recognition
determinants oE. coli tRNAVa, In addition, guanosines at
positions 20, in the variable pocket, and 45, in the tRNA
central core, serve as minor recognition elements. Adenosine,
cytidine, and uridine at the discriminator position (#73) are
readily recognized by ValRS, but G73 acts as a negative
determinant. Unlike most tRNAs, the amino acid acceptor
helix of E. coli tRNAY? has no synthetase recognition
nucleotides, but regular A-type RNA helix geometry is
essential, especially near the 4:69 base piiy. Conforma-
tion of the anticodon stem of tRNA also plays a role in
ValRS recognition; mutant tRNAs with rigid, G:C-rich
anticodon stems are poor valine acceptors. Nuclease mapping

indicates that the nucleotide and structural determinants of 29.

ValRS recognition are all in contact with the synthetase.
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