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Abstract

Previous investigations show that tRNAA®-induced conformational changes of arginyl-tRNA synthetase (ArgRS) Q-loop region
(Escherichia coli (E. coli), Alad51-Ala457) may contribute to the productive conformation of the enzyme catalytic core, and E. coli
tRNA?rg(ICG)-bound and -free conformations of the Q-loop exchange at an intermediate rate on NMR timescale. Herein, we
report that E. coli ArgRS catalyzes tRNA}(ICG) and tRNA}™®(UCU) with similar efficiencies. However, °F NMR spectroscopy
of 4-fluorotryptophan-labeled E. coli ArgRS reveals that the tRNA?rg(UCU)-bound and -free conformations of the Q-loop region
interconvert very slowly and the lifetime of bound conformation is much longer than 0.33 ms. Therefore, tRNAfrg(UCU) differs
from tRNA’;rg(ICG) in the conformation-exchanging rate of the Q-loop. Comparative structure model of E. coli ArgRS is presented
to rationalize these ’F NMR data. Our '°F NMR and catalytic assay results suggest that the tRNA”*-induced conformational

changes of Q-loop little contribute to the productive conformation of ArgRS catalytic core.

© 2003 Elsevier Inc. All rights reserved.
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Aminoacyl-tRNA synthetases (aaRSs) are responsi-
ble for the esterification of amino acids and their cog-
nate tRNAs, and therefore play crucial roles in protein
translation in vivo [1,2]. Twenty aaRSs are cognate to 20
amino acids in all species except a few archaea [1,2].
Most of these 20 aaRSs catalyze the whole esterification
reaction in two steps: (1) activation of the amino acid
and (2) transfer of the activated amino acid to the 3'- or
2'-hydroxyl moiety of the tRNA-CCA termini [1,2].

* Abbreviations: Escherichia coli, E. coli; aaRSs, aminoacyl-tRNA
synthetases; ArgRS, arginyl-tRNA synthetase; tRNA,*(ICG), trans-
fer RNA isoacceptor for arginine (ICG); '°F NMR, fluorine-19 nuclear
magnetic resonance; 4-F-Trp, 4-fluorotryptophan; FWT, 4-F-Trp-
labeled E. coli ArgRS; tRNAA(UCU), transfer RNA isoacceptor
for arginine (UCU); IPTG, 1-isopropyl-B-D-1-thiogalactopyranoside.
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Arginyl-tRNA synthetase (ArgRS, EC 6.1.1.19) is a
member of the class I aaRSs, which are characterized by
the ‘HIGH’ and ‘KMSKS’ structural motifs [2]. ArgRS
has been investigated extensively, but its atypical cata-
lytic mechanism remains to be elucidated [3—10]. ArgRS,
like glutamyl- and glutaminyl-tRNA synthetases, re-
quires its cognate tRNA for the activation of amino
acids [3-10]. The crystal structure of yeast ArgRS bound
to arginine in the catalytic core and yeast tRNAArgQICG)
has been characterized to a resolution of 2.2 A [6].
Major structural changes of the anticodon-binding do-
main (Add-2 domain) in yeast ArgRS are observed on
two peptides in the presence of tRNAA™ [6]. Specifically,
the first peptide of yeast ArgRS goes from strand S13 to
helix H15, and the second peptide is composed of strand
S14, helix H17, and the Q-loop [6]. These two structural
changes in the anticodon-binding domain of yeast
ArgRS may be involved in the mechanism of tRNA-
required arginine activation [6].
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Local conformational changes in Escherichia coli
ArgRS induced by its substrates, specifically, arginine,
ATP, and the transfer RNA isoacceptor for arginine
(ICG) (tRNAYE(ICG)), were previously investigated by
fluorine-19 nuclear magnetic resonance (’F NMR)
spectroscopy of 4-fluorotryptophan (4-F-Trp)-labeled
E. coli ArgRS (FWT) in which five Trp residues
(Trpl62, -172, -228, -349, and -446) were substituted
with 4-F-Trp [10]. In this earlier study, the five fluorine
resonances observed in the ’F NMR spectrum were
assigned to the five 4-F-Trp residues of FWT. The au-
thors reported that arginine and/or tRNAA™ induce
distinct local conformational changes in the catalytic
core of the enzyme, and the anticodon stem of tRNAA™
interacts with the Q-loop of E. coli ArgRS [10].

The argU gene encodes a rare transfer RNA isoac-
ceptor for arginine (UCU) (tRNA}™®(UCU)) for the
rarely used arginine codons, AGA/AGG, in E. coli
[11,12]. However, AGA/AGG codons frequently encode
the arginine residue in eukaryotes [13]. Detailed inter-
actions between tRNAL®(UCU) and E. coli ArgRS
have not been investigated to date. In the present study,
tRNA,®(UCU) was purified from an E. coli over-
expressing strain. Catalytic kinetic assays for
tRNAL(UCU) of E. coli ArgRS were compared with
previously reported data for tRNAS®(ICG) [14]. “F
NMR spectroscopy was performed to investigate the
conformational changes in FWT induced by
tRNA,®(UCU). Additionally, a comparative model of
E. coli ArgRS, constructed using a template based on
the yeast ArgRS crystal structure [6], is employed to
rationalize the ’F NMR data. Finally, in view of the
NMR results obtained herein and the crystal structure
of yeast ArgRS [6], the relationship between the two
tRNAA®-binding sensitive peptides in the Add-2 do-
main of ArgRS and the productive conformation of the
ArgRS catalytic core is discussed.

Materials and methods

Materials. All chemicals were purchased from Sigma (USA) unless
otherwise specified. All restriction enzymes were purchased from New
England Biolabs (Canada). FWT used for °F NMR was prepared in
our laboratory [10]. The pSBET-b plasmid [15] harboring the argU
gene and the expression plasmid-pBCP378 [16] were kindly donated by
Dr. Gangloff, J. IMBC, CNRS, France).

Production of tRNA,®(UCU). The argU gene was isolated from
pSBET-b by digestion with Hincll and Sphl. The —35 promoter region
of argU was removed and the remaining fragment containing the re-
gion encoding tRNA,"#(UCU) was recombined into the Neel and Sphl
cloning sites of pBCP378. The recessed 3’ termini of the Ndel site in
pBCP378 were repaired by T4 DNA polymerase to facilitate ligation to
the Hincll blunt end of the argU fragment. The resulting construct was
identified as pBCP378-argU by DNA sequencing. E. coli host MT102
cells (araA139, Alara, leu) 7697, AlacX74, galU, galK, strA, and hsdR)
were transformed with pBCP378-argU. The tRNAL(UCU) was
over-expressed by induction with 1mM l-isopropyl-p-p-1-thio-

galactopyranoside (IPTG) at 37°C in LB medium. Purification of
tRNAL8(UCU) was performed as described previously [14].

Catalytic kinetic assays. Native E. coli ArgRS employed in catalytic
kinetic assays was prepared as described in a previous report [17].
Catalytic kinetic constants of E. coli ArgRS for tRNALE(UCU) were
determined using the method described in [17]. Briefly, tRNA,™(UCU)
concentration was varied from 0.5 to 20 uM in kinetic assay, and the
catalytic reaction was initiated by adding 5nM E. coli ArgRS to the
reaction mixtures. The accepting activity of tRNAj?’g(UCU) was de-
termined as reported previously [14].

Comparative modeling of E. coli ArgRS. A 2.2 A crystal structure of
the ternary complex formed by yeast ArgRS and its cognate tRNAA™
in the presence of the L-arginine substrate (Protein Data Bank code
1F7U) was used as a template for comparative modeling [6]. An au-
tomated knowledge-based protein-modeling server SwissModel (v 3.5)
was used for comparative modeling [18]. Procheck (v 3.4) was used for
model validation [19,20] and Swiss-Pdbviewer (v 3.7) was employed for
computing the energy, structural superposition, and calculation of the
root mean square (RMS) deviation value between the model and
templates [18]. The docking model of E. coli ArgRS and tRNAA™ was
generated by superimposing the 1F7U crystal structure and the E. coli
ArgRS model, based on coordination of their Rossmann folding, using
Swiss-Pdbviewer (v 3.7), and then merging the atomic coordinates of
E. coli ArgRS and tRNAA™,

1 F NMR measurements. ’F NMR spectroscopy was performed on
a Varian Unity INOVA 600 spectrometer with a fluorine resonant
frequency of 564.277 MHz, using an HF [BB] probe (Nalorac). The
sample preparation techniques and ""F NMR parameters employed
were based on a previous report [10].

Results and discussion
Production of tRNA}(UCU)

The tRNA}™(UCU) was overproduced in E. coli
MT102 incorporating pBCP378-argU, following induc-
tion with 1mM IPTG (Fig. 1, lane 2). The arginine-
accepting activity of crude tRNAs extracted from
MT102 transformants was 896 pmol/A,4, (approximately

Fig. 1. Urea-PAGE analysis of tRNA}®(UCU) overexpression and
purification. Total tRNAs from MT102 host cells (lane 1), crude
tRNAL(UCU) from MT102 harboring pBCP378-argU (lane 2), and
the tRNAS®(UCU) with 90% homogeneity (lane 3) are depicted.
Samples (~5 pg) were loaded and analyzed on 12% urea-PAGE. The
gel was stained with toluidine blue O.
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10 times that of MT102 host cells (99 pmol/Ayg)) [14].
Approximately 20 mg of tRNA;"®(UCU) was isolated to
90% homogeneity from crude tRNAs above. Gel elec-
trophoresis in the presence of urea (urea-PAGE) of
tRNAS®(UCU) is depicted in Fig. 1, lane 3. The
quantity and purity of tRNA;™®(UCU) obtained was
sufficient for use in catalytic kinetic assays and '""F
NMR titration.

Catalytic kinetic constants for tRNA, (UCU)

The catalytic kinetic constants of E. coli ArgRS for
tRNA,®(UCU) are listed in Table 1. The ke and K,
values for tRNA,®(UCU) are smaller than those for
tRNAL(ICG), indicating that tRNAL"(UCU) binds E.
coli ArgRS more tightly than tRNA5®(ICG), and that
the aminoacylation rate of tRNA,®(UCU) by ArgRS is
slightly lower than that of tRNA2"(ICG). However,
similar ke, /Ky, values were obtained for these two
tRNAA' isoacceptors, implying that E. coli ArgRS has
similar catalytic specificity and efficiency for them.

Comparative model of E. coli ArgRS

To distinguish the interactions between E. coli ArgRS
and tRNA,"#(UCU) observed in '"F NMR titration
spectra, a comparative model for E. coli ArgRS was
constructed based on the template (yeast ArgRS) bound
to its cognate tRNAA™ and L-arginine [6]. The overall
structure of E. coli ArgRS is depicted in Fig. 2A. The
total energy of the FE. coli ArgRS model is
—1.57 x 10*kJ/mol, and the RMS deviation value be-
tween the model and the template (yeast ArgRS) is
0.27 A for 537 Ca atoms, as determined by Swiss-Pdb-
viewer. This low RMS deviation value indicates signifi-
cant similarities between the E. coli ArgRS model and
the crystal structure of yeast ArgRS. Procheck addi-
tionally revealed that 87.4% and 11.8% of non-Gly and
non-Pro residues of the E. coli ArgRS model lie in fa-
vored and allowed regions of Ramachandran-plot sta-
tistics, respectively, with only 0.8% in the disallowed
region. All 39 Gly residues were present in favored and
allowed regions, and only one Pro residue was in a
disallowed region. The results indicate good sterco-
chemical quality of the comparative E. coli ArgRS
model.

The five Trp residues are located in interesting re-
gions of the E. coli ArgRS model. Specifically, Trp162
and Trp228 are present at the edge of the first half of the

Table 1
Kinetic constants of E. coli ArgRS for tRNAA™
Ko (WM) ke (571)  keat/Kim (57 ”Mil)
tRNASE(UCU) 1.9 21.9 11.5
tRNAJE(ICG)* 2.5 26.0 10.4

#Data in this row are from [14] and an experimental control.

Trpa4s B

Anticodon st%m
and loop .

Trp446 C

Fig. 2. The structural model of E. coli ArgRS. (A) The overall view of
E. coli ArgRS bound to an L-arginine molecule in the catalytic core
and partial tRNAS®(ICG). The five Trp residues are highlighted.
tRNAA™® is partially depicted with the phosphate-ribose backbone of
its CCA termini and anticodon stem and loop. Gua25, Cyt39, and
Ade38 of tRNAJ®(ICG) are shown with their base moieties. The
tRNAA™_sensitive elements involving S13, H15, S14, H17, and Q-loop
are highlighted, and only the Q-loop is illustrated with the a-carbon
backbone. The “HIGH” motif of class I aaRS (“HVGH” in E. coli
ArgRS) in the catalytic core is also indicated. (B) A detailed stereo
view of the interactions between Gua25, Cyt39, and Ade38 of
tRNA?rg(ICG) and the Q-loop. The molecular surface of the Q-loop is
shown. The side-chain indole ring of Trp446 is highlighted. (C) A
detailed stereo view of the interactions between Gua25, Gua39, and
Ade38 of tRNAS™(UCU) and the Q-loop. The Q-loop and Trp446 are
depicted as for (B).
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catalytic core (encompassing GInl13-Thrl64 and
Trp228-Val255), Trp349 lies in the second half of the
catalytic core (Tyr311-Thr382), Trp172 is tightly buried
within the Ins-1 domain (GInl165-Met227) of ArgRS,
and Trp446 is located in the Add-2 domain (anticodon-
binding domain, Arg383-Met577) of ArgRS, as shown
in Fig. 2. Data from studies on yeast ArgRS reveal that
Trp446 is part of helix H17 (Trp446-Leud50) followed
by the Q-loop (Ala451-Ala457), which is crucial for the
positioning of the tRNAA™ anticodon stem [6]. Addi-
tionally, it is proposed that the structural changes in-
duced by tRNAA™ in the local region of the Q-loop are
involved in the mechanism of tRNAA™-required argi-
nine activation in ArgRS [6].

Effects of tRNA;" (UCU) on the conformation of E. coli
ArgRS

The five fluorine resonances in the "F NMR spec-
trum of FWT were previously assigned to five 4-F-Trp
residues [10], as indicated in Fig. 3A. The effects of

tRNAL(ICG) on the '?F NMR spectrum of FWT were
described in the earlier report (see also Figs. 3B and C).

A
0.4mMtRNA,

0.2mM tRNA ™

0.4mMtRNA," "

0.2mM tRNA," "

172162228

L L L L L N B
5 4 3 2 1 1] -1 -2 ppm

Fig. 3. Effects of tRNA”"¢ binding on the ’F NMR spectra of FWT.
Spectra of FWT (0.5 mM) titrated with the two tRNAA™ isoacceptors,
tRNALE(ICG), and tRNALE(UCU), are presented. Substrates and
their concentrations are indicated. In addition to tRNAA®, NMR
samples contained 5% (v/v) D,O, 0.5mM FWT and NMR sample
buffer (50mM Tris-HCI, pH 7.5, 80 mM KCI, 8 mM MgCl,, 0.1 mM
EDTA, and 0.5mM DTT). (A-C) are obtained from [10].

tRNAS®(ICG) induces distinct conformational changes
in both the catalytic core in the vicinity of Trpl62
and Trp228, and the local structure of the Trp446
residue [10].

The effects of tRNAL™(UCU) on the "F NMR
spectrum of FWT are depicted in Figs. 3D and E. Due
to the tRNA,™®(UCU) binding, significant conforma-
tional changes were observed in the catalytic core near
Trpl62 and Trp228, similar to those described above,
suggesting that tRNAfrg(UCU) has a similar effect on
the ArgRS catalytic core as tRNAS®(ICG). The similar
effects on the catalytic core may be caused by the com-
mon CCA termini of two tRNA”® isoacceptors inter-
acting with the catalytic core of ArgRS.

An evident difference was observed between the '°F
NMR spectra in the presence of tRNA}®(UCU) and
tRNAS®(ICG) (Figs. 3C and E). tRNAS®(ICG) in-
duced the fluorine resonance of 4-F-Trp446 into base-
line, signifying that the local structure of Trp446 was in
an intermediate exchange conformation [10]. In con-
trast, the fluorine resonance of 4-F-Trp446 was shifted
from 4.02 to -1.38ppm, following binding of
tRNA,®(UCU). Additionally, two distinct fluorine
resonances of 4-F-Trp446 appeared simultaneously in
the "F NMR spectrum at a molar ratio of 2:5
[tRNAL¥(UCU) to FWT] (Fig. 3D). This finding indi-
cates a constrained conformation of Trp446 in the
presence of tRNA}™®(UCU), which slowly exchanges
with the tRNA-free conformation in ArgRS on NMR
timescale. These two conformations interconvert over
time at a much smaller frequency than the YF NMR
frequency difference for the two conformations
((1.38 +4.02) ppm x 564.277 MHz, 3.05 kHz). In view of
these findings, we propose that the lifetime of the
tRNAL(UCU)-bound state is significantly longer than
0.33ms (1/(3.05kHz)). In addition, one complete cata-
lytic process for tRNALE(UCU) occurs in 45.7ms, as
calculated from the 1/k, value of tRNA;™®(UCU)
(21.957"). Therefore, the lifetime of the tRNA}™(UCU)-
bound state is between 0.33 and 45.7ms. Since
tRNAY¥(ICG) induced an intermediate exchange con-
formation of Trp446, the lifetime of the tRNAS®(ICG)-
bound state is much shorter than that of the
tRNA,®(UCU)-bound state according to the NMR
timescale principle [21].

The two different tRNAA™ isoacceptor-bound states
of the Trp446 environment may be interpreted in terms
of the proposed E. coli ArgRS model (Fig. 2). As ob-
served from yeast ArgRS, the Q-loop in proximity to
Trp446 is limited by Gua25 and Cyt39 of yeast
tRNAA™, and participates in the formation of a binding
pocket for Ade38 [6], which is additionally observed in a
model of the E. coli ArgRStRNAN(ICG) complex
(Fig. 2A and B). However, in the E. coli ArgRS-
tRNA,®(UCU) complex model, Cyt39 is replaced by
Gua39, which may further limit the conformational
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flexibility of the Q-loop. The tRNAfrg(UCU)—induced
slow exchange conformation of the local structure of 4-
F-Trp446 and the Q-loop may result from steric hin-
drance induced by the presence of a larger nucleotide at
position 39 of tRNAA™®,

The longer lifetime of the tRNA}™®(UCU)-bound
state of Trp446 may lead to ArgRS having a slower
aminoacylation rate for tRNAL®(UCU) than
tRNAgrg(ICG). However, the similar k., /K, values of
tRNAJ(ICG) and tRNA,#(UCU) (Table 1) indicate
comparable specificity and efficiency of ArgRS for the
two tRNAA™ isoacceptors. This similarity may result
from compensatory interactions between other regions
of tRNAA™ and ArgRS (i.e., in addition to the Q-loop
region), which are not detected in the '’F NMR spectra
of the five 4-F-Trp residues. Such compensatory inter-
actions are possible, since the identity elements of
tRNAA consist of Ade/Gua73, Cyt35, Ura/Gua36, and
Ade20. In addition to the anticodon stem, the D loop
and acceptor stem of tRNAA® interact with ArgRS
[6,7,22].

The Q-loop peptide region little relating to the productive
conformation of the catalytic core

In this report, we describe conformational changes of
E. coli ArgRS induced by the rare tRNAA isoacceptor,
tRNALS(UCU). A comparison of ArgRS F NMR
titration spectra with tRNA}®(UCU) and tRNAS"® (ICG)
(Fig. 2) indicated two different tRNAA™ isoacceptor-
bound states of the local structure near the crucial
Q-loop. The previous ArgRS crystal structure indicates
that tRNA-induced structural changes in two peptides in
the anticodon-binding domain (Add-2 domain) of
ArgRS may contribute to an active conformation for the
catalytic core of ArgRS [6]. The first peptide (E. coli
Met371-Ala406) goes from strand S13 to helix H15, and
the second peptide (E. coli Tyrd42-Ala457) involves
strand S14, helix H17 (including E. coli Trp446), and the
Q-loop (E. coli Ala451-Ala457) (Fig. 2A) [6].

Here, we show that two tRNAA® isoacceptors-
tRNAL(UCU) and tRNAJ®(ICG) induce two
significantly different conformations of one of the two
peptides above (E. coli Tyrd42-Ala457; including S14,
H17, and Q-loop). However, these two tRNAA™ isoac-
ceptors induce similar conformations in the ArgRS
catalytic core, as is evident from ""F NMR signals of
4-F-Trpl162 and 4-F-Trp228 residues (Fig. 3), and
display comparable catalytic efficiencies in the kinetic
assays (Table 1). Since such a distinct difference between
the two conformational changes induced by the two
tRNAA jsoacceptors binding on the peptide (E. coli
Tyrd442-Ala457; S14, H17, and Q-loop) can cause no
difference to the catalytic core conformation and
catalyzing efficiencies of ArgRS, tRNAA"-induced
conformational changes of this peptide may be of little

significance to the productive conformation of the
catalytic core.

The other peptide (E. coli Met371-Ala406; S13 to
H15) in the Add-2 domain is also sensitive to tRNAA™
binding [6]. This peptide selectively interacts with spe-
cific bases of tRNAA™ [6]. Therefore, the conforma-
tional changes induced by tRNAA™ binding to this
peptide may play a major role in inducing a productive
conformation of the ArgRS catalytic core. This is a
reasonable assumption, in view of the finding that the
peptide region (E. coli Gly374-Lys389) interconnecting
S13 and H15 is spatially very close to the catalysis-re-
lated signature ‘HVGH’ motif in the E. coli ArgRS
catalytic core. Furthermore, the conformational changes
in H15 induced by tRNA”® were observed to lead to
some structural modifications of the ‘HVGH’ motif
region in yeast ArgRS [6].
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