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Background:  In the translation of the genetic code each aminoacyl-tRNA
synthetase (aaRS) must recognize its own (cognate) tRNA and attach the
corresponding amino acid to the acceptor end of tRNA, discriminating all the
others. The (ab)2 phenylalanyl-tRNA synthetase (PheRS) is one of the most
complex enzymes in the aaRS family and is characterized by anomalous charging
properties. Structurally, the enzyme belongs to class II aaRSs, as its catalytic
domain is built around an antiparallel b sheet, but functionally it resembles class I
as it aminoacylates the 2′OH of the terminal ribose of tRNA (class II aaRSs
aminoacylate the 3′OH). With the availability of the three-dimensional structure
of the complex between multisubunit PheRS and tRNAPhe, a fuller picture of the
specific tRNA–aaRS interactions is beginning to emerge.

Results:  The crystal structure of Thermus thermophilus PheRS complexed with
cognate tRNA has been solved at 3.28 Å resolution. It reveals that one tRNAPhe

molecule binds across all four PheRS subunits. The interactions of PheRS with
tRNA stabilize the flexible N-terminal part of the a subunit, which appeared to
form the enzyme’s 11th domain, comprising a coiled-coil structure (helical arm)
built up of two long antiparallel a helices. The helical arms are similar to those
observed in SerRS and are in the same relative orientation with respect to the
catalytic domain. Anticodon recognition upon tRNA binding is performed by the
B8 domain, the structure of which is similar to that of the RNA-binding domain
(RBD) of the small spliceosomal protein U1A. The Th. thermophilus PheRS
approaches the anticodon loop from the minor groove side.

Conclusions:  The mode of interaction with tRNA explains the absolute
necessity for the (ab)2 architecture of PheRS. The interactions of tRNAPhe with
PheRS and particularly with the coiled-coil domain of the a subunit result in
conformational changes in TΨC and D loops seen by comparison with
uncomplexed yeast tRNAPhe. The tRNAPhe is a newly recognized type of RNA
molecule specifically interacting with the RBD fold. In addition, a new type of
anticodon-binding domain emerges in the aaRS family. The uniqueness of
PheRS in charging 2′OH of tRNA is dictated by the size of its adenine-binding
pocket and by the local conformation of the tRNA’s CCA end.

Introduction
Aminoacyl-tRNA synthetases (aaRSs), which belong to
the oldest group of proteins, are key enzymes of protein
biosynthesis and are of primary importance in the transfor-
mation of the genetic information into polypeptide chains
[1]. Despite the great diversity of aaRSs in amino acid
sequence and quaternary organization, they have been
integrated into two classes, each consisting of 10 enzymes
[2]. This classification is based on the existence of two 
different catalytic folds [3] and appears to correlate to sig-
nificant differences in tRNA recognition and aminoacy-
lation. The crystal structures of class I GlnRS [4,5] and
class II AspRS [6] complexed with their cognate tRNAs
show highly specific enzyme–anticodon recognition. The

property to charge (aminoacylate) the tRNA’s terminal
ribose on 2′OH by class I aaRSs or on 3′OH by class II was
believed to be a consequence of two different modes of
acceptor-stem binding [6] and the location of the terminal
adenosines of tRNAGln and tRNAAsp on the opposite sides
of the adenylate [7]. Detailed crystallographic results on
the class II SerRS–tRNASer complex [8] have confirmed
that the mode of aaRS–tRNA interactions varies in differ-
ent systems, even if the aaRSs belong to the same class. It
was shown that the SerRS–tRNASer interaction does not
include recognition of the anticodon of tRNASer and in
fact the interaction of tRNASer with the two very long
helices of SerRS is extremely important [8]. The coiled-
coil domain, as well as cross-subunit binding of tRNASer

Addresses:  1Department of Structural Biology,
Weizmann Institute of Science, 76100, Rehovot,
Israel, 2Institute of Molecular Biology, 117984
Moscow, Russia and 3Institute of Bioorganic
Chemistry, Novosibirsk 690390, Russia.

*Corresponding author.
E-mail:  safro@sgms2.weizmann.ac.il

Key words: complex, phenylalanyl-tRNA
synthetase, recognition, tRNAPhe, X-ray
crystallography

Received:  11 September 1996
Revisions requested:  7 October 1996
Revisions received:  24 October 1996
Accepted:  31 October 1996

Electronic identifier: 0969-2126-005-00059

Structure 15 January 1997, 5:59–68

© Current Biology Ltd ISSN 0969-2126

Research Article 59



on the SerRS dimer, was observed in the serine system
only. Thus, each tRNA–aaRS complex carries individual
and essential information, and promotes an understanding
of how this diverse family of enzymes performs the same
catalytic function with different although similar sub-
strates, while ensuring high accuracy of tRNA charging.

The structure of the PheRS–tRNAPhe complex is signifi-
cant for several reasons. Firstly, PheRS from Th. ther-
mophilus is an (ab)2 enzyme with 350 amino acids in the
a subunit and 785 amino acids in the b subunit; its complex
with tRNA is the first example of tRNA binding to a
tetrameric aaRS. This complex is expected to exhibit a
novel pattern of interactions with tRNA and to explain the
need for this unusual oligomerization type in the aaRS
family. Secondly, PheRS is the only class II enzyme that
charges the 2′OH group of the terminal ribose of its cognate
tRNA. More information on the complex is obviously
needed to resolve this paradox. Thirdly, the crystal struc-
ture of PheRS from Th. thermophilus, recently determined at
2.9Å resolution, highlighted 10 structural domains which
clustered into four modules: catalytic — CAM (A1–A2,
a-subunit), N-terminal — NTM (B1–B5, b-subunit), ‘cat-
alytic-like’ — CLM (B6–B7, b-subunit) and C-terminal —
CTM (B8, b-subunit) [9]. Only CAM could be solely attrib-
uted to the domains directly involved in the binding and
charging of cognate tRNA. Two further domains, B2 and
B8, were considered as alternative candidates for anticodon
binding. Having only the native structure at hand, however,
the function of other PheRS-specific domains as well as
that of the disordered N-terminal part of the a-subunit
remained unknown.

We report here the crystal structure of a complex between
PheRS and tRNAPhe, both from Th. thermophilus, deter-
mined at 3.28Å resolution. 

Results
Architecture of the complex
PheRS binds two tRNA molecules. Each tRNA binds
across all four subunits of the enzyme (Fig. 1). The total
contact area of the tRNA substrate is about 2700 Å2. This
constitutes ~23% of the solvent accessible area of Th. ther-
mophilus tRNAPhe, which is somewhat more than in aspartyl
and glutaminyl systems. The Th. thermophilus tRNAPhe

regions that interact with the synthetase are presented at
the cloverleaf diagram in Figure 2a. The acceptor end and
the stem of the tRNA molecule interact with the active site
of the a subunit and with the B1 domain from the same
heterodimer. CLM approaches the tRNA from the D-loop
side. The remaining protein–tRNA contacts occur with the
other heterodimer (its structural elements are marked by
an asterisk): B8* interacts with the anticodon stem-loop
and the N-terminal domain of the a*  subunit approaches
the tRNA mainly from the variable loop side. Contrary to
our expectations, domain B2, which has the topology of the
anticodon-binding domain of AspRS, does not interact with
tRNAPhe at all and its function has yet to be determined.

Upon formation of PheRS–tRNAPhe complex, both the
enzyme and the substrate undergo conformational changes
that conceivably allow better complementarity of inter-
acting surfaces. In PheRS, changes occur only in the 
close vicinity of the bound tRNA. The most pronounced
difference between the two states is the ordering of the
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Figure 1

General view of PheRS–tRNAPhe complex
structure. The intramolecular twofold axis
goes vertically in the plane of the drawing.
Domains and their designating inscriptions are
the same colour. ‘CC’ stands for the coiled-
coil domain of the a subunit. The structural
elements of the second heterodimer are marked
with an asterisk. (Figure was drawn using
MOLSCRIPT [36].)



N-terminal region of the a subunit, which appeared to
comprise a coiled-coil structure (helical arm). The helices
stretch out into the solvent by 65 Å and are apparently
flexible in the absence of intermolecular contacts.

Upon binding tRNA, a rearrangement is observed in the
synthetase area of residues b780–b785, which belong to
part of the fourth strand of the B8 domain (the anticodon-
binding domain) in free PheRS. These residues embrace
the anticodon loop of tRNA in the complex, forming no
regular secondary structure.

For lack of crystallographic data on free tRNAPhe from
Th. thermophilus, we compared the structure of the bound
tRNA with its homologous free yeast tRNAPhe (80% iden-
tity, see Fig. 2a) [10,11]. Th. thermophilus tRNAPhe displays
a standard ‘L-shape’ conformation, but differs substan-
tially from free yeast tRNAPhe in the stems and loops: the

root mean square (rms) deviation for the phosphate atom
coordinates in the core (as defined in [8]) is ~2Å, in con-
trast to 4.5Å for the whole molecule (Fig. 2b). The inter-
actions of Ψ55, C56 and G19 with the coiled-coil domain
result in essential conformational changes of the TΨC and
the D loops of tRNA (Fig. 2c). Further deviations from the
structure of free tRNAPhe can be attributed to intermolec-
ular contacts between molecules of tRNA in the crystal, 
in the area of the crystallographic twofold axis formed 
by G53, s2T54, Ψ55 and their symmetry mates. Conse-
quently, the D-Ψ stem-loop is bent towards the anticodon
stem in such a way that the base pair 19–56, which still sta-
bilizes the interaction between the TΨC and D loops,
comes closer to the core. The trans-Hoogsteen pair s2T54–
m′A58 is broken and instead m′A58 intercalates between
s2T54 and Ψ55. The stacking interaction between bases
58–54 and 58–55 presumably compensates for the free
energy cost of breaking the hydrogen bond of the 54–58
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Figure 2
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Comparison of the Th. thermophilus tRNAPhe bound to PheRS with the
free yeast tRNAPhe. (a) Cloverleaf representation of Th. thermophilus
tRNAPhe. Deviations from the sequence of yeast tRNAPhe are outlined in
bold (completely different nucleotides) and in italics (different modifica-
tions of identical bases). Nucleosides that are in contact with the
enzyme are boxed. Those forming base-specific contacts are shaded.
The structural elements of PheRS interacting with the corresponding
nucleosides of tRNAPhe are denoted. The structural elements of
tRNAPhe are labeled in blue. Nucleoside marked A* may be ms2i5A or
i5A (there are two types of tRNAPhe in Th. thermophilus). Watson–Crick
pairs are marked by dots. (b) Stereoview of the phosphate backbone of
the bound Th. thermophilus tRNAPhe (black) superimposed on that of
free yeast tRNAPhe (grey). In the bound state the angle between the
acceptor and anticodon stems of the tRNA is about 120° versus 97° in
free yeast tRNAPhe. The angle is achieved by the smooth bending of the
stems, starting from base pairs 6–67 and 27–43. (Figure 2b was
drawn using MOLSCRIPT [36].) (c) Schematic diagram of interactions
between the bases of Th. thermophilus tRNAPhe in the region of T-Ψ
and D loops. (Figure 2c was drawn with GRASP [38].) 



base pair. G18 makes previously observed tertiary interac-
tions with Ψ55, but in contrast to the free yeast tRNAPhe

does not intercalate between G57 and m′A58 and stacks
only on G57. An important feature of the D loop is the
‘bulged in’ orientation of the unmodified nucleoside U16.
Its tertiary interaction with U59 presumably stabilizes 
the rearranged architecture of tRNA. The close contacts
between the coiled-coil domain of PheRS and the nucleo-
sides of the tRNA variable loop 44–45 cause changes in
the conformation of this loop. In particular, bases U45 and
A9 are unstacked.

Anticodon recognition
One of the most remarkable features revealed by the 
structure of the complex is that the specific recognition 
of the tRNA anticodon is achieved by its interaction with
the B8 domain (Fig. 3), which is similar to the RNA-
binding domain (RBD) of the U1A spliceosomal protein
[12]. In contrast to tRNAAsp and tRNAGln, the enzyme-
bound Th. thermophilus tRNAPhe keeps the conformation of
the anticodon loop relatively similar to that of free yeast
tRNA. The main reason for this difference is that AspRS
[13] and GlnRS [14] approach the anticodon loop from 
the major-groove side, and the anticodon bases have to
protrude out to form base-specific contacts, whereas in
PheRS such contacts exist on the minor groove side of 
the anticodon loop, maintaining its almost undistorted
conformation. The only significant difference is that G34,
being coplanar to the base of A35, is unwound outside the
interior of the anticodon loop. Consequently, only slight
stacking is retained between G34 and A35. Synthetase
recognition of G34 is accomplished by means of stacking
interaction between G34 and Tyrb*731, as well as by 
two base-specific contacts. The first is a hydrogen bond
between O6 of G34 and Serb*742, which belongs to the

group of amino acids identified as an RNP1 motif [15],
characteristic of various RNA-binding proteins. The
second base-specific interaction is between N2 of G34 and
Aspb*729. In addition, the hydrogen bond between N7 of
G34 and Argb*780 may favour purine bases in this posi-
tion. All four aforementioned amino-acid residues are
strictly conserved in the tetrameric species of PheRS. A
van der Waals contact of Alab*698 with base A35 has an
important role because any longer side chain (instead of
the conserved Ala) would interfere with the anticodon
base. Recognition of A36 can be achieved through van der
Waals contact between the Ca atom of Leub*697 and
C2 atom of this adenine. A hydrogen bond between the
sugar O2′ and the Od atom of Aspb*696 probably stabi-
lizes the conformation of tRNA in this area. Formally,
residues Aspb*696, Leub*697 and Alab*698 interacting
with bases A35 and A36 belong to the characteristic RNP2
motif. It is interesting that the binding modes of RNA
loops with the spliceosomal protein U1A and with B8 of
PheRS appear to be different. When the RBD of U1A is
superimposed on B8, the RNA loops are located near the
same side of the b sheet, but they are rotated with respect
to each other in such a way that the loop directions (5′→3′)
are opposite to each other. As determined by mutational
analysis of tRNA transcripts, all the anticodon nucleotides
(34–36) are involved in the recognition of tRNAPhe by
PheRS from different sources, G34 having the most
important role [16–19]. The structure of Th. thermophilus
PheRS-tRNAPhe complex reveals that, among the anti-
codon nucleotides, G34 makes the largest number of con-
tacts, confirming its vital importance for recognition.

Binding of the CCA end 
Partial unwinding of helical conformation of the (acceptor)
CCA end of the complexed Th. thermophilus tRNAPhe is
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Figure 3

Stereoview of the anticodon-binding domain
of PheRS (grey) with the anticodon loop of
tRNAPhe (cyan). Residues in contact with
tRNA are depicted as ball-and-stick models.
Hydrogen bonds are shown as thin magenta
lines. (Figure was drawn using MOLSCRIPT
[36] and RASTER3D [37].)



largely determined by a network of contacts between the
protein and the tRNA sugar–phosphate backbone (Fig. 4).
The net of interaction is constructed mostly of three salt
bridges between the NH3

+ terminus of the b subunit and
C74 O2P, between Nh1 of Argb2 and Cyt74 O1P and
between Nh2 of Argb2 and A73 O2P. Hydrogen bonds
between C75 O2P and the mainchain nitrogen of Valb160
as well as between C74 O2′ and Nh of Argb362 further
reinforce this cluster of interactions. In this unwound con-
formation of the tRNAPhe backbone, which resembles a
wide arch, bases C72 and A73 are not strictly stacked on
each other, as occurs in yeast tRNAPhe. The base of A73
points away from the CAM and the B1 domain, thus not
participating in the contacts with the protein and agreeing
with its minor contribution to the recognition set of
Th. thermophilus [16].

The position of terminal adenosine in the active site
cavity is held by three hydrogen bonds: N6 of A76 making
contacts with Sera180 and Glua220; the indole ring of
Trpa149 is approximately perpendicular to the base of
A76 and makes a hydrogen bond between the Nε1 and N7
of the adenosine. Of these three residues, only Trpa149 is
not conserved in the other PheRS amino-acid sequences,
but His and Gln at this position in E. coli and Bacillus sub-
tilis PheRS, respectively, are capable of participating in
such an interaction. The angle between the base of A76
and the strictly conserved Phea258 is about 60°. Such
ring–ring interactions are believed to be favourable [20]
and may contribute to stabilizing A76. Multiple contacts of
the terminal adenosine with PheRS are consistent with
the evidence that removing A76 results in a significant
increase of Kd of the PheRS–tRNAPhe complex [21].

Comparison with biochemical results
Using affinity labeling and tryptic cleavage, Fasiolo et al.
[22] found that the N-terminal domain of the small
subunit of yeast cytoplasmic PheRS contained important
tRNA-binding sites. Affinity labeling of the E. coli enzyme
showed that tRNA was attached to the large subunit [23].
A drastic reduction of the aminoacylation activity of
Th. thermophilus PheRS was observed upon removal of the
B8 domain (R Kreutzer personal communication). These
results, which seem to be in conflict at first glance, are 
in agreement with our model of the tRNAPhe–PheRS
complex. Because the position of the tRNA is fixed by the
helical arm and the B8 domain, removing either of these
domains may prevent binding.

Footprinting experiments using tRNAPhe transcripts from
Th. thermophilus with the homologous PheRS [24] indicated
remarkable agreement with our model. Indeed the regions
of cleavage enhancement are located at the sites where
bending of tRNA is likely to occur. Protected regions are
found in those fragments of tRNA that are in close contact
with the enzyme with one exception, at positions 20–21.

Protection in this area can be explained by the bending of
the D loop, which places the base of D20 closer to the
phosphate of A21 than it is in yeast tRNAPhe, thus making
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Figure 4

View of the CCA end of tRNAPhe in the active-site cavity of the 
enzyme. The dashed lines represent the hydrogen bonds. The letters A
and B before residue numbers indicate the enzyme subunits. The
relatively short distance (~3.8 Å) between the N6 group of A73
(ADE73) and the phosphate group of C72 (CYT72) indicates that their
intramolecular interaction may help to stabilize the conformation of the
CCA end in a way that resembles tRNAGln [4]. However, the
conformation of tRNAPhe in this region differs from that of tRNAGln. The
letters A and B before residue numbers indicate the enzyme subunits.
(Figure was drawn using MOLSCRIPT [36].)



it less accessible. This agrees with the finding [16] that
D20 is insignificant to the catalytic efficiency of tRNA
aminoacylation and is not involved in specific contacts
with Th. thermophilus PheRS.

Discussion
Five regions of tRNAPhe form principal contacts with
PheRS: anticodon loop and stem; acceptor end and stem;
variable loop; D and Ψ loops; and D-stem. There are a few
base-specific interactions, but most of the contacts occur
between the protein and the backbone of tRNA. On the
basis of kinetic experiments for yeast tRNASer–SerRS and
tRNAPhe–PheRS systems, it was determined that tRNA
binding proceeds in two steps [25]. The initial bimolecular
step is rapid and has a broad specificity, whereas the
second unimolecular step is related to conformational
changes and more precise adjustment/recognition. Non-
specific interactions localized at widely spaced regions of
tRNA are probably important for recognizing the general
shape of the substrate and have the role of ensuring

primary specificity. This bimolecular step seems impera-
tive for the specific recognition of the anticodon and the
later adjustments in the conformation of the tRNA mol-
ecule. As a result, the CCA extremity of the tRNA can be
driven into the active site in the correct orientation. Since
the anticodon-recognizing domain B8 makes few interac-
tions with other domains of PheRS, it seems unlikely that
information can be transferred from it to the active site.
The process of stepwise proper orientation of tRNA can
be considered as information transduction from anticodon
to CCA end, and its correct orientation is sufficient for the
aminoacylation to proceed.

Special attention should be given to the role of the helical
arm in binding and recognition of the tRNA. Judging 
from the structure of the tRNASer–SerRS complex and
keeping in mind that the anticodon is not recognized 
by SerRS, the coiled-coil domain is a major tRNA-recogni-
tion element. The existence of the long variable loop in
tRNASer was believed to be a prerequisite for the helical
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Figure 5

The a subunit of PheRS (gray) and a monomer
of SerRS (yellow) after the superposition of
their catalytic folds. The corresponding helical
arms are oppositely directed. However, the
orientation of the helical arms from a* subunit
of PheRS and the second monomer (mon2) of
SerRS with respect to the referenced catalytic
folds is similar. (Figure was drawn using
MOLSCRIPT [36] and RASTER3D [37].)



arm to perform its function [8]. The phenylalanine system
shows that, along with its specific recognition of the anti-
codon, the coiled-coil domain is also a part of the PheRS
structure. This domain plays an important role in PheRS
even in the absence of the long variable loop in tRNAPhe.
If the catalytic folds of SerRS and PheRS are superim-
posed, the coiled-coils are directed to the opposite sides
(Fig. 5). However, because of the remarkable tetrameriza-
tion mode of PheRS [26] and the existence of the flexi-
ble extended segment (residues a85–a100), the helical 
arm from the a* subunit is in a position to approach CAM
similarly to the way the helical arm from one SerRS
monomer approaches the active site domain of the other
monomer. Analysis of the contacts between the coiled-
coil and tRNA in both systems reveals that the general

patterns of interaction have much in common. The two
separated areas of contacts are the middle region of the
helices, which interacts with a row of paired bases running
in a perpendicular direction (along the variable loop in
SerRS and the anticodon stem and short variable loop in
PheRS), and the end of the helical arm, where a saddle is
formed for base pair 19–56. Thus we conclude that the
role of the coiled-coil domain consists of recognizing a
certain structural pattern characteristic for tRNA (a stem-
like structure and an exposed base pair about 15Å away). 

In the context of the relations within the aaRS family, 
the a subunit is part of an (ab)2 enzyme, yet at the same
time represents the entire monomer of SerRS. Since CAM
is a necessity for all representatives of class II, and a
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Figure 6

Stereoview of the electron-density maps at
the region of interaction between the
anticodon loop of tRNA and B8. (a) A
difference ‘omit’ map contoured at 1s. The
calculated amplitudes and phases are based
on the model of free PheRS that was
subjected to slow cool from 4000K using
weak harmonic restraints on all atomic
positions, as suggested by Kleywegt and
Jones [39]. This map is completely unbiased
by the tRNA model. (b) The final (2Fo–Fc)
map calculated at 3.28 Å resolution and
contoured at 0.7s. Stacking of Tyrb*731 on
G34 (GUA34) is clearly seen. Atoms are
shown in standard colors. (Figure 6 was
drawn with the program O [34].)



coiled-coil has been identified only in SerRS and PheRS,
we hypothesize that this domain is a required structural
component of class II aaRSs with cross-subunit binding of
tRNA. Moreover, the presence of the coiled-coil domain
in SerRS and PheRS may justify classifying them as a 
separate group within class II.

Among the nonspecific contacts between PheRS and
tRNAPhe those of the acceptor stem are worth mentioning.
The phosphate backbone of tRNA in the region of C66 
is approached by the rimming loop of CLM (residues
b536–b539), but the distances indicate that the interaction
is probably water mediated. The rimming loop of the non-
catalytic b subunit thus performs the role of the corre-
sponding loop from the second catalytic subunit in AspRS
and SerRS, as was predicted [9]. Glnb207, belonging to
the characteristic motif 2 of class II aaRS [2], forms a
hydrogen bond with OP2 of C69. Motif 2 is known to par-
ticipate in ATP/aminoacyl adenylate binding, as well as in
interaction with the acceptor stem of tRNA. Although the
ATP-binding mode is common for class II, the pattern of
interactions with tRNA appeared to be system specific.
Contrary to AspRS and SerRS, where residues of motif 2
loop make extended base-specific contacts, in PheRS the
role of motif 2 in acceptor stem binding is restricted to
forming a nonspecific hydrogen bond. In this respect it is
not a surprise that the conformation of the loop does not
change upon tRNA binding.

The structure of the PheRS–tRNAPhe complex offers 
a clearer view of the functional peculiarity of PheRS.
Superposition of the catalytic domains of the AspRS–
tRNAAsp and SerRS–tRNASer complexes on that of
PheRS shows that the overall orientation of the tRNA is
about the same. From the known structures of AspRS and
SerRS complexed with ATP or aminoacyl adenylate
analogs [7,27], we can clearly delineate the position of the
AMP moiety in the active site of PheRS because it is
characterized by interactions with strictly conserved
residues and closely similar topology of catalytic domains.
Using the common position of AMP as a reference, we
can compare the orientation of terminal adenosines of
tRNA, which appears to be the only factor that causes the
difference in the primary site of aminoacylation. The
structure of the complex shows that the terminal adeno-
sine is likely to approach the adenylate moiety from the
same side as in the aspartyl system. However, A76 of
tRNAPhe penetrates less deeply into the active site cavity
and is rotated in such a way that the two sugar moieties
are approximately perpendicular. Consequently, the
2′OH of A76 occupies the more preferable position for a
nucleophilic attack on aminoacyl adenylate, since it is
located between the a phosphate of AMP and 3′OH. To
bring the 3′OH into a position favourable for aminoacyla-
tion, A76 would have to be displaced significantly deeper
into the active-site cavity, which is unlikely considering

the size of the binding pocket and the bulkiness of the
surrounding sidechains (Phea258, Phea260, Trpa149 and
Glua220). The hydrogen bond between Glua220 and 3′
terminal adenosine partially interferes with the invariant
network of interactions of ATP. Thus, ATP binding is
likely to be accompanied by repositioning of the terminal
adenosine. Nevertheless, whatever alterations occur in
the position of A76 in the presence of ATP, the size of the
adenine-binding pocket will not permit the displacement
required to bring the 3′OH into a position favourable for
aminoacylation. 

Biological implications
The fidelity of the translation process is governed to a
large extent by the recognition of both the amino acid
and the tRNA by aminoacyl-tRNA synthetases (aaRS).
Much work has been done to understand the structural
basis of this specificity. Binary complexes of two class II
synthetases and one class I synthetase with tRNA
revealed striking differences in the tRNA binding mode
between the two classes. Moreover, the mode of aaRS–
tRNA specific interactions varies within a class and, as
became evident recently, is dictated by global charac-
teristics of the system such as the presence or absence 
of the long variable loop of tRNA and the domain com-
position of the aaRS.

The structure of Th. thermophilus phenylalanyl-tRNA syn-
thetase (PheRS) complexed with tRNAPhe, which has
been determined at 3.28Å resolution, is the first example of
tRNA binding to an aaRS molecule with (ab)2 subunit
organization. The PheRS–tRNAPhe complex is the second
system with true cross-subunit tRNA binding (along with
the a2 SerRS). We show that one tRNAPhe molecule inter-
acts with all four subunits of the enzyme. Thus, the struc-
ture of native PheRS led us to the conclusion that both a
and b monomers are directly involved in the active site for-
mation, whereas the structure of the complex explains why
the enzyme has to be a functional (ab)2 dimer.

The anticodon loop of the tRNAPhe is specifically recog-
nized by the C-terminal domain of the large b subunit,
which is closely similar to the RNA-binding domain 
of the U1A spliceosomal protein. Unexpectedly, domain
B2, which has the topology of the anticodon-binding
domain of AspRS and which was considered a strong
candidate for performing analogous functions in PheRS,
is not involved in interactions with tRNA at all. Remark-
ably, Th. thermophilus PheRS approaches the anticodon
loop from the minor groove side. This mode of inter-
action results in only slightly distorted conformation of
anticodon loop as compared with free tRNAPhe.

The N-terminal domain of the PheRS a subunit bound
with the cognate tRNA manifests a coiled-coil (helical
arm) analogous to that in SerRS. Both systems (in spite
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of the different subunit organization and the absence of
the long variable loop in tRNAPhe) reveal a common
pattern of interactions between the coiled-coil and tRNA.
This domain functions in the recognition of a stem-like
structure and an exposed base pair (19–56) 15Å away
from each other, a structural motif of tRNA. The helical
arm is expected to be a necessary structural component
of aaRSs with cross-subunit binding of tRNA.

The functional peculiarity of class II PheRS to charge
2′OH of terminal ribose (that is typical for class I
aaRSs) is a result of the local orientation of the tRNA
CCA end and the size of the A76-binding pocket of the
synthetase.

Materials and methods
Crystal preparation and data collection
The crystals of the PheRS–tRNAPhe complex were obtained as described
before [28]. They are of the same space group P3221, and were virtually
the same unit cell parameters (a= b=175Å, c=140.6Å) as the crystals
of the free enzyme [29]. Data collection was performed using the syn-
chrotron radiation source at Lure (Orsay, France) on a MAR Research
image plate detector (completeness=45.9% and Rsym =10.6% to
3.28Å resolution) and at the Weizmann Institute of Science (Rehovot,
Israel) on a Rigaku RU-300 rotating anode generator with Xentronics
area detector (completeness=70.8% and Rsym =12.3% to 3.54Å reso-
lution). Data were processed with DENZO [30] and XENGEN [31] pack-
ages, respectively. Both data sets were merged with Rmerge of 15.8% to
give an 86.3% full data set of 33340 reflections in the resolution range
28–3.28Å (completeness in the highest resolution shell from 3.4 to 3.3Å
is 48.0%, with Rsym =33.8%). The crystals of the complex exhibit high
degree of isomorphism with the crystals of native PheRS (Riso =19%). 

Model building and refinement
The model of PheRS was used for phasing the data. Difference Fourier
synthesis with experimental amplitudes (Fcomp–Fnative) showed density for
about half of the tRNA molecule. Two long antiparallel a helices could be
fitted into the characteristic density that appeared immediately adjacent
to Arga85. Difference maps calculated with PheRS model amplitudes
using bulk solvent correction [32] provided additional information (Fig
6a). The partial models of tRNAPhe and of the helical arm were refined
together with the parent PheRS model using positional refinement proto-
col of X-PLOR [33] and bulk solvent correction. Several cycles of refine-
ment alternating with model rebuilding and refitting (using program O
[34]) into the maps calculated with Fourier coefficients derived from
SIGMAA [35] were performed. Despite the fact that all nucleotides of
the tRNA molecule and most of the coiled-coil domain are clearly repre-
sented in the maps, attempts to refine them with reasonable temperature
factors failed. Therefore, in the final stage, the group occupancy parame-
ters for the nucleotides of tRNA and the amino acids of coiled-coil
domain were refined, keeping the B factors constant (80Å2). The occu-
pancies appear to be in the range of 0.6–0.9. The weak scattering from
tRNA and coiled-coil may be explained by the fact that because the unit
cell parameters and the crystallization conditions for the complex and the
free enzyme are closely similar, and the crystallization mixture contains
both bound and unbound protein at equilibrium concentrations, not 
all tRNA binding sites in the crystal are occupied. The final model con-
tains 76 nucleotides of tRNAPhe Th. thermophilus and 1135 amino-acid
residues of the enzyme. The electron density in the region of the first
helix and the turn between the two helices of the helical arm (residues
a1–a45) is relatively poor because of partial disorder. Therefore, a
polyalanine chain represents this region in the model. The crystallo-
graphic R factor is 22.1% (Rfree=28.7%) for all data. The rms deviations
from ideal values for bond lengths and angles are 0.02Å and 2.3Å,
respectively, for the protein and 0.025 Å and 2.3°, respectively, for the

tRNA. f and ψ angles of 79.1% of protein residues lie in the most
favoured regions of the Ramachandran plot. Figure 6b shows a sample
of the final (2Fo–Fc) electron-density map.

Accession numbers
Coordinates will be deposited in the Brookhaven Protein Data Bank.
Whilst these are being processed they may be obtained via electronic
mail from safro@sgms2.weizmann.ac.il. 
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