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ABSTRACT. The crystal structure of the ternary complex of3f, heterotetrameric phenylalanyl-tRNA
synthetase (PheRS) frofihermus thermophilusith cognate tRNA"and a nonhydrolyzable phenylalanyl-
adenylate analogue (PheOH-AMP) has been determined at 3.1 A resolution. It reveals conformational
changes in tRNAinduced by the PheOH-AMP binding. The single-strandedr@l exhibits a hairpin
conformation in contrast to the partial unwinding observed previously in the binary PHRINRS"e
complex. The CCA end orientation is stabilized by extensive base-specific interactions of A76 and C75
with the protein and by intra-RNA interactions of A73 with adjacent nucleotides. The 4-amino group of
the “bulged out” C75 is trapped by two negatively charged residues ¢f sadunit (GIy31 and Asp33),

highly conserved in eubacterial PheRSs. The position of the A76 base is stabilized by interactions with
Hisa212 of motif 2 (universally conserved in PheRSs) and class ll-invariart 22 of motif 3. Important
conformational changes induced by the binding of tRR¢And PheOH-AMP are observed in the catalytic
domain: the motif 2 loop and a “helical” loop (residues $3%2 of thea subunit) undergo coordinated
displacement; Met148 of the helical loop adopts a conformation preventing thOR group of A76

from approaching the-carbonyl carbon of PheOH-AMP. The unfavorable position of the terminal ribose
stems from the absence of thecarbonyl oxygen in the analogue. Our data suggest that the idiosyncratic
feature of PheRS, which aminoacylates th&®® group of the terminal ribose, is dictated by the system-
specific topology of the CCA end-binding site.

Aminoacyl-tRNA synthetases (aaR5g)romote close  The classification remarkably correlates with two modes of
control over two-step aminoacylation reaction, establishing attack on the aminoacyl-adenylate carbonyl: th@B group
a linkage between cognate amino acid and three nucleotidesf the tRNA 3-terminal ribose is the primary site of
of the tRNA anticodon(s). In the first step, an aminoacyl- aminoacylation for class | and th&®H group for class II.
adenylate is synthesized from the amino acid and ATP. In Phenylalanyl-tRNA synthetase (PheRS) is the only exception
the second step, the activated amino acid is transferred toto this rule: being the class Il enzyme in accordance with
the 3 end of the cognate tRNA. Comprehensive analysis of structural classification, it attaches phenylalanine to the 3
aaRS sequences and three-dimensional (3D) structures legerminal 2-OH of tRNAPMe(3, 4). The chemical mechanism
to discovery of common structural features and, further, to of the aminoacylation reaction is essentially conserved in
the partitioning of the aaRS family into two classés2). both classes5); however, each synthetase is unique in the
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occupies the ATP binding sité), Switching to the open  adjustment of the tRNA upon its interaction with the enzyme
conformation is necessary for the flipping loop to anchor (29). Biochemical studies of th&. thermophilusPheRS

the base of A76 and place it in the proper position within tRNAPh¢complex B0, 31) are in agreement with the X-ray
the active site. The interrelation between the binding of the data, while having revealed dynamic interactions in the
tRNA 3' end and that of small substrates has been shownstructure. The position of A76 in the binary PheBRBNAP"®

for other aaRSs. Binding of the tRN& acceptor arm to ~ complex @4) partially interferes with the location of the
seryl-tRNA synthetase (SerRS) depends critically on the phenylalanine substrate in the active si#b,(26). The
positioning of the motif 2 loop, which is disordered in the affinity—cross-linking data obtained fdr. thermophilusand
absence of any substrates and adopts two different conformahuman PheRS$832—34) give an indication of acceptor end
tions in the presence of tRNA and ATP or adenylateld). rearrangement in the presence of other substrates: the
A number of residues that interact with a seryl-adenylate interaction of the enzyme with phenylalanine and ATP and
analogue (Ser-AMS) switch to participate in the tR/A  the synthesis of adenylate affect the orientation of the tRNA
recognition when viewed for the ternary SerBBNASe-Ser- 3' end. Evidently, the proper positioning of the tRRA
AMS complex. Four mobile regions of the catalytic domain acceptor end corresponding to the structure of the productive
of threonyl-tRNA synthetase (ThrRS) are involved in correct complex is promoted only in the presence of a phenylalanyl-
positioning of the tRNA"™ acceptor arm; residues initially — adenylate.

implicated in threonine or ATP binding switch to the  Here, we describe the crystal structureTothermophilus
recognition of the tRNA 3end (L9). In addition, transforma-  pheRS in a complex with homologous tRR2cocrystallized
tions of flexible regions upon blndlng of the small substrates in the presence of a stable pheny|a|any|_adeny|ate ana]ogue_
have been reported for several class Il systeirés-(9). Molecular dynamics calculations for various binary com-
Notably, three of the class | aaRSs, arginyl-, glutaminyl-, plexes of the enzyme with functional ligands have also been
and glutamyl-tRNA synthetases (ArgRS, GInRS, and GIURS, carried out. Our data combined with previously determined
respectively), which catalyze amino acid activation only in hinary PheRS complexes provide multiple snapshots of
the presence of their cognate tRNAs, exhibit different gifferent stages of the phenylalanylation reaction and enable
relationships between the substrates. While th@ninal us to follow the mutual adjustment of the enzyme and
nucleotide of tRNA" forms part of the glutamine-binding  supstrates in a precise manner. Analysis of the available
site 20), the correct positioning of the tRN CCAendis  complexes has yielded structural elements of PheRS that are

controlled by the arginine binding20). The binding of  responsible for the correct positioning of the functional
tRNA®" to GIURS triggers structural changes required for |igands within the active site.

productive interaction with ATP, and this regulation mech-
anism seems to be universal for the tRNA-dependent triad EXPERIMENTAL PROCEDURES
(22). Examples of the great diversity of available data show
that the peculiarity of the aminoacylation site in each amino ~ Crystallization Native PheRS fronT. thermophilustrain
acid system is governed by stepwise fine adjustment of all HB8 was isolated and purified as described previoud$).(
the reactants and their intermediates. T. thermophilustRNAPhe (isoacceptor I, 1700 pmol of Phe/
PheRS is one of the most complex enzymes of the aaRSAzs0 UNit) was purified using procedures developed by
family; the tetrameric ¢3), subunit organization of cyto- ~Watanabe et al.36) and Bischoff and McLaughling().
plasmic PheRS is markedly conserved through evolution. L-Phenylalaninyl-5adenylate (PheOH-AMP) was synthe-
Several 3D structures dhermus thermophiluBheRS, both  Sized and purified as described previousdg)( Crystals of
native and in complexes with substrates, are availd8e (  the PheR8RNAP"*PheOH-AMP complex were grown at
27). PheRS is a functional dimer (reviewed in 8). The 4 °C by the hanging-drop vapor-diffusion method. The
a8 heterodimer consists of 11 structural domains: three of Solution for cocrystallization was prepared at a final protein
them (a coiled-coil arm at the N-terminus, Al, and A2) concentration of 35 mg/mL for molar ratios of PheRS and
belong to thea subunit and eight (B1B8) to the larges tRNAP of 1:2.5 in a buffer [20 mM imidazole-HCI (pH
subunit. Domains Al and A2 create the class ll-conserved 7-8), 1 mM MgC}, 5 mM 2-mercaptoethanol, and 1 mM
catalytic module; the major function of thesubunit is in ~ NaNs] containing 10% saturated ammonium sulfate and 1
binding and recognition of tRNS The modes of tRNA™ mM PheOH-AMP. The drop solution was slowly equilibrated
recognition by PheRSs of evolutionarily diverged species against a reservoir solution containing the crystallization
have been analyzed by in vitro aminoacylation of tRIFA buffer and 27% saturated ammonium sulfate. The crystals
mutants (reviewed in ref8). The anticodon nucleotides are Of the ternary complex belong to the same space group,
the major determinants of tRNAespecificity in all systems. ~ P3221, and have virtually the same unit cell parameters as
The contribution of nucleotides 20 and 73 and of A339 crystals of native PheRS and the binary Phe¢REAP®
and G30C40 base pairs to the aminoacylation efficiency complex @9).
varies greatly; it was found to be minor in tlsscherichia Data Collection Diffraction data were collected on
coli andT. thermophilusystems. On the basis of independent beamline ID14 at the synchrotron radiation source at ESRF
measurements of binding and aminoacylation of tRNA  (Grenoble, France) and with in-house Rigaku R-axisV
mutants withT. thermophilusPheRS, tertiary nucleotides image plate detector. Before being flash-cooled, the crystals
have been subdivided into two groups according to their of the PheRS8RNAP"*PheOH-AMP complex were trans-
major functional role in determining the precise tRNA ferred into a cryoprotectant containing the reservoir solution
structure. The G1€56 base pair and U4610C45 base and 30% (v/v) glycerol. Diffracted intensities were evaluated
triple contribute mostly to stabilization of the overall folding; and integrated using the HKL packadg@)and scaled further
the A26G44 base pair is involved in the conformational using programs from the CCP4 package.
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Table 1: Data Collection and Refinement Statistics for the PheRSIRNAP"*PheOH-AMP complex. The starting coor-

PheRStRNAPPheOH-AMP Complex dinates for the PheRBheOH-AMP complex were taken
native PheRS  PheRSIRNAP™ from the ternary complex. Polar and aromatic hydrogen
(1PYS) PheOH-AMP atoms were added to the protein and the ligand atoms.
diffraction data Protonated states of the residues that corresponded to pH 7
space group P3,21 P3,21 were chosen. The protein was then centered in a rectangular
unit cell parameters (A) a=b=176.3, a=b=173.4, box with dimensions such that the distance between the
) c=141.0 c=139.4 protein and the walls of the box was more than 0.6 nm in
{gfglrl:gogf(@ﬂections 2?;?)7528 32173326 each direction. The dimensions of the box were 11.7>nm
no. of uhique reflections 50314 39855 6.81 nmx 7.18 nm. The box was filled with water molecules
completeness (%) 97.6 89.0 modeled as single-point charges. The water configuration
Rmergé (%) 7.2 11.2 was relaxed using 50 cycles of energy minimization while
refinement statistics keeping the protein frozen. Then, all degrees of freedom of
L%S%?gfgté%”gteoﬁg Zgg'(? 5%_73(5'; the system were relaxed with another 50 cycles of energy
no. of tRNA atoms 1618 minimization.
no. of PheOH-AMP atoms 31 The conditions of a constant number of particles, constant
no. of water molecules 331 185 pressure, and constant temperature (NPT) were used in
RuordRiee” (%) 17.7/23.6 22.36/29.50 simulation. A production simulation of 3 ns was run for the
rmﬁgf&"lzﬂg?hs @ 0.011 0.008 whole system after equilibration for 1000 ps. The time step
bond angles (deg) 172 1.43 was 2 fs, with constrained bond lengths; trajectory data were

" Rooe = (hKD — (K] I (hKD). where I(hK) and collected every 50 steps (0.1 ps). A constant presgure (
EI],-(hEi;Dgare th%hrgtjegnsily of rﬁ(eas)ﬂezr;gzm]gd t)he mean iJr(1terzsity for 101325 Pa) and a constant temperatdre=(300 K) were
the reflection with indiceshkl, respectively® R factor = ¥ (Fops — used, by weakly coupling the protein and solvent separately
KFcaid/3 niuFobs Wherekis a scale factor anBee is theR factor for the to an external batht{ = 0.1 ps and;, = 1.0 ps). A twin-
test set of reflections. The data for the native PheRS structure (1PYS) range cutoff method was used for nonbonded interactions.
are from ref23. Lennard-Jones and Coulomb interactions within 0.8 nm were
recalculated every time step, whereas nonbonding interac-
Structure Determination and Refinemerithe 2.9 A tions between 0.8 and 1.4 nm were updated every five steps.
refined model ofT. thermophilu$heRS 23) was used as a
starting model. This model was first subjected to rigid-body RESULTS
refinement using a 503.1 A resolution data set of the
PheRStRNAP"PheOH-AMP complex. The initidR factor Overview of the PheRERNAPheOH-AMP Complex
of 50.1% was reduced to 37.2% by rigid-body refinement. The crystal structure of the ternary complexTofthermo-
The subsequent refinement procedures (conjugate-gradienphilus PheRS with homologous tRNA and a nonhydro-
energy minimization, combined simulated annealing, Bnd  lyzable phenylalanyl-adenylate analogue, PheOH-AMP, has
factor refinement) were carried out using CN&LY In been determined at 3.1 A resolution (Figure 1). The unbiased
accordance with the difference electron density maps, 70 difference map with amplitudes and phases based on the
amino acids from the N-terminus of thesubunit were added  model of the native protein2@) exhibited a well-defined
manually to the starting model, and the whole molecule was density for the aminoacyl-adenylate analogue at the active
subjected to several rounds of conjugate-gradient minimiza- site (Figure 2A) and a density for the most of the tRNA
tion. However, electron density associated with the first 15 molecule. Characteristic density for two long antiparatlel
residues of theo. subunit remains relatively poor; these helices appeared immediately after ABp. Several rounds
residues were not included in the final model. of conjugate-gradient energy minimization and simulated
The model of tRNA was built into the density with @32). annealing, alternating with manual revision using 42)(
Refinement of the complex was carried out by using resulted in construction of the entire tRRIRmolecule.
conjugate-gradient minimization and simulated annealing The ternary complex structure presented here is consistent
protocols. With simulated annealing procedures, the tem- with previously determined structures of the binary PheRS
perature factors were fixed to the value of 8G; Ahe complexes with tRNA" Phe-AMP, or PheOH-AMP24—
molecular dictionary file maintained the restraints of the 26). Each of the two tRNAs interacts with all four subunits
DNA—RNA conformation. The data collection and refine- of the heterotetramer. While the acceptor stem and the CCA
ment statistics are summarized in Table 1. end of tRNA"¢are localized in the area of the active site of
Molecular Dynamics SimulationdMolecular dynamics  thea subunit and contact domains B1, B3, and B7 from the
(MD) simulations were carried out using GROMACS version sameaf heterodimer, the anticodon arm and the variable
3.21 (http://www.gromacs.orgf8, 44) with the GROMOS- loop are clamped between the B8 domain and the N-terminal
96 43A2 force field 44, 45). The bonding parameters for helical arm of theo subunit from the symmetry-related
phenylalanyl-adenylate (Phe-AMP) and PheOH-AMP heterodimer (Figure 1). Substantial conformational changes
were taken from the standard GROMOS96 force field of the protein induced by the tRNA are evidenced by ordering
provided by the PRODRG2.5 server (beta version, http:// of N-terminal residues in the subunit. It must be empha-
davapcl.bioch.dundee.ac.uk/cgi-bin/prodrg_beta). For thesesized that in the structure of native PheRS as well as in the
ligands, the GROMACS topology files were generated by complexes with small substrates (Phe, Phe-AMP, Tyr, etc.)
using PRODRGA46). The 3D structure of Phe-AMP is based the first 84 residues of the N-terminus in thesubunit are
on the conformation that adopts PheOH-AMP in the ternary disordered. The stabilization of the helical arm, revealed in
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FicUrRE 1: Structure of the dimeri&. thermophilusheRStRNAP"ePheOH-AMP complex. The protein and tRNA (mint green) are shown

in worm representation; the ligand (PheOH-AMP) is shown in space-filling representation (cyan). The domain architecture/bf one
heterodimer is shown with the N-terminal coiled coil of thesubunit (residues-1101) colored purple, catalytic domains Al (residues
102-125 and 192-350) and A2 (residues 126191) colored magenta and blue, respectivghsubunit domain B1 (residues-B9 and
152-183) colored bright green, B2 (residues—451) colored lime, B3 (residues 22264 and 329-396) colored gold, B4 (residues
265—328) colored yellow, B5 (residues 462473) colored olive, B6 (residues 48814 and 564-679) colored powder blue, B7 (residues
515-563) colored light brown, and anticodon-binding domain B8 (residues-883) colored brown. The structural domains associated

with the symmetry-related heterodimer (colored with the same colors) are denoted with asterisks. The ternary complex is PDB entry 2iy5.
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Ficure 2: Positions of the tRNA* CCA end and PheOH-AMP in the active site of PheRS. (A) Part of the electron density map in the
close vicinity of PheOH-AMP, calculated with coefficierfig,s — Fcac (Unbiased, colored blue, 1PYS) anBogs — Fcarc (refined model,
colored red) contoured at 3r%and 1.@, respectively. (B) Part of the electron density map in the close vicinity of the fRNgA end,
calculated with coefficientEons — Feac (Unbiased, colored blue, 1PYS) anéyg — Fcarc (refined, colored red) contoured at @.and 1.@,
respectively. The CCA end (represented as a stick model colored mint green, blue, and red) is bent in the presence of PheOH-AMP.

the ternary complex and previously in the binary PheRS system 29, 47), makes base-specific interactions with
tRNAPPe complex @4), can be explained on the basis of its  Se3*742 and Asyp*729 as well as a stacking with T§1731
intensive contacts with the tRNA. However, the electron (residues from the symmetry-related heterodimer are marked
density corresponding to the first 15 residues at the N- with an asterisk). Minor conformational changes produce one
terminus remains relatively poor, and they have not been more specific hydrogen bond between the guanidinium group
included in the final model. Few C-terminal residues of the of Arg*780 and the O6 atom of G34. This interaction is
B subunit (78%785) are also not visible in the electron supplementary to the hydrogen bond betweersArg0 and
density map. the N7 atom of G34 observed in the binary complex structure
Comparison of the @erall Modes of tRNA®Binding and (24). Thus, the synthetase recognition of G34 in the PheRS
Recognition in the PheRBNA"PheOH-AMP and PheRS  tRNAP"*PheOH-AMP ternary complex is enhanced by the
tRNA"e Complexesin the ternary complex structure pre- fourth base-specific hydrogen bond with £#/g80. All the
sented here, the binding mode of the anticodon arm residues mentioned above belong to domain B8 from the
contributing mostly to the tRN&*® recognition (reviewed  symmetry-related heterodimer and are highly conserved or
in ref 28) is largely similar to that revealed in the previous invariant in eubacterial PheRSs. Both A35 and A36 in the
structure of the binary PheR&NAP"e complex @4). G34, ternary complex retain interactions characteristic of the binary
the major identity element of tRNA®in the T. thermophilus PheRStRNAP" complex @4). The anticodon loop confor-
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A

FicurRe 3: Comparison of the tRNRestructures in binary PheR®NAPreand ternary PheR&RNAP"ePheOH-AMP complexes. Structural
alignment of the tRNA"anticodon loop (A), the D loop fragment of residues-2® (B), and the variable loop (C) observed in the ternary
(colored mint green, blue, and red) or binary complexes (colored light brown, blue, and red; PDB entry 1EIY). The hydrogen bond between
C32 and A38 is represented as a dashed line.

mation is stabilized further by intra-RNA interactions not tRNAPP¢recognition via determination of its precise confor-
detected previously in the absence of PheOH-AMP (Figure mation @9, 47) is also involved in the backbone-mediated
3A). The base of C33 is displaced in a way that favors contacts with the coiled-coil domain (residues-2B). Two
hydrogen bonding between its N3 atom and the O1P atomnucleotides, G44 and U47, adopt new conformations; G44
of A36, as observed in the recently revisited structure of free involved in a stacking interaction with A43 and U45 in the
yeast tRNA" (48, 49). A new hydrogen bond is formed PheRStRNAP® complex is flipped out in the ternary
between O2 of C32 and N6 of A38. The CB38 pair was complex (Figure 3C). The rearrangement results in disruption
shown to participate in stabilization of the anticodon arm of the noncanonical tertiary interaction of nucleotide 44 with
and strengthening of the base pair between residues 31 anducleotide 26 formed in both free yeast tRNAG44-A26)

39 in tRNAYs (50). Several examples of tRNAaaRS and theT. thermophiluPheRSIRNAPecomplex (A26G44).
complexes with at least one hydrogen bond between basesThe variable loop conformation is therefore stabilized by two
32 and 3822, 51) and formation of the U3A38 Watsonr- tertiary base pairing interactions (of U45 with the G225
Crick pair in the case of tRNA(CCC)(52) are evidence of  Watson-Crick pair through the triple contacts and of C48
this interaction being important for supporting the anticodon with G15) as well as by intermolecular contacts with the
hairpin conformation (for a review, see rg8). N-terminal helical arm.

Additional conformational changes are observed in single-  Acceptor Arm Binding and Recognitiofhe acceptor arm
stranded regions away from the catalytic site. In the D loop, of tRNAPh¢ is positioned within a wide cavity formed by
nucleotides 16 and 17 are rearranged to the “bulged-out” structural domains that belong to the commaf het-
orientation that leads to disruption of the tertiary H-bond erodimer (Figure 1). The CCA extremity makes both base-
interaction between U16 and U59 shown previously to occur specific and sugar- and phosphate-mediated contacts with
in the binary PheRSRNAP"®complex. The position of G18  the catalytic A--A2 module and domains B1 and B3 (Table
dictated by the displacement of the two former nucleotides 2). A limited number of contacts between the protein and
allows its tertiary interaction withp55 observed previously  the sugarphosphate backbone of tRN% are found along
in the binary complex. The G1856 Watson-Crick pair is the acceptor stem; these contacts are nonspecific and water-
also conserved in the ternary complex to stabilize the mediated. Substantial conformational changes are evident
intramolecular interaction between the T and D loops. The when the CCA end is compared with that of the PheRS
D20 base is directed toward the interior of the D loop in our tRNAP" complex (Figure 4). In the ternary complex, the
complex, while it is splayed out in the binary complex single-stranded region exhibits a hairpin conformation (see
(Figure 3B). Of these nucleotides, only G19 and C56 are also Figure 2B) contrary to the partial unwinding observed
involved in backbone-mediated interactions of the tRRfA  in the binary complex. The hairpin structure is reminiscent
core with the N-terminal coiled-coil domain of tlesubunit. of those observed in the class | GInRS, ArgRS, and GIuURS
D16 and D20 contribute to different extents to tRNA complexed with their cognate tRNARF—22) and stabilized
recognition 29, 47), while they do not contact the enzyme by system-specific molecular mechanisms. As a consequence
in any structure. Significant conformational changes of of the rearrangement, the sugar- and phosphate-mediated
PheRS (as compared to the binary PhéREAP"complex) contacts of the ACCA end with domain B1 are lost (Table
are observed for the segment of residues 38 at the end 2). Two residues from domain B3, Hi858 and Arg362,
of the helical arm. However, its interactions with G19 and which anchor the ribose moiety of C74 in the absence of
C56 either remain unchanged or are replaced by similar PheOH-AMP, now interact with the phosphate group of C75.
interactions with adjacent residues of the segment (data noAnother positively charged residue from domain B3, /2853,
shown). The relative position of the coiled-coil domain in forms a contact with the phosphate group of C74, thus
the ternary complex is very similar to that found in the binary reinforcing the cluster of nonspecific interactions. This
complex. The domain designed to anchor the tRNA is residue is conserved in half the known sequences of
characterized by a high degree of flexibility (reflected in eubacterial PheRSs and replaced in some species with His
relatively high atomic temperature factors), which ensures aor Lys. The CCA end orientation is stabilized further by
good adaptability. The variable loop, comprising nucleotides extensive base-specific interactions of A76 (described below)
44—48, is the third region where conformational changes and C75. The 4-amino group of the bulged-out C75 is trapped
are worthy of notice. This region shown to contribute to by the negatively charged side chains of g3 and Asp33,
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Table 2: Comparison of Interactions of the tRRIAAcceptor End with PheRS in the Binary and Ternary Complexes

PheRStRNAPhe PheRStRNAP"PheOH-AMP
protein residue distance protein residue distance
tRNA (domain/motif) A type (domain/motif) A type
A76 base Phen25& ring (A1) 4.6 AA Hisa212 ring (motif 2) 3.4 AA—cation
A76 base Phen260° ring (A1) 5.2 AA AMP* 5.3 AA
AT76 N7 Trpo149 Nel (A2) 2.9 HB Arga321 Ny1, Ni2 (motif 3) 33,31 HB
A76 N6 Sern180 Oy (A2) 3.6 HB
A76 N6 Gluo220 C:1 (A1) 3.0 HB
A76 O3 Argai204 Nyl (motif 2) 2.7 HB
A76 O3 Meta148 O (Al) 35 HB
A76 O3 Meta148 So (A1) (via water 67) 3.0and 3.1 HB
A76 02 Gluo206 C:1 (motif 2) 3.1 HB
C75 N4 Glup31 Ce2 (B1) 3.1 HB
C75 N4 Aspp33 091 (B1) 2.7
C75 01P Val$160 N (B1) 3.4 HB "Hi$358 91 (B3) 4.2 ES
C75 0O2P Arg3362 Ny2 (B3) 3.1 HB
C74 02 Hisf3358 Ne2 (B3) 33 HB
C74 02 Arg 3362 Ny1 (B3) 3.7 HB
C7401P  “Arg2 Nyl (B1) 3.4 HB
C74 O2P Metf1 N (B1) 4.5 ES Arg353 Ny2 (B3) 2.7 HB
A73 02P Argg2 N2 (B1) 3.9 ES/HB

@ |ndicated tRNA contacts with protein residues and the AMP* moiety of PheOH-AMP are made by hydrogen bonds (HB) and-aromatic
aromatic (AA), electrostatic (ES), and—cation interactions; PheRS domains or class Il signature motifs are given in parentheses. For water-
mediated interactions, two distances between the donor atom and water and between the water and the acceptor atom are indicated; amino acid
residues conserved (invariant or replaced with similar residues) in all PheRSs are in bold type, those specific for eubacteria underlined, and class
Il invariants in italic type ” This residue belongs to the FPF loop (residues2Z®4). ¢ This residue belongs to the helical loop (residues1B8R).

\

FicUrRE 4: Conformational changes of the tRRI&acceptor end in the complex with PheRS, induced by the bound PheOH-AMP. The
stereoview shows the positioning of A76 in the ternary Ph¢fR$AP"*PheOH-AMP complex (mint green) as compared to that observed

in the binary PheRERNAP"ecomplex (light brown). The terminal nucleotide is rearranged in the presence of PheOH-AMP due to competition
with the Phe moiety of the analogue for interactions with the enzyme residues.

highly conserved in eubacterial PheRS acidic residuescomplexes 25, 26). The rmsd for the adenylate analogue
belonging to domain B1. A73, a minor recognition element from our complex superimposed on the native intermediate
of tRNAP"e by T. thermophilusPheRS 29, 47), does not  in the PheRSPhe-AMP complex is 0.9 A.

participate in interactions with the protein. This nucleotide
is stacked on the first base pair of the tRNA and forms a

hvd bond involving its 6.ami 402 of C74 analogue is stabilized by aromatiaromatic interactions with
ydrogen bond Involving IS 6-amino group an 0 ' eubacterial PheRSs-conserved residueqyZP&and Phe260
thus contributing to stabilization of the hairpin structure of

the CCA end (Figure 2A). Thea-NH3™ group of PheOH-AMP is involved
Active Site. Rearrangement upon tRNAand PheOH- in hydrogen bonding with Sed 80, Hisx178, and Gla220

AMP Binding A continuous and contrasted 8.50) electron  (Figure 5). A class Il-invariant Arg204 of the motif 2 loop
density allows a clear characterization of the PheOH-AMP _adopts an extended COﬂfC_eratlon in comparison with that
analogue in the active site of the enzyme (Figure 2A). The N the native structure and interacts with the phosphate group
difference between the phenylalanyl-adenylate analogue anc®f the PheOH-AMP analogue. The AMP moiety is sand-
its nonhydrolyzable analogue is in the replacement of the Wiched between the side chains of class Il-conserved
carbonyl group by the Cigroup. It is of interest that despite ~ residues, Phe216 of motif 2 and the hydrophobic part of
the medium resolution the bulge corresponding to the motif 3 Arga321 (Figure 2). The detailed scheme of
carbonyl oxygen is absent from the electron density. In the interactions of the adenylate analogue within the active site
ternary complex, the PheOH-AMP analogue occupies the has been presented previously for the binary PRERSOH-
position in the active site closely similar to those observed AMP complex @5); the interactions are retained with no
in the binary PheR®heOH-AMP and PheRBhe-AMP modifications in the presence of tRN&K

The amino acid moiety of the phenylalaninyl-adenylate
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. uce220 \
Argoe321 \& r_

Hiso178

“helical” loop

'

Ficure 5: Ribbon and stick representation of the active sitd .of > o
thermophilusPheRS with bound PheOH-AMP and the/&CCA motif 2 loop C74

end of tRNAMe The tRNAPhe3' end colored mint green is shown ) ) ] )

in the foreground. The adenylate analogue is depicted in the FlGL!REG: Dlag_ram showing conformational changes of helical and
background. Water molecules are depicted as blue spheres. Thenotif 2 loops in the ternary complex of PheRS upon substrate
main chain of PheRS is shown as ribbons colored light yellow and binding as compared to the apo form of the enzyme. PheRS (colored

gray for theo. and 3 subunits, respectively. light yellow) in the ternary complex with tRNZe (mint green)
and PheOH-AMP (ice blue) is superimposed with PheRS in the

Superposition of two binary complexesDfthermophilus apo form (light brown). The motif 2 (residues 26214) and helical

PheRS with tRNA"and the phenylalanyl-adenylate alone, iﬁops (ffeSldUtt':fS 13?%52) hmOVPi tlow_ard éhed_bougg 'lzlglzands(, W_f:jlle
s e e conformation of the phenylalanine-binding oop (residues

asNﬂgiente(_j ml Fégure .4’ 52(;\(’5\’5 p?jrtlr?l |nte_rferer?ge Of the256—264) is unaffected. The side chain of M@&#9 in the helical
t terminal adenosine (A76) and the amino acid moiety |54, gisplays the most significant conformational switch in the
of Phe-AMP @6). The acceptor end repositioning in the active site; in fact, this residue controls the opening and closing of
presence of the phenylalanyl-adenylate or its analogue isthe active site cavity and thus the correct order of substrate binding
inevitable due to the interference. In our ternary complex, and the reaction.

the CCA end does occupy a different position, adopting a -

proaches the active site in a way that A76 is placed in the the tRNA acceptor arm, as compared to the substrate-free
vicinity of the AMP moiety of the PheOH-AMP analogue. Structure. The displacement of the motif 2 loop is triggered
The position of the Bterminal adenosine at the entrance to Py hydrogen bonding of a PheRS-conservedual6 residue

the active site cavity is held by formation of aromatic ~ @nd the class Il-invariant Ai04 with the 2- and 3-OH
aromatic interactions of two adenine rings and the histidine 9roups of the A76 ribose moiety (Table 2). An additional
adenine pair between the adenine base of the PheOH-AMPcontact of the terminal’@OH group with the carbonyl oxygen
analogue and the imidazole ring of K®12, a Phers-  Of Meta148 from the helical loop (a conserved residue in
conserved motif 2 residue (Figure 5 and Table 2). Each bacteria) may have an appreciable effect on stabilization of
interacting pair is characterized by an “edge-to-face” ar- thls_erX|bIe region. As the helical loop change§ its confor-
rangement. Interestingly, the same type of interactions is Mation, the position of Met148 also changes (Figure 6). In
employed for specific recognition of the phenylalani@é)( the ternary compleg, the ;lde chain of this residue is displaced
Moreover, His212 may contribute to the positioning of Py ~5 Ain comparison with the PheRBhe-AMP complex.
Ade76 via ar—cation interaction between the protonated The displacement of Mefl48 prevents A76 from approach-
Ne2 atom of the imidazole ring and the aromatic portion of iNg the a-carbonyl carbon of PheOH-AMP. As a conse-
the terminal nucleotide. This type of interactions has been quénce, A76 occupies the position within the active site,
shown to be important for protein folding and implemented which is unfavorable for the formation of the productive

also as a driving force in proteifligand recognition %4). complex. The 20H group of the ribose, the site of the
guanidinium group of the motif 3-specific Aug21 con- a-carbonyl carbon of the amino acid moiety to react. the
tributes to further stabilization of the acceptor end. distance between these two atoms-BA. It is notable that

Three loops are shown to be involved in closing up the the helical loop adopts different conformations in the
active site ofT. thermophiluheRS. Two of them, namely, ~available PheRS structures, depending on the presence and
the class Il-conserved motif 2 loop (residues 2044 of ~ nature of the ligand(s).
the . subunit) and a helical loop (residues 3552 of the The third loop enveloping the active site is a PheRS-
o subunit), undergo conformational changes upon substrateconserved x(Y/F)(F/N)P(F/Y)TEPS sequence (residues-256
binding (Figure 6). The helical loop stands for the mobile 264) of theo. subunit. Two phenylalanines, Ri258 and
element [a PheRS-conserved xPxxHPAR(D/X)(M/x)(W/Q/ Phex260, that play a key role in specific recognition of the
H)DTF sequence] that contains a short helical ARD fragment amino acid substrate are invariant in all eubacterial PheRSs.
and is functionally analogous to the structural elements of We designate this PheRS-specific region as the FPF loop.
other class Il aaRSs. The flipping loop of AspRS is one In contrast to the two loops mentioned above, this loop shows
example of thosel(). The motif 2 and helical loops move a remarkably stable conformation of the backbone and the
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Ficure 7: Relative mobility of different regions in the PheRSsubunit. Average temperature factors (in square angstroms) of the main
chain atoms are shown for the native enzyme (purple) and its complexes with Phe-AMP (yellow) or PheOH-AMP (cy&ifgcibits are
given in a scale of the native PheRS. The helical loop (residues 12®) is stabilized by interaction with the true intermediate in the
PheRSPhe-AMP complex but is significantly more flexible in the complex with the synthetic analogue.

amino acid side chains in all the complexes (as well as in the correct order of substrate binding and reaction. It is
the apoenzyme). The conformational stability is explained apparent that cooperative structural dynamics is an important
by the necessity to ensure the nearly rigid lock-and-key feature of the aminoacyl-tRNA synthetase activity.

recognition mode of the phenylalanine. The comparison of the tRN#e binding modes in the
Flexibility of the PheRS Structure Fragmenthe tem- binary PheRSRNAP"complex and our ternary complex has
perature factors § factors) are linearly related to the reyealed a significant rearrangement of the CCA end. The
displacement of a particular atom or a group of atoms and, conformational switch into the hairpin structure, induced by
in general, characterize the conformational flexibility of he analogue, stems from competition of Ade76 and the
structural fragments. On the basis of the coordinates of thephenylalanine substrate for the binding site. 6380,
complexes, the observij.facto_rs were plotted versus the Glua220, and Trp149 as well as Phe258 and Phe260
numbers of thea-subunit residues. The data of three \yere previously shown to interact with the phenylalanyl
structures, PheRS in the apo form and the complexes with moiety of Phe-AMP and with Ade76 of tRNA€ in the
Phe-AMP and PheOH-AMP, are presented in Figure 7. The yagpective binary PheRS complex@é+26). Here, we have
graph demonstrates a high degree of flexibility of the helical ghown that the presence of the adenylate analogue enforces
loop (residues 139152); among the three structures, the ihe 3-terminal adenosine to adopt the new conformation that
complex with PheOH-AMP exhibits the highest values of i, tym allows the simultaneous positioning of all the reactants
temperature factors. We emphasize tBafactors of the j, the active site (Figure 5). The interactions of the enzyme
complex with the native intermediate (Phe-AMP) have lower \yith PheOH-AMP and tRNA*®induce concerted movements
values when compared to that of the structure of the of the motif 2 and helical loops. Remarkably, that moderate
apoenzyme. In the ternary complex, Béactors associated  gisplacement of the helical loop has a great deal to do with
with the helical loop fall into the range between those of e organization of the active site and with significant
the PheR&he-AMP and PheRBheOH-AMP complexes.  conformational changes of Met48 specifically. The side
chain of Mett148 opens or closes a barrier for placing the
DISCUSSION tRNAP"® CCA end within the active site, depending on
The Conformational Changes Induced by the Small whether the preassembled mode is productive or nonproduc-
Substrates Exert Contraver the tRNAM Binding Mode. tive. A clue about the “open” and “closed” conformation
The structures of PheRS complexed with small substrateslies with interactions formed by Tedl49. In the complexes
(Phe, Phe-AMP, or its stable analogue, PheOH-AMP) have with a natively occurring phenylalanyl-adenylate or phenyl-
exhibited structural changes within the catalytic domain, alanine 5, 26), Trpa149 participates in stabilization of the
induced by these ligand2%, 26). The binding of AMP or negatively charged carbonyl oxygen of the substrate, and the
ATP promotes the displacement of the motif 2 loop. Binding conformation of the helical loop may be specified as open,
of phenylalanine, free or bound to AMP, stabilizes the helical favorable for subsequent tRNA binding in the productive
loop conformation. The binding of tRNA®alone manifests ~ mode. The electron density for the side chain ofdXg9 is
only minor conformational changes in the active site area. well-defined in the complex with Phe-AMP. The binding of
It is formation of the phenylalanyl-adenylate in the course the synthetic analogue (lacking the carbonyl oxygen) alone
of the aminoacylation reaction that exerts the most pro- leads to destabilization of the helical loop, and it is evidenced
nounced effect on the active site rearrangement. The presencey disorder of the electron density in the area of residues
of the tRNA substrate and the phenylalanyl-adenylate 148 and 149 75). The reason is the absence of an
analogue at one time enhances displacement of the loopsntermolecular hydrogen bond between the ligand and
toward the ligands. Concerted conformational changes ensurelrpa149 and conformational changes induced by the van
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der Waals repealing between the methylene group of PheOH-ment of the substrates to allow the phenylalanylation reaction.
AMP and surrounding side chains. When tRN#binds in In this context, it is of interest to compare the frequency of
the presence of the synthetic analogue, the helical loophydrogen bond formation within the active site for Phe-AMP
appears to be clamped between the PheOH-AMP analogueand PheOH-AMP ligands as it may be inferred from the 3D
and the CCA end. The induced-fit conformational changes structures of the complexes. The dynamics of hydrogen bond
trigger formation of a hydrogen bond between MB48 and formation in the vicinity of Phe-AMP and PheOH-AMP
the O3 atom of A76, thereby freezing the complex in the diverge considerably. An average number of hydrogen bonds
nonproductive mode. In the ternary complex, the electron formed by Phe-AMP or PheOH-AMP with surrounding side
density associated with the Tf49 side chain reverts back chains of the enzyme in the last 500 ps period is 3.6 or 1.3,
to the ordered form. With regard to the structure, it respectively. This is a clear indication that the naturally
corresponds to the closed conformation, in which the CCA occurring substrate forms more stable intermediates. As it
end cannot be properly positioned to promote the secondalso follows from the MD simulation, the stacking interaction
step of aminoacylation. Using a MD simulation, we further between Ph&216 and the adenylate ring demonstrates the
estimate the distance between theldtom of Tra149 and highest stability among the all possible types of interactions
the carbonyl oxygen of Phe-AMP at each instant of time; it in the environment where Phe-AMP is embedded: the
fluctuates around a hydrogen bonding length. The availability stacking conformation remains unchanged during the period
of one intermolecular hydrogen bond stabilizes the helical of 1 ns.
loop within the catalytic domain framework; it is also evident ~ Movements of various loops and side chains create a
from the ordering of the electron density. Conversely, the buried pocket perfectly designed for the peculiar phenyl-
mobility of this fragment in the PheRBheOH-AMP com- alanylation reaction governed by stepwise adjustment of all
plex is significantly increased (Figure 7) because of the lack the reactants and intermediates in the active site. In the first
of the carbonyl oxygen in the synthetic ligand. Thus, one step, phenylalanine binds in the amino acid-binding pocket
can suggest that the capacity of the helical loop to open andin the orientation favorable for binding of ATP. Both
close the active site is finely controlled by the nature of the substrates are located at the active site of PheRS in
substrate(s) bound. accordance with an in-line mechanism for the phenylalanine
The comparison of the binary Phef®Be-AMP and activation to occur. At this stage, water molecule S620 (PDB
ternary PheRSRNAF"ePheOH-AMP complexes enables us entry 1PYS), previously found to stabilize the helical loop
to follow structural adjustment of the active site prior to the in the native structure, is forced out from the active site.
second step of the aminoacylation reaction. The conforma- The first step of aminoacylation is essential for stabilization
tional changes of the motif 2 loop upon Phe-AMP formation of the helical loop in its open conformation via the hydrogen
provide a framework for subsequent tRNA binding. The bonding between the carbonyl oxygen of the intermediate
CCA end in the PheR&RNAP"™ and PheRSRNAFhe and Trp149. As this takes place, the side chain of M48
PheOH-AMP complexes occupies two extreme positions is held in the open conformation corresponding to that
preventing final charging of tRN&®€ from occurring. The described in the complex with Phe-AMP. To accomplish the
orientation of A76 in the functional position most likely transfer of the amino acid moiety to the&@H group of
resembles that found in the ternary PhefRSIAP">PheOH- tRNAPPe the latter must be positionest3.5 A from the
AMP complex, and the CCA end possesses the hairpin a-carbonyl carbon of the phenylalanyl-adenylate. The at-
conformation rather than the unwound one observed in thetempts to bring the '30OH group (the characteristic site of
binary PheRSRNAP"complex. The tRNA takes advantages primary amino acid attachment by class Il aaRSs) of the 3
of the fully extended conformation of Ac04 observed in  terminal ribose into a favorable position for a nucleophilic
the ternary complex: in addition to stabilization of Phe-AMP attack on the first intermediate product lead to significant
or PheOH-AMP, the guanidinium group of Axrg04 forms rearrangement of the active site topology. When all the
a hydrogen bond with the sugar moiety of A76 (Figure 5). reactants at this stage are properly positioned, there is no
Gluo206 is the second residue of the motif 2 loop, which sterical hindrance for location of the CCA end at the active
assists in the recognition of the adenine moiety of PheOH- site in the conformation suitable for the second step of the
AMP, both in the “tRNA-free” PheRS and in the ternary phenylalanylation reaction to proceed. Thus, we may con-
complex, and in the latter complex, it anchors additionally clude that the aminoacylation stereochemistry of class I is
the tRNA 3-terminal ribose. The class Il-invariant Ax§21 the idiosyncratic feature of the PheRS system, which
of motif 3 adopts an extended conformation during the first structurally belongs to class Il aaRSs.
step of the aminoacylation reaction to stabilize the position =~ Comparison of the Crystal Structure and Solution Studies
of the newly synthesized phenylalanyl-adenylate. In the The interactions of. thermophilu®heRS with the tRNA"®
ternary complex, the conformation of Ax§21 remains acceptor end have been explored in solution studies. The 3
unchanged when interacting with the adenine ring of A76. end binding in the absence or presence of phenylalanine and
The residue plays a universal role in ATP recognition through ATP was analyzed by an affinity cross-linking technique,
interactions with the adenine ring, the ribose moiety, and using tRNA"ederivatives substituted with 4-thiouridine'(§)
the y-phosphate. The switch of Aeg21 from they-phos- at the 3 end or specifically oxidized with periodatdz, 33).
phate to A76 recognition may thus trigger elimination of the The effects produced by binding of ATP on the total cross-
pyrophosphate, terminating the stage of the amino acid linking efficiency and distribution of cross-links to the
activation. and 5 subunits far exceed those of phenylalanine; in the
The saturation of all hydrogen bonds in the enzyme presence of the two substrates, they are largely similar to
substrate complex occurs through the concerted move of thethose of ATP. These results agree with a primary role
structural elements in the active site and induced-fit adjust- assigned to ATP or AMP in positioning of the acceptor end,
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as revealed by the ternary complex structure: the adeninewith PheRS, are significantly stronger than those of the

base of PheOH-AMP is directly involved in binding of A76;
most residues interacting with AMP or ATP contribute also
to the A76 recognition. The competition of A76 with AMP
or ATP for the interactions with the catalytic site residues
can explain the noticeable protective effect of ATP on the
o-subunit cross-linking (a 2:22.4-fold decrease in the
efficiency as compared to that in the absence of ATP),
observed in the experiments with two different reactive

probes. Similar patterns of the phenylalanine- and ATP-

induced effects on the interaction with the tRRA3" end
have been found in the cross-linking study of human
cytoplasmic PheRS36), thus suggesting conservation of the

discriminator base: the decrease in #gK., of tRNAPhe
aminoacylation byT. thermophilusPheRS observed only
when A73 was replaced with a pyrimidine (U or C) does
not exceed 2-fold 47). This result is consistent with an
indirect role of A73 in the tRNA"™ recognition: this
nucleotide further stabilizes the hairpin conformation of the
acceptor end via its intra-RNA interactions.

The structural analysis shows six nucleotides (16, 17, 20,
33, 44, and 47) from three loops of tRR%&represent major
points of long-range rearrangement of the substrate in
complex with PheRS: they change conformation, depending
on the presence of the PheOH-AMP analogue. The functional

molecular mechanism ensuring the precise positioning of theimplication of most of these nucleotides in the complex

acceptor end in the catalytic site of tetrameric PheRSs.

adjustment through an induced fit is evidenced by indepen-

Indeed, most of the residues cooperating in binding and dent biochemical data obtained previously forthermo-

recognition of the AMP moiety and A76 are class ll-invariant

philusPheRS. Nucleotides 20, 33, 45 (adjacent to nucleotide

or strictly conserved in all PheRSs (Table 2). At the same 44), and 47 were shown to forrfi&induced cross-links with

time, two key residues of the helical loop, M@48 and
Trpal49, whose interactions with substrates additionally
control the productive binding of the tRNA terminal ribose,

PheRS subunits3(), indicating that contacts not observed
in the crystal structures are transiently formed upon the
PheRS-tRNAPF"e interaction. Nucleotides 16 and 44 are

are not conserved. The biochemical and structural dataamong those whose cleavage by iodine in the phosphorothio-
combined with phylogenetic analyses suggest that the generahte footprinting experiments was shown to be enhangéd (

mechanism of tRNA phenylalanylation involves both con-
served and species-specific interactions.
The functional role of the universal CCA end in the

This result supports the idea of deformation of the respective
tRNAPreregions upon binding with PheRS. The conforma-
tional flexibility of nucleotides 16 and 17 is evident from

tRNAPPre—PheRS interaction was examined by steady-state the high-resolution structures of yeast tRNA(48, 49).

aminoacylation of 3end-modified tRNAs 32, 34, 55).
tRNAPrevariants terminating in cytidine or 6-thioguanosine
(s°G) are substrates for aminoacylation Bythermophilus
PheRS, having a catalytic efficienclg{/Krm) significantly
lower (140- or 370-fold, respectively) than that of wild-type
tRNAP" mostly due to a decreasekn,. Uridine or its close
homologue 4J cannot substitute for A76 in the tRNE
aminoacylation by three PheRSs that were tested (ffom
thermophilus E. coli, and humans). The positive effect of
the purine ring on aminoacylation is evident from the

Moreover, the position of D16 in free yeast tRRI&s shown

to be sensitive to ionic conditions: it pairs with U59 when
Mn2* or Co’t is present in the crystals but points away from
U59 in the presence of Mg (48). U20 and G44 contribute
to tRNAPrerecognition at the level of binding and catalysis,
and the specificity of U16 is only slightly displayed at the
binding step 29, 47); U33 and U47 were not tested for
potential recognition by PheRS28). A comparison of
binding and aminoacylation properties of tRRAvariants
revealed that effects of mutations at the AB84 base pair

structure presented here. It is the interaction of the N7 atomand position 20 are quite different from those of the other

with Arga321 that contributes to the A76 recognition and,

furthermore, may control dissociation of the pyrophosphate,

thus further affecting the turnover rate of the reaction. The

variants R9): the most pronounced reduction in the turnover
rates of aminoacylationk{,) corresponds to the smallest
increase in the dissociation constants. The observed correla-

exocyclic 6-amino group whose importance was suggestedtion is consistent with the idea that the increased stability of
from the kinetic measurements is not specifically recognized the complex makes it unable to adopt the correct conforma-

in the ternary complex. The observed selectivity in amino-
acylation of the 3end-modified tRNAs (A> C > G > U
and $U) may reflect various mixed capacities of the

tion required at the transition state of the aminoacylation
reaction. Notably, the G2@56 tertiary base pair and U45
G10C25 base triple, proposed to contribute primarily to

replacing nucleobases to form the base-specific, aromatic,stabilization of the correctly folded tRNAe structure 29),

andsr—cation interactions necessary for the proper position-

ing in the active site. The penultimate cytidines at the CCA
end are also essential for the tRRIAaminoacylation.T.
thermophilusandE. colitRNAPPvariants terminating in the

exhibit stable conformations in the two complexes: PheRS
tRNAFre and PheRSRNAP'ePheOH-AMP. The structural
and biochemical data combined indicate that U16, U20, and
the A26G44 base pair contribute indirectly to the tRRIA

UUA group were shown to be charged by the homologous recognition via adjustment of the tRNA structure upon its
PheRSs with efficiencies 8-fold lower compared to those of interaction with the enzyme. Further evidence of the PheOH-

the wild-type substrates. The reduced activity may be

explained by the loss of the base-specific contacts (of C75),
shown in our structure to stabilize the acceptor end confor-

AMP-induced rearrangement of the PhefRNAP" com-
plex, which extends from the acceptor end to the anticodon
loop, comes from study of the formation of the complex

mation. A nonconservative replacement of both cytidines between yeast PheRS and cognate tRNA detected by Y37

with A yielded quite poor if any substrates for the bacterial

enzymes, which may be due to primary changes in the

structure and/or stability of the’ nd, modulating in turn
its binding. The mutational effects of the CCA end,
contributing mostly to the interaction of the acceptor arm

base fluorescenc&6).

Class- and System-Specific Characteristics of PheRS
Control Binding of the tRN&® Acceptor EndResidues and
regions of PheRS responsible for the proper positioning of
the tRNA 3 CCA end toward the active site are now
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identified, thus enabling analysis of their class-conserved or REFERENCES

system-specific role in the aminoacylation reaction. The two
flexible regions, the motif 2 and helical loops, which form
a network of interactions with the terminal nucleotide, A76,
are common features of class Il aaRSs. The motif 2 loop
plays a universal role, cooperating in binding of ATP and
of the acceptor arm in all known structures of class Il aaRSs.
The involvement of the class ll-invariant arginine of this loop
in binding of A76 is a common characteristic of ThrRISY

and PheRS, representatives of subclasses lla and llc,
respectively; in PheRS, the interaction of the motif 2 loop
with A76 is reinforced by contacts of two system-conserved
residues, Gloi206 and Hisi212, with the ribose and adenine
moieties, respectively. The helical loop is topologically
equivalent to the so-called ordering loop in subclass lla
enzymes, ThrRS, ProRS, and HisRS)( and to the flipping
loop in subclass IIb AspRSLQ, 11). The ordering loop in
ThrRS plays an essential role in the second step of the
aminoacylation reaction, contributing mainly to stabilization
of A76; it closes the active site cavity when three substrates
are bound. A conformational switch of the flipping loop of
AspRS from the adenylate (a closed conformation) to the
tRNA-binding position (an open conformation) controls the
two steps of the aspartylation reaction. The helical loop in
PheRS is exercising control over the aminoacyl-adenylate
and tRNA substrate binding; its open conformation stabilized
by interaction with the intermediate favors the proper
positioning of A76. The class-conserved motif 3 arginine,
contributing universally to ATP recognition, is involved in
the CCA end binding in two systems: in our PheRS
structure, it completes the network of interactions with A76,
forming a hydrogen bond with the base;Hn coli AspRS,

it anchors the base of C731). The conformational switch

of this residue from thg-phosphate of ATP to tRNA binding
may favor completion of the first step of the aminoacylation
reaction. A similar role in the ThrRS system is performed
by a second class-conserved motif 2 arginine stabilizing the
position of C74 15). Additional flexible regions of ThrRS
and AspRS shown to contribute to the proper positioning of
the CCA end all belong to the catalytic domair9(11, 15).

In ThrRS, these are Thr- and ATP-binding loops, whose
conformations depend mainly on the presence of the amino
acid and ATP, respectively. In AspRSs, these are system-
conserved amino acid-binding fragments: Q(S/A)PQ motif
[topologically equivalent to the class-conserved TXE loop
absent only in ThrRS5()] and a eubacterial- and eukaryotic-
specific loop. The involvement of two noncatalytic domains
(B1 and B3) in positioning of the CCA end is dictated by a
strictly specified trajectory by which PheRS may approach
tRNAPPe when the anticodon arm has been clamped between
the coiled-coil and B8 domains of the enzyme. In other
words, it is a consequence of the PheRS structural organ-
ization wherein one tRNA*® molecule binds across all
four subunits and is properly a unique feature of the
phenylalanine-specific system.
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