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The ‘KMSKS’ Motif in Tyrosyl-tRNA Synthetase Participates in the Initial Binding
of tRNA™
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ABSTRACT. Variants at each position of the ‘KMSKS’ sighature motif in tyrosyl-tRNA synthetase have
been analyzed to test the hypothesis that this motif is involved in catalysis of the second step of the
aminoacylation reaction (i.e., the transfer of tyrosine from the enzyme-bound tyrosyl-adenylate intermediate
to the tRNAY" substrate). Pre-steady-state kinetic studies show that while the rate constants for tyrosine
transfer kq) are similar to the wild-type value for all of the mobile loop variants, the K230A and K233A
variants have increased dissociation constalig&* = 2.4 and 1.7uM, respectively) relative to the
wild-type enzyme K4RNA = 0.39uM). In contrast, theK4RNA values for the F231L, G232A, and T234A
variants are similar to that of the wild-type enzyme. K&NA value for a loop deletion varian (227—

234), is similar to that for the K230A/K233A double mutant variant (3.4 and:®0respectively). Double
mutant free energy cycle analysis indicates there is a synergistic interaction between the side chains of
K230 and K233 during the initial binding of tRNA (AAGn = —0.74 kcal/mol). These results suggest

that while the ‘KMSKS'’ motif is important for the initial binding of tRNA' to tyrosyl-tRNA synthetase,

it does not play a catalytic role in the second step of the reaction. These studies provide the first kinetic
evidence that the ‘KMSKS’ motif plays a role in the initial binding of tRNAto tyrosyl-tRNA synthetase.

The aminoacyl-tRNA synthetases (AARSatalyze the (+GPXX DPXAPDPP) forming part of the dimer interface,
aminoacylation of tRNA by the following two-step reaction: and motif 2 F®DOXDPAXXFRXEX =4-10+PXXFXX-F)
and motif 3 XPGOPGPGPERPDPDPDP)? containing
AARS + AA + ATP = AARS-AA-AMP + PR 1) active site residues that are critical for catalydisi3, 14.
Tyrosyl-tRNA synthetase belongs to the Class | aminoacyl-
AARS-AA-AMP + tRNA* = tRNA synthetase family. Tyrosyl-tRNA synthetase from
AARS + AMP + AA-tRNA™ ) Bacillus stearothermophilus (B. stearothermophilis)a
dimeric enzyme composed of two identical 47 kDa mono-
In the first Step of the reaction, the amino acid is activated mers 6) A|though there are two active sites per dimer,
by ATP to form an enzyme-bound aminoacyl-adenylate tyrosyl-tRNA synthetase exhibits half-of-sites reactivity with
intermediate (AARSAA-AMP). In the second step of the  respect to the binding of tyrosine and formation of the
reaction, the amino acid is transferred to its cognate tRNA enzyme-bound tyrosyl-adenylate intermediat&—<19). In
(tRNA*), and the aminoacyl-tRNA (AA-tRNA') and AMP  tyrosyl-tRNA synthetase, the actual amino acid sequence of
products are released from the enzyme. Aminoacyl-tRNA the ‘KMSKS’ motif is ‘K ,s0FGKT»34. Previous studies have
synthetases can be divided into two distinct classes on theshown that the mobile loop containing amino acids K230
basis of their structural architecturk @). Class | aminoacyl- through T234 in tyrosyl-tRNA synthetase stabilizes the
tRNA synthetases have a common Rossmann fold domainpyrophosphate moiety of the transition state complex for the
and characteristic ‘HIGH" and ‘KMSKS’ signature motifs  first step of the aminoacylation reaction. Three amino acid
(3—10). The 'KMSKS'’ signature motif corresponds to the  resjdues in the mobile loop, K230, K233, and T234, were
“Walker” sequence found in a number of other nucleotide shown to be responsible for this effe20-24). In this study,
binding proteins 11, 12). Class Il aminoacyl-tRNA syn- e test the hypothesis that amino acids K230, K233, and
thetases are characterized by a six-stranded antiparallelr234 in tyrosyl-tRNA synthetase stabilize the transition state
p-sheet packed between two longthelices (3). They  complex for the second step of the aminoacylation reaction.
possess three conserved sequence motifs, with motif 1Thjs hypothesis is based on several lines of evidence. All of
the above amino acid residues are located on a mobile loop
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of both thef- andy-phosphates of ATP and, presumably,
the 3 end of tRNAY" (20—24). In addition, periodate
oxidation of tRNAY" has been shown to form covalent cross-
links with two lysines in the ‘KsFGKT.34 sequence of
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stearothermophilugyrosyl-tRNA synthetase variants on a
BioRad UNO Q6 anion exchange column using a gradient
from 20 mM Bistris, pH 6.0, to 20 mM Bistris, pH 6.0, 1 M
NaCl. A peak eluting at 200 mM NaCl was collected and

tyrosyl-tRNA synthetase, as well as with the nonconserved dialyzed overnight against 20 mM Tris, pH 7.78, 1 mM

lysine (K225) preceding this sequen&. (Finally, the high

EDTA, 5 mM g-mercaptoethanol. This protein was then

degree of sequence conservation of the ‘KFGKT’ sequencerepurified on a BioRad UNO Q6 column using a gradient
among Class | aminoacyl-tRNA synthetases raises thefrom 20 mM Tris, pH 7.78, to 20 mM Tris, pH 7.78, 1 M

possibility that this sequence plays a catalytic role in both
steps of the aminoacylation reaction and, in particular,
interacts with the invariant adenosine 76 of the tRNA

NaCl. A peak eluting at 220 mM NaCl was collected and
dialyzed overnight against 20 mM Tris, pH 7.78, 1 mM
EDTA, 5 mM -mercaptoethanol, and 10% glycerol (v/v).

substrate. To test the hypothesis that the ‘KFGKT’ sequencePurified protein was stored at70 °C. A single band

in tyrosyl-tRNA synthetase stabilizes the transition state

complex for the second step of the aminoacylation reaction,

corresponding to thd®. stearothermophilusyrosyl-tRNA
synthetase was observed on SElyacrylamide gel elec-

we investigated the effects that mutation of each amino acid trophoresis. The concentration of the tyrosyl-tRNA syn-

residue in the ‘KsdFGKT.34 sequence has on the binding
of tRNA™" and stabilization of the transition state complex

for the second step of the aminoacylation reaction. Pre-

thetase was determined using a filter-based active-site
titration assay, in which the incorporation dfC]tyrosine
into the enzyme-bound tyrosyl-adenylate intermediate is

steady-state kinetic methods are used to monitor the transfemonitored 26). Briefly, tyrosyl-tRNA synthetase was incu-

of tyrosine to tRNAY" independently of the first step of the
reaction (i.e., tyrosine activation). In addition, double mutant

bated with 10 mM ATP and 58M [*“C]tyrosine for 5 min
at 25°C. Aliquots were then removed from the reaction and

free energy cycles are used to analyze the role that pairwisepassed through nitrocellulose filters, which retained t@]f
coupling between the side chains of K230 and K233 plays tyrosine bound in the tyrosyl-tRNA synthetaSgr-AMP

in the catalysis of the second step of the tRKAminoa-

cylation reaction. The results of these analyses provide the

first kinetic evidence that the ‘KFGKT’ sequence plays a
role in the initial binding of tRNAY to tyrosyl-tRNA
synthetase.

EXPERIMENTAL PROCEDURES

Materials. Reagents were purchased from the following
sources: NuSieve low melting point agarose (FMC Bio-
Products)L-[**C]tyrosine (Moravek Biochemicals)y{2P]-
GTP (ICN Biomedicals Inc.), UT&®S (New England Bio-
labs), [8-%2P]-pCp (ICN Biomedicals Inc.), nitrocellulose

complex, but not the free“{C]tyrosine.

In Vitro Transcription of the tRNA" Substrate The
tRNAT™Y" substrate was prepared by in vitro transcription of
Fol-linearized pGFX-WT plasmid, which contains the
coding sequence oB. stearothermophilugRNA™" im-
mediately downstream from a T7 RNA polymerase promoter
and immediately upstream fromFok site [pGFX-WT is a
derivative of the pGAG2 plasmid described by Avis et al.
(27)]. In vitro transcription of tRNAY was performed using
a modification of the procedure described by Avis et 2r) (

A typical 5 mL reaction contained 200 mM HEPES, pH 7.5,
20 mM MgChk, 40 mM dithiothreitol, 4 mM spermidine, 100

filters (Schleicher & Schuell), T4 RNA ligase (New England ug/mL bovine serum albumin, 6.25 mM each NTP, 10 mM

Biolabs), RNases T1 and U2 (Amersham), RNasin (Prome-

GMP, 0.06 mg/mLFok-linearized pGFX-WT plasmid, 200

ga), and inorganic pyrophosphatase (Sigma). T7 RNA units/mL RNasin, 0.4 unit/mL pyrophosphatase, and 0.3 mg/

polymerase was expressed as recombinant proteiasin
cherichia coli(E. coli) and purified as described by Avis et
al. (27). Automated DNA sequencing was performed by the
DNA sequencing facility at lowa State University using dye-

mL T7 RNA polymerase. The addition of GMP to the in
vitro transcription reaction results in tRN that contains
a single phosphate group on thetérminal guanosine. In
vitro transcribed tRNA" was purified by extraction with a

labeled dideoxy terminators. All other chemicals and reagents phenol/chloroform/isoamyl alcohol mixture (25:24:1) as

were purchased from Fisher Scientific.

In Vitro Mutagenesis and Purification of the Wild-Type
and Variant Tyrosyl-tRNA Synthetas@&&e construction of
the wild-type and variant tyrosyl-tRNA synthetases used in
these studies has been previously descril2dd Z2).

Purification of the wild-type and variant tyrosyl-tRNA
synthetases was performed as previously descrit@da4).
Briefly, the purification consists of the following: (1)
expression of tyrosyl-tRNA synthetasehn coli TG2 cells
(25); (2) lysis of theE. colicells and incubation of the extract
at 56 °C for 40 min, followed by centrifugation to remove
the E. coli tyrosyl-tRNA synthetase, as well as other
contaminatings. coli proteins; (3) dialysis of the remaining

described in Avis et al.27), followed by separation on a,C
reverse-phase column (Phenomenex) using a gradient from
10 mM MgCh, 10 mM sodium phosphate, pH 5.5, 1 M
sodium formate (buffer A), to 10 mM sodium phosphate,
pH 5.5, and 10% methanol (v/v) (buffer B)§ 29). A peak
eluting at 35% buffer B was ethanol precipitated and
resuspended in 10 mM Mg&IThe sample was annealed
by incubation at 8C°C for 15-20 min, followed by slow
cooling over the course of 4 h, until the sample reached room
temperature. A nitrocellulose filter assay, in which the
incorporation of {*CJtyrosine into the Tyr-tRNA" product

is monitored, was used to determine the concentration of
tRNA™". In this assay, tyrosyl-tRNA synthetase is preincu-

supernatant against three changes of 20 mM Tris, pH 7.78,bated with 10 mM ATP and 5aM [*“C]tyrosine at 25°C

1 mM EDTA, 5 mM -mercaptoethanol buffer containing

for 5 min. The substrate tRNA is then added; 1Q:L

0.1 mM pyrophosphate to remove any tyrosyl-adenylate aliquots are removed from the reaction at various time points,

bound to the tyrosyl-tRNA synthetase, followed by dialysis
against 20 mM Bistris, pH 6.0, 1 mM EDTA, 5 mM
B-mercaptoethanol; and (4) HPLC purification of tBe

guenched by the addition of 5% TCA, and then passed
through nitrocellulose filters, which retains tHég]tyrosine
bound in the Tyr-tRNA" complex, but not free'{C]tyrosine.
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Greater than 95% of the tRNA sample was aminoacylated at 295 nm, using a stopped-flow fluorescence assay in which
as judged by comparison of the tRIYA concentration in vitro transcribed tRNA" was used as the substrate (an
calculated from the absorbance at 260 nm with the concen-Applied Photophysics model SX 18.MV stopped-flow spec-
tration calculated from*{C]tyrosine incorporation into the  trophotometer was used for these experimer@g). The &
Tyr-tRNA™" product. Tyr-AMP intermediate was preformed by incubating tyrosyl-

The 3 and 5 termini of the in vitro transcribed tRNA’ tRNA synthetase with 10 mM M@TP and 10Q«M tyrosine
sample were analyzed to verify that they were intact and at 25°C for 30—45 min 7). The ETyr-AMP intermediate
homogeneous. The tRNX sample used for these analyses was then isolated by chromatography on a NAP 25 column
was prepared without the addition of GMP in the in vitro (Pharmacia) Z7). This complex was mixed with various
transcription reaction. Analysis of thé &nd of tRNAY" was concentrations of in vitro transcribed tRNA substrate in
performed as described by Pleiss et 30)( Briefly, [y-32P]- the stopped-flow fluorometer, and the change in the intrinsic
GTP at a specific activity of 1000 Ci/mol was added to the fluorescence of the protein was monitored over time. The
in vitro transcription reaction. Phosphorothioate incorporation forward rate constantkf) for the transfer of tyrosine to
was accomplished by substituting UTP with 4 mM W% tRNA™" and the dissociation constant for the dissociation
in the in vitro transcription reaction. Aftel h at 37°C, the of tRNA™" from the enzyme-bound tyrosyl-adenylate inter-
reaction was quenched by addition of 10 volumes of 300 mediate K4{RNA) were calculated from the dependence of
mM sodium acetate, 0.5 mM EDTA, and then purified on a the initial reaction rate on the tRNX concentration Z7).
NAP 25 column (Pharmacia) preequilibrated in the same Since the inner filter effect on the intrinsic fluorescence of
buffer. The samples were precipitated with 3 volumes of 95% tyrosyl-tRNA synthetase is constant throughout the course
ethanol. A solution containing 1 mM iodine, 10 mM Tris, of the reaction, it can be neglected during the initial reaction
pH 8.0, and 10% ethanol was used to cleave the phospho+ate calculations.
rothioate-containing tRNA". After 5 min at room temper- Calculation of Free Energies of Bindinghe following
ature, the reaction was quenched by addition of sodium equations were used to calculate the free energies for the
bisulfite to a final concentration of 10 mM. The products of E-Tyr-AMP-tRNA™" and E[Tyr-tRNA™-AMP]* complexes
the cleaved and uncleaved tRNAsubstrates were analyzed 27):
on a 45 cm 12% polyacrylamide sequencing gel. Uncleaved
tRNA™' ran as a single band in the sequencing gel. Greater — tRNA
than 90% of the tRNA" products had homogeneousehds AGeryr—ave-ra = RTIN Ky @)
as judged by the absence of bands with inappropriate gel _ _ tRNA
mobilities (i.e., bands that did not correspond to the predicted AGe ryr—mnaavey = RTIN(kgT/N) = RTIn(k/K™)
iodine cleavage products). (5)

The 3 end of the tRNAY" was labeled by using/RNA
ligase and [5%?P]-pCp @1). Analysis of the 3end of the where ETyr-AMP-tRNA™" is an intermediate complex
tRNA™" was performed using limited RNase T1 and U2 preceding the formation of the transition state for the second
nuclease digestior8p). The products of the cleaved tRNA step of the tRNA" aminoacylation reaction,-@yr-tRNA™"
substrates were analyzed on a 45 cm 12% polyacrylamideAMP]* is the transition state complekg is Boltzmann's
sequencing gel. Greater than 90% of the tRKAample constant,T is the absolute temperature in degrees kelkin,
showed homogeneous 8nds. is Planck’s constant, arijlis the gas constant. Free energies

Steady-State Fluorescence Spectra of the Tyrosyl-tRNAwere calculated relative to the free energy for th@\g-
Synthetasdyr-AMP Intermediate Changes in the steady- AMP complex.
state fluorescence spectra of the tyrosyl-tRNA synthetase Analyzing the Synergistic Coupling between K230 and
Tyr-AMP intermediate (ETyr-AMP) on the addition of K233 Double mutant free energy cycle analysis was used
tRNA™" were quantified using a Proton Technology Inter- to investigate the specific interactions between amino acid
national TimeMaster Fluorescence Spectrometer. Correctionsside chains during catalysis as described previo@sly §3-
for inner filter effects, resulting from the addition of tRNMA 35). The theoretical basis for this strategy is as follows.
to the sample, were performed as described by Avis et al. Consider the free energy cycle shown in Figure 1, involving
(27). Briefly, this involves normalizing the changes in the mutation of two wild-type amino acids (denoted by K230
fluorescence due to the tRN substrate to a control sample and K233) to alanine residues (denoted by K230A and
in which nonspecific yeast tRNA has been added at the samek233A). In this figure, the reference state for the enzyme is
absorbance as the tRNA substrate. The normalized fluo-  defined to be the double mutant (K230A, K233A). For the
rescence value is calculated using the following equation: K230A, K233A— K230A, K233 transition AG, is the free

energy change that corresponds to the introduction of a lysine

— Feontrol — Fsample 3) side chain at position 233 in the absence of a lysine side
norm F chain at position 230. For the K230, K233A K230, K233
transition, however, the free energy changes§) corre-

In Vitro Analysis of the Tyrosyl-tRNA Synthetase Vari- sponds to the introduction of a lysine side chain at position
ants: Pre-Steady-State Kinetic Measurements of tRNA 233 in the presence of a lysine side chain at position 230.
AminoacylationPre-steady-state kinetic measurements were AGyq is thus composed of two terms: (1) a term correspond-
used to study the second step of the aminoacylation reactioning to the introduction of amino acid K233 in the absence
Pre-steady-state kinetics for the tRNAaminoacylation of the K230, K233 interaction (i.eAGy); and (2) a term
reaction were followed by monitoring the changes in the corresponding to the interaction between the side chains of
intrinsic protein fluorescence of the tyrosyl-tRNA synthetase amino acids K230 and K233AAGiy). In mathematical

AF

control
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K230A AGy K230A . Bindi -

K233A > 333 Table 1: Blndln_g and Rate Constants for Each of the Tyrosyl-tRNA
Synthetase Variarits
enzyme variant ks (%) Kirna (M) ka/Kigna (M ~1s72)
wild type 31+ (1)  0.39+ (0.03) 81+ (4)

& > K230A 27+ (1) 2.4+ (0.2) 11+ (1)

3 i3 F231L 28.2+ (0.4) 0.30+ (0.03) 99+ (3)
G232A 28.6+ (0.9) 0.36+ (0.01) 80+ (1)
K233A 31+ (1) 1.7+ (0.1) 18+ (2)
T234A 28.1+ (0.1) 0.26+ (0.01) 109+ (5)

L K230A/K233A 29+ (1) 3.0+ (0.2) 9.8+ (0.9)

A(227-234) 30.9+ (0.6) 3.4+ (0.2) 9.1+ (0.3)

ﬁ%gg/‘ Ga — 5%22 a Experimental errors are indicated in parentheses.

Ficure 1: Double mutant free energy cycle involving the replace- )
ment of two alanine side chains (indicated by K230A, K233A) by decreases the forward rate constant for the formation of

the side chains found in the wild-type enzyme, K230 and K233 enzyme-bound tyrosyl-adenylate) for the first step of the
5iv'i'fa’tK2§0§{zKr2n§2 ('35 thAeGdOZ%e ggé?éag‘:eﬁioé#;n%ef itnhe aminoacylation reaction by-23 orders of magnitude20—
apparyep:n freeyenergiesa,of bi?{dingcfor the codnversion of eagh alanine24)' Va”.ants at other positions of the KFGKT' sequence
side chain to the wild-type side chain. resulted in decreases of only-3-fold in ks (23). As shown
in Table 1, the forward rate constants for the transfer of
terms,AGy = AG, + AAGy. ConsequentlyAAGi,; can be tyrosine to tRNAY" (ks) are not significantly affected by
calculated from the difference betwea&f®, andAG,. If there alanine substitutions in the ‘KFGKT’ sequence. In contrast,
is synergistic coupling between the side chains of K230 and the binding of tRNAY" to the ETyr-AMP complex is 6-9-
K233, AAGiyy will be negative; if the coupling is anti- fold weaker for the K230A, K233A, and K230A/K233A
synergistic, AAGi,; will be positive; and if there is no  variants than it is for the wild-type enzyme. The dissociation
interaction between K230 and K233 side chains, (NG constants K4'") are unaltered in the F231L, G232A, and
will equal zero. It should be noted thANG; represents an ~ T234A variants. The results obtained for the wild-type
energetic interaction, which may be due to either direct or tyrosyl-tRNA synthetase are identical (within experimental
indirect physical interactions between the two amino acid error) to those obtained previously by Avis et &7).
side chains. Effects of the ‘KFGKT’ Sequence Variants on the Free
Energy of Each Step along the Reaction Pathwaythe
RESULTS first step of the aminoacylation reaction, the ‘KFGKT’
The ‘KFGKT’ Sequence Is lolved in the Initial Binding ~ Sequence stabilizes theTr-ATP and E[Tyr-ATP]* com-
of tRNAY', but Not in the Transfer of Tyrosine to tRNA plexes, but is not involved in the initial binding of the
To study the role of the ‘KFGKT’ sequence on the second tyrosine substrate to the tyrosyl-tRNA syntheta2@, @1).
step of the aminoacylation reaction, alanine variants at eachThe difference between the free energies of binding for each
position of the ‘KFGKT’ sequence were analyzed using pre- variant enzyme and the wild-type enzym®AGspy) in the
Steady_state kinetic ana|yses (at position 231, the moresecond Step of the aminoacylation reaction is shown in Figure
conservative F231L substitution was analyzed rather than3. The binding of tRNA” to the ETyr-AMP complex is
the F231A variant). Stopped-flow fluorescence was used to Significantly decreased in the K230A, K233A, and K230A/
monitor changes in the intrinsic fluorescence of tyrosyltRNA K233A variants relative to the wild-type enzymaAGap,
synthetase on the formation of the[Byr-tRNA™"-AMP]* = 0.87—-1.21 kcal/mal). None of the other ‘KFGKT’ variants
complex @7). After correcting for inner filter effects, the — €xhibits aAAG,p,0f more than 0.5 kcal/mol for the binding
intrinsic fluorescence of tyrosyl-tRNA synthetase decreased Of tRNA™".
by 10% during the transfer of tyrosine to tRNATyr (data  Previous studies have shown that the K230A, K233A, and
not shown). No fluorescence changes were observed uponl 234A variants can destabilize the transition state complex
the initial binding of the in vitro transcribed tRNA substrate  for the first step of the aminoacylation reaction by-2381
to the ETyr-AMP intermediate. These results are consistent kcal/mol @0—24). The AAGapp values for the formation of
with previous observations by Avis et al. involving in vitro  the transition state complex,-[Eyr-tRNA™"-AMP]*, vary
transcribed tRNA" (27). For each variant, the initial rates  between 0.88 and 1.25 kcal/mol for the K230A, K233A, and
for the formation of the transition state complex were plotted K230A/K233A variants. This is a much weaker interaction
against the various concentrations of the tRMAubstrate.  than is observed between these residues and tfieyiE
A rapid equilibrium assumption was applied for the tyrosine ATP]* complex for the first step of the aminoacylation
transfer step of the aminoacylatio@7j. The forward rate reaction. In addition, T234A, which is important for the
constantsky) and the tRNAY" dissociation K4fNA) constants  stabilization of the transition state complex for the first step
were determined from a plot of initial rate vs [tRNA of the aminoacylation reactiod(AGp,= 3.0 kcal/mol), does
(Figure 2). not have any effect on the stabilization of the transition state
Table 1 shows the rate and dissociation constants for complex for the second step of the reactidhGapp= —0.17
variants at each position in the ‘KFGKT’ sequence of the kcal/mol). None of the remaining ‘KFGKT’ variants display
tyrosyl-tRNA synthetase. All of the experiments were done a AAGgp, value greater that 0.5 kcal/mol for formation of
a minimum of 3 times with two independent tyrosyl-tRNA the E[Tyr-tRNA™"-AMP]* complex.
synthetase and tRNA preparations. Previous studies have  Deletion of the ‘KFGKT' Sequence Indicates That K230
shown that replacement of K230, K233, or T234 with alanine and K233 Are Solely Responsible for the Interaction between
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Ficure 2: Typical Michaelis-Menten plots for the transfer of tyrosine to in vitro transcritidstearothermophilut)RNATY" substrate are
shown for the following tyrosyl-tRNA synthetase variants: K230A (panel A), K233A (panel B), K230A/K233A (panel C), and the loop

deletion variantA(227—234) (panel D). The insets are Eadidoftsee

transformations of the data. Michaeldenten plots for the wild-

type tyrosyl-tRNA synthetase were similar to those observed by Avis e2gldata not shown).
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FIGURE 3: AAG,p, for the ‘KFGKT' sequence variants. The
differences in free energies between the complexes of the variant
and the wild-type enzyme@AGapy) are shown for each enzyme-
bound state in the second step of the tRKAaminoacylation
reaction.

the Mobile Loop and tRNA . To investigate whether the
effect of the '‘KFGKT' sequence on the second step of the
aminoacylation reaction is entirely due to the K230 and K233
side chains, a mobile loop deletion variah{227—234), was

S

variant also has a similar effect on the stabilization of the
transition state complex for the second step of the aminoa-
cylation reaction as that of the K230A/K233A variant. As
shown in Figure 3, the transition state complex|Tkr-
tRNATY-AMP]* is destabilized by 1.29 kcal/mol in the
A(227—234) variant, compared to 1.30 kcal/mol for the
K230A/K233A variant. These results suggest that either the
peptide backbone of the ‘KFGKT’ sequence does not play
a role in the second step of the aminoacylation reaction or,
if the peptide backbone is involved in the reaction, it is
replaced by the peptide backbone from other amino acid
residues in the\(227—234) variant.

Free Energy Profiles Indicate Replacement of K230 and
K233 with Alanine Stabilizes the-Eyr-AMP-tRNAY" and
the E[Tyr-tRNAY-AMP]* Complexes to the Same Exten
To evaluate the contribution of the K230 and K233 amino
acid residues on the reaction pathway, free energy profiles
were calculated for the K230A and K233A tyrosyl-tRNA
synthetase variants. As shown in Figure 4, mutation of either
K230 or K233 to alanine does not affect the Gibbs activation
energy for the second step of the aminoacylation reaction.

There Is a Synergistic Coupling between K230 and K233
during the Initial Binding of tRNA" to the ETyr-AMP
Complex The effect of the energetic interaction between two
amino acid residues on the stabilization of the complex for

analyzed using pre-steady-state kinetic analyses. As showreach step in the reaction pathway can be analyzed thermo-

in Table 1, theA(227—234) variant decreases the binding
affinity between tRNAY and ETyr-AMP by 8.7-fold. This
is identical (within experimental error) to the effect that the
K230A/K233A variant has on the binding affinity between
tRNA™" and the ETyr-AMP complex. TheA(227—234)

dynamically using double mutant free energy cycik @4,
33—35). Figure 5 shows thermodynamic cycles for the effect
that the interaction between the K230 and K233 side chains
has on the initial binding of tRNA" to E-Tyr-AMP (panel

A) and on the subsequent formation of thgTir-tRNA™'
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Ny indicates that the lysine variant is more stable than the alanine
E{Tyr-ATP[S variant (e.g.AGy = —0.88 kcal/mol indicates the wild-type
= 8}k —_ tyrosyl-tRNA synthetase is 0.88 kcal/mol more stable than
% . the K233A variant). As shown in Figure 5, there is a pairwise
g T ITe ETyr-tRNABAMP: interaction between the side chains of K230 and K233, which
E oL — AG=15.24 keal/mol ] stabilizes the formation of the-Eyr-AMP-tRNA™" and E
E’ 4 : - . T [Tyr-tRNA™"-AMP]* complexes by-0.74 and—0.80 kcal/
T | ETyr-AMP mol, respectively. These results indicate that there is a
& ¥ p AG=15.35 kcal/mol L . . . .
= -8} , synergistic interaction between these two amino acid residues
= ETyrATP ETVAMPPP l during the initial binding of the tRNA" substrate.
g -12F
2 o B Tyr ANTIARNAT DISCUSSION
i Renctior Coordinat The 'KMSKS’ Motif Participates in the Initial Binding of
caction & oordinate tRNAY to the ETyr-AMP Complexin this study, we address
the question of what role the ‘KMSKS’ motif plays in the
- 12 B E|Tyr-ATPJ} transfer of tyrosine to tRNA". Previous investigations have
g 8} I shown that K230, K233, and T234 are located in a flexible
G " ) loop in tyrosyl-tRNA synthetase and help stabilize the E
=2 4 Fr ! AT Tyr. b4
=, j T EATyr-IRNABEAMPI [Tyr-ATP]* complex, indicating that they are in the vicinity
g. or AG=15.24 keal/mol of the active site of the tyrosyl-tRNA synthetastO{-24).
s 4F ] . ETyr-AMP T Hountond;ji et al. 8) observed that periodate oxidation of
§= sk ' JAG=15.35 keal/mol tRNA™" results in the formation of covalent cross-links
z between adenosine 76 of the tRNAsubstrate and lysines
g ETyrATP gTyr.avppp i i
g -12 1y ] 225, 230, and 233 in tyrosyl-tRNA synthetase. Based on their
e ek ETyr-AMPtRNATS perioate oxidation results, Hountondji et al. hypothesized that

the ‘KFGKT’ sequence interacts with thé énd of tRNAY

_ _ or the f on of (3). This hypothesis is consistent with the observation that
,':\ll(\s/llé’R-fRLlN Aﬁg?gﬂ%”g{%rigaf@f Aﬂg]*eco%mt)'(gg.osgndg I)i?{es the ‘KFGKT' sequence stabilizes the pyroehosphate moiety
indicate the free energy changes during the course of the reaction®f ATP during formation of the ETyr-ATP]* complex for
for the wild-type tyrosyl-tRNA synthetase. Dashed lines indicate the first step of the aminoacylation reaction (i.e., tyrosine
the effects that K230A (panel A) and K233A (panel B) have on activation) and is therefore in the proximity of theehd of
:_he Stiagi”t\)/’ ?f eacfh recv?ﬁ’jme'z‘)“;%%%mgsg 'Eztgg :T/!anr(i);nct)gafg(r)n tRNAT". Based on the above observations and the conserved
tﬁgf‘grgt ste‘:)1 l(J)??heoaminof";tyclilléltion rea'ction are taken from Fersht nature of the ‘KMSKS mOtl.f in all Class | f’imlnoac,yl—tRNA
et al. ©0) and First and Fershep). synthetases, we hypothesized that the ‘KFGKT’ sequence

in tyrosyl-tRNA synthetase may play a catalytic role in the
AMP]* complex (panel B). In these cycles, the starting point second step of the aminoacylation reaction (i.e., the transfer
for each cycle is the double alanine variant of the enzyme. of tyrosine to tRNAY"), with the lysine residues of the
The cycles are constructed by the sequential conversion of KFGKT’ sequence forming electrostatic interactions with
alanine residues to wild-type residues. It should be noted the negatively charged phosphate groups of adenosine 76 in
that this is the opposite frame of reference as that used fortRNA™". This hypothesis was tested by analyzing the effects
calculating theAAG,ppvalues (e.g.AGq in the double mutant  that replacing each amino acid in the ‘KFGKT' sequence
free energy cycle is calculated by subtracting the free energywith alanine (or leucine in the case of F231) has on the
of the wild-type enzyme from the free energy of the K230A formation of the ETyr-tRNA™-AMP]* complex. Pre-

Reaction Coordinate

variant). In this new frame of reference, a negath@ value steady-state kinetic analyses indicate that while replacement
A B
K230A  AG,=-0.13 keal/mol K230A  AG:=-0.08 keal/mol K230A
K233A - > ﬁgg“ K233A > K233
3 > - o
E Q g Q
= K230:K233 I = K230:K233 |
= . =
zz AAG;,=-0.74 + (0.05) kcal/mol = 5| 24Gi=0.80=(0.07) keal/mol -
i Tyr g 5 Tyr : 9
5 E-Tyr-AMPtRNA 5 I E*[Tyr-tRNA * *AMP] 5
< R g
v vy v
K230 K230 K230 » K230
K233A © 7\G,=087 kealmot =~ K233 K233A " 7G,=-0.88 keal/mol K233

Ficure 5: Double mutant free energy cycles for the pairwise coupling between the side chains of K230 and K233. The double mutant free
energy cycles for the interaction of side chains of K230 and K233 (relative to alanine) are shown feryhé\EIP-tRNA™" (panel A)

and E[Tyr-tRNA™"AMP]* (panel B) complexes. The free energy of interactidnG;, is calculated by subtracting the changes in free
energy for opposing sides of the cycle (e §AG: = AGy — AGy).
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of amino acids K230 and K233 with alanine decreases the
binding affinity between the enzyme and tRNA the
stability of the E[Tyr-tRNAT"-AMP]* complex relative to
the ETyr-AMP-tRNA™" complex is unaffected by replace-
ment of the lysine residues with alanine. In addition, the
interaction between the ‘KFGKT’ sequence and tRNA
differs significantly from the interaction between the ‘KF-
GKT’ sequence and ATP in the:Hyr-ATP]* complex. In

the E[Tyr-ATP]* complex, K230, K233, and T234 all make
relatively strong interactions (2-8.1 kcal/mol) with the
ATP moiety 1—-23), whereas in the Hyr-AMP-tRNA™"
complex, only K230 and K233 interact with tRNY, and
these interactions are relatively weak (0282 kcal/mol).
Finally, in the E[Tyr-ATP]* complex, there is a substantial
interaction between the K230, K233, and T234 side chains
(24), which helps stabilize the-Hyr-ATP]* complex. Based

on this observation, we hypothesized that there is a syner-

gistic interaction between K230 and K233 in theT-
AMP-tRNA™" complex. Double mutant free energy cycle

Xin et al.

continues to interact with adenosine 76 during formation of
the E[Tyr-tRNAT"AMP]* complex, although the strength
of this interaction does not change during formation of this
transition state complex. This mechanism is consistent with
the model proposed by Bedouelle and colleag3&s-898)

for the interaction of tyrosyl-tRNA synthetase with tRINA

In their model, the only nucleotide in tRNX that the
‘KFGKT’ sequence is positioned to interact with is adenosine
76, and even this interaction requires that the ‘KFGKT’
sequence moves-8l0 A toward the active site of the
enzyme. In the other scenario, the ‘KFGKT' sequence
remains 10 A away from the active site when tRN/inds
and does not interact with adenosine 76. Instead, the
‘KFGKT’ sequence on the other subunit of tyrosyl-tRNA
synthetase (i.e., the subunit that recognizes the tRNA
anticodon) interacts with the variable stem and loop of
tRNA™", thereby stabilizing the initial binding of tRNA.
Preliminary modeling of the docking between tRRtaand
tyrosyl-tRNA synthetase supports this latter model (Xin and

analysis supports this hypothesis. Thus, while the hypothesisDwyer, unpublished results). Experiments are currently

that the ‘KFGKT’ sequence plays a catalytic role in the
tyrosine transfer step of the tRNA aminoacylation reaction

underway to distinguish these two models.

appears to be incorrect, this sequence does stabilize the initiaCONCLUSIONS

binding of the tRNAY" substrate. The data presented in this
paper are the first kinetic evidence that the ‘KFGKT’
sequence participates in the initial binding of tRNAto
tyrosyl-tRNA synthetase.

Mechanistic Interpretation of the Role That the ‘KFGKT’
Motif Plays in the Tyrosine Transfer Step of the tRNA
Aminoacylation ReactionThe ‘KFGKT’' motif in tyrosyl-

The amino acid side chains of K230 and K233 in the
‘KFGKT’ sequence of tyrosyl-tRNA synthetase have been
found to stabilize the initial binding of tRNA' to the E
Tyr-AMP complex, but do not play a catalytic role in the
transfer of tyrosine to the tRNA substrate. Stabilization
of the E[Tyr-AMP-tRNA™'] complex involves synergistic
coupling between the side chains of K230 and K233. The

for the first step of the tRNA" aminoacylation reaction (i.e.,
tyrosine activation). The role of the ‘KFGKT’ sequence in
the catalytic mechanism of tyrosyl-tRNA synthetase has now
been investigated from the initial binding of the tyrosine

evidence that the ‘'KMSKS’ motif in Class | aminoacyl-tRNA
synthetases participates in the initial binding of tRNAo
tyrosyl-tRNA synthetase.

substrate to the enzyme, through the transfer of the tyrosineACKNOWLEDGMENT

substrate to tRNA". Based on the data presented in this
paper, as well as previous investigatior20-24), we
propose the following model for the role of the ‘KFGKT’
sequence during catalysis of tRN¥Aaminoacylation. Ini-
tially, the ‘KFGKT’ sequence is situated at least 10 A away
from the active site of the enzyme on a flexible lo&p §).

On the binding of ATP to the enzyme, the ‘KFGKT’
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the TyrRStRNAPhe complex; Dongbing Wei and Keith
Simpson for technical services during the initial stages of
this research; and Dr. Sergey Slepenkov for assistance on

sequence moves toward the active site of the enzyme, wherdn€ Stopped-flow spectrophotometer.

it interacts with the ATP substrate, preventing it from binding
too tightly to the enzyme (i.e., it prevents theTlr-ATP
complex from falling into a “thermodynamic well” which
would increase the activation energy for thdTyr-ATP]*
complex) @3, 24). The interaction between the ‘KFGKT’

sequence and the pyrophosphate groups of ATP increases

as the E[Tyr-ATP]* complex forms, and then weakens as
the bond between the- andj-phosphates of ATP is broken
(20—24). Release of the pyrophosphate moiety frorfirtgr-
AMP-PR] results in the return of the ‘KFGKT’ sequence to
its original position (i.e., 10 A away from the active sites of
the enzyme). This increases the accessibility of the active
site to tRNAY". Based on the results presented in this paper,
one of two scenarios occurs during the initial binding of
tRNA™". In the first scenario, the binding of tRNXA is
accompanied by the ‘KFGKT’ sequence moving back toward
the active site and forming weak interactions with adenosine
76 of the tRNAY" substrate. The ‘KFGKT' sequence
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