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The 2.9 A Crystal Structure of
T. thermophifus Seryl-tRNA
Synthetase Complexed with tRNAS®"

Valérie Biou, Anna Yaremchuk, Michael Tukalo, Stephen Cusack*

The crystal structure of Thermus thermophilus seryl-transfer RNA synthetase, a class 2
aminoacyl-tRNA synthetase, complexed with a single tRNASer molecule was solved at 2.9
A resolution. The structure revealed how insertion of conserved base G20b from the D loop
into the core of the tRNA determines the orientation of the long variable arm, which is a
characteristic feature of most serine specific tRNAs. On tRNA binding, the antiparallel
coiled-coil domain of one subunit of the synthetase makes contacts with the variable arm
and T¥C loop of the tRNA and directs the acceptor stem of the tRNA into the active site
of the other subunit. Specificity depends principally on recognition of the shape of tRNASer
through backbone contacts and secondarily on sequence specific interactions.

Aminoacyl-tRNA synthetases perform an
essential step in assuring the accuracy of
protein synthesis by specifically ligating
amino acids to their cognate tRNA isoac-
ceptors. This occurs in a two-step reaction
in which the amino acid is first activated by
adenosine triphosphate (ATP) to form the
aminoacyl-adenylate intermediate and is
subsequently transferred to the 3’ terminal
ribose of the tRNA. Considerable progress
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has been made in understanding the struc-
tural basis of specificity by application of
sequence analyses, site-directed mutagene-
sis of tRNAs and synthetases, chemical
probing of synthetase-tRN A complexes and
x-ray crystallography. On the basis of short
conserved primary sequence motifs the 20
aminoacyl-tRNA synthetases have been
partitioned into two classes, each contain-
ing 10 members (1). This has largely re-
solved the problem of the apparent wide
diversity of synthetase primary and quarter-
nary structures. From the known crystal
structures of five synthetases it is now clear
that this partition corresponds in structural
terms to the existence of a Rossmann fold
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in the catalytic domain of class 1 synthe-
tase—exemplified by the crystal structures
of the tyrosyl- (2), methionyl- (3) and
glutaminyl- (4) tRNA synthetases) and an
antiparallel fold in the catalytic domain of
class 2 synthetases as seen in the crystal
structures of the seryl- (5) and aspartyl- (6)
tRNA synthetases. Apart from the catalytic
domain, aminoacyl-tRNA synthetases con-
tain other domains, often as COOH- or
NH,-terminal extensions. These putative
tRNA binding domains show more idiosyn-
cratic sequence and structural variability
than the catalytic domains although, with-
in subclasses, such domains can be homol-
ogous (7).

Of particular interest are the determi-
nants of the specific recognition between a
synthetase and its cognate tRNAs. For many
systems, tRNA identity elements have been
located (8); that is, nucleotides that are
crucial to the specific recognition and whose
transplantation into other tRNAs can
change their amino acid identity. In most
cases, the identity elements include some or
all of the anticodon nucleotides (the excep-
tions being the tRNAs for serine, alanine,
and leucine in Escherichia coli). However
other nucleotides, often in the acceptor
stem, can be important for identity as well.
The two published crystal structures of syn-
thetase-tRNA complexes, the glutamine sys-
tem (4, 9) from E. coli (class 1) and the
aspartic acid system (6, 10) from yeast (class
2) reveal examples of specific anticodon
recognition. In both cases an additional
domain is responsible, but the fold of this
domain and the distortion induced in the
anticodon stem and loop of the tRNA are
different (9, 10). Similarly, the mode of
entry of the 3’ end of the tRNA into the
active site is not the same in the two systems
(6) with the net result, presumably, being
the correct positioning of the 2’ OH (class
1) or 3’ OH (class 2) of the terminal ribose
for receiving the amino acid (1).

In view of the idiosyncracies of each
synthetase system, it is necessary to obtain
detailed structural information about other
tRNA-synthetase complexes in order to
identify common and distinct features. The
seryl-tRNA synthetase, an o, dimeric class
2 synthetase, warrants inspection for sever-
al reasons. First, because of the variety of
serine codons (from two distinct codon
groups), it is not surprising that the anti-
codon is not recognized by the synthetase
(11-14); this is consistent with the exis-
tence of a serine amber suppressor tRNA
and the opal suppressor tRNASI | both of
which are specifically charged by seryl-
tRNA synthetase. Second, most tRNASer
moieties are peculiar in having a long vari-
able arm of up to 20 nucleotides, a feature
shared in prokaryotic systems only by
tRNA and tRNAT". To our knowledge,
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no atomic structure of a long variable arm
tRNA has yet been determined, although
various models have been proposed (15,
16). In E. coli, a minimal length and the
correct orientation of this arm is crucial for
aminoacylation by seryl-tRNA synthetase,
although the sequence seems to be less
critical (12-14). Other identity elements of
E. coli tRNAS*" have been located in the
acceptor stem and D stem (C11-G24) (11-
13). Third, the crystal structures of the
uncomplexed seryl-tRNA synthetase from
E. coli (5) and T. thermophilus (17) have
both been determined at 2.5 A resolution.
The T. thermophilus enzyme has 421 resi-
dues per subunit with a primary sequence
identity of 34 percent to the E. coli enzyme
and the three-dimensional structures are
similar (17). The catalytic domain is based
on a seven-stranded antiparallel B sheet
with two connecting helices; a similar fold
was subsequently found in the aspartyl-
tRNA synthetase (6). In addition, seryl-
tRNA synthetase has an NH,-terminal do-
main comprising an exceptionally long,
solvent exposed, antiparallel coiled-coil
(the helical arm).

We describe the crystal structure at 2.9
Aofa complex between seryl-tRNA syn-
thetase and tRNAS"(GGA) from T. ther-
mophilus refined to a crystallographic R fac-
tor of 19.4 percent (Fig. 1). The stoichi-
ometry of tRNA to synthetase dimer in this
complex is 1:1. However it is known from
both solution studies and from crystal struc-
tures of different crystal forms of the seryl-

Fig. 1. The seryl-tRNA synthetase-tRNASe" com-
plex represented by spheres at the Ca positions
for the protein and the phosphate backbone for
the tRNA. Monomer 1 (residues 1 to 421) is
represented in plum with unobserved parts in
white, and monomer 2 (residues 501 to 921) is in
purple. Well-defined, partially defined, and un-
observed regions of the tRNA are, respectively,
in blue, cyan, and white (see Fig. 2).

tRNA synthetase—tRNAS®* complex from
both T. thermophilus (18) and E. coli (19)
that the synthetase can simultaneously bind
two tRNA molecules. About one-third of
the single tRNA is not visible in the elec-
tron density map. The unobserved regions
include the anticodon stem and loop and
the variable arm loop, neither of which are
in contact with the synthetase nor make
crystal contacts. However, the 3’ and 5’
ends of the tRNA are also not visible so
that no details are revealed about the inter-
action of the end of the acceptor stem with
the active site of the enzyme. Nevertheless,
the structure yields considerable informa-
tion on the interactions of the antiparallel
coiled-coil of the synthetase with the tRNA
and on the tertiary interactions within the
tRNA core that determine the orientation
of the tRNA long variable arm. The main
conclusions can be summarized as follows.
(i) The tRNA binds across the two subunits
of the dimer; (ii) upon tRNA binding the
otherwise flexible, coiled-coil domain of
the synthetase is stabilized in a particular
orientation and curves between the T¥C
loop and the long variable arm of the
tRNA; (iii) the synthetase makes several
backbone contacts but few base-specific in-
teractions; (iv) contacts with the tRNA
long variable arm backbone extend out to
the sixth base pair, explaining the need for
a minimum length of the arm, but allowing
longer arms (as, for instance, in tRNAS<Crs)
to be accommodated; and (v) the bases 20a
and 20b inserted into the D loop in the
tRNASe" have unusual roles in the core of
the tRNA. In particular, the base of G20b
is stacked against the first base pair of the
long variable arm and thus determines the
orientation of the variable arm. These re-
sults are discussed below in the light of
known features of the recognition between
tRNAS*" and seryl-tRNA synthetase. We
also show the binding site within the com-
plex of AMPPCP, an ATP analog with a
methylene group between the B- and -

1 76
Acceptor stem
0

phosphates, as determined from crystallo-
graphic measurements at 3.1 A resolution.
Structure determination. Several crys-
tal forms of the complex between wild-type
seryl-tRNA synthetase and tRNAS** from
T. thermophilus have been obtained (18,
20). The highest resolution diffraction is
given by crystal form 4, which is of space-
group P2,2,2, and unit cell dimensions a =
1245 A, b = 12894, c = 121.2 A. A
data set with 41,675 independent reflec-
tions, 6.7 percent R ... and 95 percent
complete to 2.9 A was obtained as de-
scribed (18). A second data set was ob-
tained from three crystals that had been
soaked with 10 mM AMPPCP; it comprises
31,042 independent measurements to 3.1
(85 percent complete) with R of 12.0
percent (25.2 percent between 3.1 and 3.2
). Data integration was performed with
MOSFLM (21) and subsequent data process-
ing was done with the CCP4 package (22).
The structure of uncomplexed seryl-
tRNA synthetase from T. thermophilus (17)
was used as a starting model for molecular
replacement as described (18). An electron
density map calculated with phases from
the synthetase alone [SIGMAA (23)],
showed good extra density for about half of
a tRNA molecule. It also showed that the
asymmetric unit contains one protein dimer
bearing one single tRNA, the other, sym-
metrically related, potential tRNA site on
the synthetase being blocked by crystal
contacts. The protein model was improved
by rigid-body refinement and by positional
energy minimization by means of XPLOR
(24), which resulted in a reduction of the
crystallographic R factor from 38.6 percent
to 31 percent. A model of tRNASe* (24q)
with the nucleotide sequence of T. thermo-
philus tRNA ,5r (25) was then placed in the
electron density (at this stage, the sequence
of the tRNA,5 actually present in the
crystals was unknown). The orientations of
the different parts of the tRNA were im-
proved by rigid body minimization and sub-

Fig. 2. Cloverleaf repre-
sentation of the nucleotide
sequence of T. thermo-
philus tRNA,S®(GGA). The

s~y degree of definiton of
G—C g e each nucleotide in the final
16 15 U escegcccu A A electron density map is in-
@6 A CGB GCGEBT v ¢ dicated. Nucleotides con-
186Gy, Gn | 48¢ 30 55 strained to 2'-endo were
26 44 &
G A Pl goid G-7, G9, G-18, G-19,
D-loop 2?2%:;20!3 25 - © Fp f%m aEmes™  C.20, G-20b, C-48, and
478 , Ban A-58, U-60; all others are
Anticodon stem 47a ¢ _/ . 3’-endo
30 40 ‘€ “m :
Partially or non-visible regions of the tRNA: 47d o =
@ P+ribose+part of base visible L B .
e P+ribose visible . &
B =
. Nothing visible g
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Fig. 3. (A) Superposition of Ca traces of mono-
mer 2 of the complex (green) and the two
monomers of the uncomplexed seryl-tRNA syn-
thetase (orange and blue) showing the variable
orientation of the NH,-terminal antiparallel
coiled-coil domain. (B) Diagram illustrating in
green the curvature of the helical arm of the
synthetase around the tRNA in the complex
compared to its position in one of the subunits of
the uncomplexed synthetase (orange). The D
loop (red), variable loop (yellow), and T¥C loop
(cyan) are shown.

sequently by a series of refinement cycles
involving energy minimization with
XPLOR, map calculations with Fourier co-
efficients derived from SIGMAA (23), and
model building with the graphics program
O (26). Toward the end of the refinement,
the sequence of the tRNA,5" became
known (25); it has 94 nucleotides and a
GGA anticodon (Fig. 2). Ribose conforma-
tions were constrained to either 3'-endo or
2'-endo with dihedral angle constraints
(Fig. 2), but no constraints were used for
base planarity. Occupancies of some of the
backbone atoms of the tRNA on the bor-
ders of the well-defined regions were fixed
at 0.7 or 0.5 since difference maps showed
the position of these atoms, but with an
occupancy of 1, the B factors were unrea-
sonably high (>100 A2?).

The R factor is 19.4 percent for 39,713
reflections >0.5 & between 2.9 and 10 A.
The root-mean-square (rms) deviations
from ideality for bond lengths and angles
are, respectively, 0.015 A and 3.3° for the
protein and 0.014 A and 3.4° for the
regions of the tRNA with occupancy 1.0.
The average B factors for backbone (side
chain) atoms of monomer 1 and monomer 2
are, respectively, 20 A? (26 A?) and 14 A?
(21 A?), suggesting that the binding of the
tRNA mainly to monomer 2 significantly
stabilizes the latter. The average B factors
for backbone (bases) of the fully occupied
parts of the tRNA are 50 A? (42 A?). The
only residues with phi-psi values deviating
significantly from those permitted are
equivalent residues Leu’*> and Leu®? as
noted (17). The final model comprises a
synthetase dimer with one incomplete
tRNA molecule interacting across the sub-
units (Fig. 1). It contains 7754 non-hydro-
gen atoms including 44 well-defined water
molecules that stably refine with B factors
<30 A2 The visible parts of the tRNA are
indicated in Fig. 2.

The structure with the ATP analog was
refined by one round of energy minimiza-
tion, starting with the above structure after
manual adjustment of residues 256 to 258 at
the beginning of the motif 2 loop. It shows

1406

one AMPPCP molecule in each active site
as described below.

Protein structure. The synthetase sub-
unit whose active site receives the 3’ end of
the tRNA is referred to as monomer 1
(residues 1 to 421); the coiled-coil domain
of monomer 2 (residues 501 to 921) is in
contact with the tRNA variable arm and D

and T¥C loops (Fig. 1). Monomer 2 has a
relatively ordered active site, because (i)
electron density into which an adenosine
molecule can be fitted is found at the ATP
site (see below) and (ii) the motif 2 loop
(residues 760 to 766) is stabilized by crys-
tal contacts with the external side of the
coiled-coil domain of a symmetry-related

Fig. 4. Stereo pairs showing the electron density and model in the core region of the tRNA. (A) Final
2F, — F_ electron density contoured at 0.95 ¢ and viewed perpendicular to the base triple
G15-C48-D20a which is visible in the bottom right of the figure. G20b is perpendicular to this triple
and stacks with the first base pair of the variable arm (A45-U47q) which extends toward the top
right. (B) Model viewed in the plane of triple G15-C48-D20a with the variable arm stem extending
to the right. Note the tilt of bases A21 and G9 and the insertion of base G20b.
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Fig. 5. Comparison of the core structures of (A) tRNASe" from T. thermophilus and (B) yeast tRNAPhe,

molecule. In the active site of monomer 1
there is no interpretable density that could
be attributed to the 3’ end of the tRNA,
and the motif 2 loop (260 to 264) is
disordered. Two-thirds of the coiled-coil
domain of monomer 1 (residues 36 to 86)
are absent from the electron ‘density (al-
though there is room in the crystal for the
remainder), consistent with the fact that
this arm is flexible in the absence of stabi-
lizing intermolecular contacts.

The seryl-tRNA synthetase structure in
the complex is close to that of the uncom-
plexed synthetase (17), apart from the he-
lical arm domain which has an altered
orientation and curvature (Fig. 3A). Pair-
wise superpositions of the four catalytic
domains (that is, residues 100 to 421, ex-
cluding the flexible motif 2 loop 258 to
268), two from the complex and two from
the native enzyme, show that the rms de-
viation between the a carbons is about 0.5

in each case. These superpositions indi-

Table 1. Polar tRNA-protein interactions <3.5 A
visible in the complex.

Monomer 1
Ser-156 N C-67 O2P
156 0oG C-68 o1P
156 0oG C-68 o2P
Arg-267 NE U-69 0O2P
Monomer 2
Lys-542 NZ G-47b o3’
542 NZ G-47¢c o2P
GIn-545 OE1 G-47a N2
545 NE2 C-47n 02
GIn-548 OE1 C-470 o2’
548 NE2 C-47p Oo2P
Thr-549 OG1 C-47n 02’
Arg-551 NH2 G-57 0o2P
Asn-552 ND2 C-470 0o2pP
552 ND2 C-47p O1P
Ala-555 (0] G-19 N2
Arg-588 NH2 G-53 02pP
Arg-695 NH2 C-66 03’
695 NH2 C-67 o2pP
Arg-865 NH1 G-46 02pP
865 NH2 G-46 O1P
865 NH2 G-46 0O2P

cate that the helical arm of monomer 2 in
the complex has rotated by, respectively,
23° (19.9 A displacement at the tip) and
17° (14.7 A displacement at the tip) com-
pared to monomers 1 and 2 of the uncom-
plexed synthetase. The new conformation
of the arm permits it to fit inside the cleft
between the D loop and the variable arm
(Fig. 3B). The short helices at the NH,-
terminal move in concert with the arm
(Fig. 3A). Flexibility of the helical arm has
previously been observed in crystals of the
uncomplexed E. coli enzyme, where differ-
ent orientations have been found in a struc-
ture determined at 100 K and in a different
crystal form (27). The position of the arm
in the E. coli synthetase-tRNA complex
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(19) is very similar to that found here in the
T. thermophilus complex, showing that the
presence of the tRNA locks the arm into a
well-defined orientation.

The tRNA structure. Prokaryote
tRNASe* secondary structures have two fea-
tures that distinguish them from most other
tRNAs: (i) the D loop has a deletion at
position 17 and a double insertion of 20a-
20b and (ii) there is a long variable arm,
which here contains 20 nucleotides (la-
beled 45, 46, 47, and 47a to 47q) and seven
base pairs (Fig. 2). The tRNAS* tertiary
structure observed in the complex (Fig. 4)
provides an understanding of the structural
consequences of these features by compari-
son with known tRNA structures such as
tRNAPhe (28) and tRNAA® (29).

The tertiary interactions in the core of
the tRNASer differ from those observed
previously (Figs. 5 and 6). In tRNAP"® and
tRNAA®, the core includes four parallel
stacked planes; three of them consist of a
base triplet (Fig. 5B) and can be described
by the notation (for tRNAF¢) [G15-C48],
A21-[U8-A14], TMG46-[G22-C13] and
A9-[A23-U12}, where the square brackets
indicate the principal base pair (not neces-
sarily Watson-Crick), with the third base
participating through additional hydrogen
bonding. The equivalent region in tRNASe
(Fig. 5A) is reorganized to accommodate
the insertion 20a-20b from the D loop and
can be described by the notation D20a-
[G15-C48], A21-[U8-Al4], G9-[A22-

Fig. 6. Two of the base
triplets occurring in the
core of tRNASer, The G9 is
tilted out of the plane of
™ G13 and A22 (Fig. 5A). Hy-
drogen bonds are dotted.

GCCA 4 Fig. 7. Cloverleaf repre-
16—t sentation of the tRNA,
Acceptoram AU 70 showing the regions of in-
s S teraction with the synthe-
g T loop tase.
60 A A
16 15 65 (i (IE CCCuU ®
O fooe UG a c ch GEO éT ¥ C
lBGm G l ? I 48C 55
®©, A AGGG 26 44 p: 7p
26D Son 25 A---U 47m  Variable am
20a C-G
A-U ¥ © 47k
Anticodon C-G a7e ¢ A
S*"30 G- C 40 ’
4746 A
A-U c A
O Base-specific interaction c A uu
@ socks with 1 U A
S jon with 2 G A

SCIENCE ¢ VOL. 263 ¢ 11 MARCH 1994



G13], and [G23-C12]. Base 46 in tRNASer
is paired with that of 47p in the second base
pair of the variable arm and is clearly not
available for participation in the core. Its
position is taken by G9, leaving the pair
[G23-C12] with no triplet partner. This loss
is compensated by the formation of a new
triplet at the top of the core involving D20a
and the Levitt pair G15-C48. Two of the
triplets in the tRNAS®" structure are shown
in Fig. 6. An important feature of the core
in tRNAS®" is that the planarity of the base
triplets is lost; A21 and G9, while remain-
ing stacked with each other, are tilted out
of the plane of the other bases by about 45°.
These distortions result from the insertion
of base G20b perpendicular to the core
bases which prevents A21 from being in the
same plane as [A14-U8]. The base of G20b
is stacked with the first base pair [A45-
U41q] of the variable arm, thus defining the
direction of the latter (Fig. 4B).

In the D loop, G18 and G19 make the
normal tertiary interactions with the TWC
loop, that is G18-¥55 and G19-C56. In
contrast, whereas D17 (absent in tRNASe")
is bulged out in tRNAPPe, it is C20 that is
bulged out in tRNAS¢* (unlike in tRNAFPe),
Similarly, as described above, G20B is
“bulged in” permitting its participation in
the core of the tRNA. As a result the
backbone of the D loop in tRNAS® has a
distinct zigzag conformation. In our struc-
ture, there are breaks in the backbone elec-
tron density between the phosphate and
ribose of nucleotides 20 and 20a, but the
overall trace is unambiguous. The variable
arm protrudes at about 45° to the plane of
the L-shaped tRNA molecule (Fig. 3B). The
electron density of the stem region is very
good apart from nucleotides 47d and 471,
which are poorly defined although the loop
47e to 47k is absent. Five base pairs are
observed, the fifth being a mismatch be-
tween G47b-U47m in which both bases are
shifted to permit two hydrogen bonds to be
formed.

Synthetase-tRNA interactions. Most of
the interactions are between protein side-
chains and the tRNA phosphate-sugar
backbone, there being few base-specific in-
teractions (Table 1 and Fig. 7). The coiled-
coil domain of the protein is a major rec-
ognition element, making contact with the
tRNA variable stem backbone and minor
groove, and the D and T¥C loops.

Only two base-specific contacts are vis-
ible in the structure. The first is a hydrogen
bond between the N2 of G19 and Ala®>®
main-chain carbonyl oxygen at the end of
the synthetase helical arm. This interaction
is reinforced by a stacking of base G19 on
Pro®*® near the end of the helical arm.
Indeed the paired bases G19-C56 are in
van der Waals contact with a hydrophobic
platform made by Val®*8, Pro®*°, and Ile7°
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Fig. 8. The contact between D loop/T¥C-loop tertiary base pairs and the end of the coiled-coil
domain of the synthetase. Stereo pair of the final model showing the base pair G19-C56 sitting on

the residues Val®%8, Pro%5° and Ile57°,

(Fig. 8). Since this base pair is almost
universally conserved in all tRNAs, these
are clearly not interactions permitting spe-
cific discrimination of tRNAS®*. The sec-
ond base-specific interaction is between the
fourth base pair of the variable arm and the
side chain of GIn®**. This amino acid,
which is halfway along the first long a helix
(H3) of the coiled coil, makes two hydro-
gen bonds in the minor groove with the
base pair G47a:C47n. In all tRNAS* isoac-
ceptors from E. coli and the two known
from T. thermophilus, the fourth variable
arm base pair is either G-C or in one case
C-G. Both allow for two hydrogen bonds
with a glutamine side chain, whereas an
A-U base pair would not. This might sug-
gest that this base pair would be an impor-
tant identity element for tRNAS**. Howev-
er the potentially interacting residue is not
conserved because it is a glutamic acid in E.
coli and an aspartic acid in yeast, and an
acidic side chain would allow for only one

hydrogen bond instead of two with a G-C
base pair.

Most of the protein-tRNA backbone
contacts are made at the 3’ side of the base
of the acceptor stem, the 5’ side of the
TW¥C loop and both sides of the variable
arm stem. Many of the interactions are
made by positively charged (Arg or Lys) or
polar (Ser or Asn) residues of the helical
arm of the synthetase. At the resolution of
the model (2.9 A) it is not always possible
to identify which specific hydrogen bonds
are being made, particularly as many of the
protein side chains involved have high B
factors. Apart from the contacts within 3.5

(Table 1), there are other potential
interactions at a slightly greater distance
which may be water mediated (Arg®®> near
G46 03', Lys°*! near G47a O2', Arg®®
near G47b O2P). Residues in the NH,-
terminal coiled-coil domain domain in-
volved in interactions with the tRNA back-
bone are Lys**?, GIn>*8, Thr>#°, and Asn%>?

H1 H2
acaaoa (13111191
M- LDPNLLRNE- - - - - PDAVAEKLARRGFKLDVD 28
M- VDLKRLEOE ----- PEVFHRAI REKGVALDLE 28

H3

M- LDI NQFI EDKGGNPELI RQSQKARNASVEI VD 33
MVLDI DLFRVDKGGDPALI RETQEKRFKDPGI VD 34

aaaaeaaaaacaaaaceaaaaaaaaaaaaaaaaca
SRSEC 20 KLGALEERRKVLQVKTENLQAERNSRSKSI GQAKARGED! 68

SRSTT129 ALLALDREVQEL[KKRL[GE vdTe[RMa viA]

KR- - VIPIKAPPEEK 66

SRSC 34 EI | SDYKDWVKTRFELDELNKKFNKLQKD! GLKFKNKEDA 73
SRSMU 35 QLVKADSEWRRCRFRADNLNKLKNLCSKTI GEKMKKKEAV 74

H4

SRSEC 69 EPLRLEVNKLGEELDAAKAELDALQAEI RDIALTI PNLPADEVPYV 11
SRSTT167 EALI ARGKAI.GEEAKRLEEALEKEAHLEALLLQVPL,PPWPGAPV 1
SRSSC 74 SGLLAEKEKLTQQKKELTEKEQQEDKDLKKKVFQVGNI VHPSVVYV 11

o -

SAMU 75 GDDESVPENVLNFDDLTADALRALKVSQIKKV--cccococooon

SRSMU 107 - = = = = - RLLI DEAI QKCDGERVKLEAERFENLRE!I GNLLHPSVPI
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Fig. 9. Sequence alignments of the NH,-terminal helical arm domain of seryl-tRNA synthetases.
Boxed residues interact with the tRNA in the 7. thermophilus complex structure (compare Table 1).
Sequences can be found in the SwissProt databank: E. coli (SYS_ECOLI, P09156), yeast
(SYSC_YEAST, P07284), murine (SYS_MOUSE, P26638). The T. thermophilus sequence is in (16).
There is a large insertion in helix H4 in the murine seryl-tRNA synthetase. Abbreviations for the
amino acid residues are: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu;
M, Met; N, Asn; P, Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.
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Fig. 10. Omit map showing difference electron
density for the AMPPCP molecule in the active
site of monomer 2 contoured at 3.5 o. Also
shown is the stacking interaction with Phe27s,
a residue of motif 2 (blue) and the positions of
motif 3 (red) and a fourth important g strand in
the active site (green), from which a con-
served glutamic acid residue (Glu34%) inter-
acts with the ribose.

with the variable arm stem, and Arg®*! and
Arg®®® with the T¥C loop. Another ex-
posed loop region of the protein (residues
860 to 868), which is highly mobile in the
absence of tRNA, contributes an interac-
tion via Arg8® to the variable stem back-
bone. At the base of the acceptor stem, the
3’ strand, between phosphates 67 and 68,
straddles the two subunits interacting with
both Ser'*® (monomer 1) and Arg®>
(monomer 2) at the dimer interface. Only
about half of these cited amino acid residues
are conserved between E. coli and T. ther-
mophilus seryl-tRNA synthetases and only
Asn*>? (which interacts with the phosphate
of the second nucleotide preceeding 48, in
this case C47p) is absolutely conserved
among the four known seryl-tRNA synthe-
tase sequences (Fig. 9). Most of the inter-
actions with the tRNA are clustered in the
residue range 542 to 555 (7 of 14 interact)
on the first helix (H3) of the arm of the
synthetase (Fig. 9). This correlates with the
fact that comparison between the four
known seryl-tRNA synthetase sequences
shows that the first long helix (H3) is more
conserved than the second long helix (H4)
(Fig. 9).

ATP-binding site. The difference elec-
tron density map for the AMPPCP mole-
cule bound in the active site of monomer 1
(Fig. 10) shows that the adenosine moiety
makes a number of interactions with resi-
dues particularly from motif 2; one of them
is a stacking interaction with Phe?”> which
is highly conserved among all class 2 syn-
thetases (1, 7). Arg?>%, another highly con-
served motif 2 residue, interacts with the
a-phosphate and Glu*#, from another B
strand, with the ribose 3’ hydroxyl. The
triphosphate is in an extended conforma-

tion aligned along the B strands of motif 2
and 3, although recent results strongly sug-
gest that in the active conformation of the
enzyme bound Mg?*-ATP, the triphos-
phate is in a bent conformation (30). A
more detailed presentation of the interac-
tions of the AMP moiety with the active
site derived from higher resolution data has
been described by Belrhali et al. (30). Bind-
ing of the ATP analog in the active site did
not significantly improve the visibility of
the 3’ end of the tRNA although the
orientation of the acceptor stem helix was
changed slightly.

Comparison with previous biochemical
results. The T. thermophilus complex struc-
ture explains a number of previous results on
the interaction of tRNAS®" with seryl-tRNA
synthetase. The iodine-phosphorothioate
method was used to establish that for the E.
coli complex (31) there was phosphate pro-
tection on the 3’ side of the acceptor stem
(P67-P70), the 5’ side of the T¥C-loop
(P52-P53) and the 5’ side of the variable
stem (P46), with the strongest protection at
P68 and P52. In the crystal structure of T.
thermophilus complex, phosphate contacts
wete observed in all these regions, showing
that the mode of association must be similar
to that in E. coli. However several additional
contacts are observed in the crystal structure
(notably on the 3’ side of the variable stem)
that were not detected in the solution ex-
periments. In contrast, no specific contact
with P52 was observed in the crystal.
Whether these detailed differences reflect
differences between solution and crystal con-
ditions or between E. coli and T. thermophilus
complexes remains to be seen (32). As noted
above, phosphate-contacting polar residues
are not necessarily conserved between E. coli
and T. thermophilus and therefore slightly
different contacts, although in the same
regions of the tRNA, may be expected.

The long variable arm of the tRNAS®" is
of major importance for recognition by the
synthetase and we can ask what distinguishes
the tRNASe* variable arm from the other
long variable arms in tRNA™* and tRNATY"
(often referred to as class II tRNAs, not to
be confused with class 2 synthetases). A
conserved feature in prokaryotic tRNASe
isoacceptors is the base-pairing of 45 to 48-1
(that is, 48 minus 1, in this case 47q) such
that there are no unpaired bases at the base
of the variable arm stem. In addition pro-
karyotic tRNAS® variable arms can have six
or more base pairs (eight in tRNASeIC»),
The number of unpaired bases at the begin-
ning of the variable arm stem differs among
other long variable arm tRNAs and also
correlates with the number of inserted nu-
cleotides in the D loop (12, 33). The
tRNA™ isoacceptors have one unpaired
nucleotide at the 3’ end of the variable stem
(that is, 45 pairs with 48-2), and tRNAT"
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has two (that is, 45 pairs with 48-3). These
differences may influence the orientation of
the variable arm as well as the backbone
conformation at the base of the arm and thus
could be very important for discrimination
between long variable arm tRNAs. Interest-
ingly, tRNAS* from yeast (and all eukary-
otic tRNASe jisoacceptors) is similar to
tRNA™ " from E. coli in having one unpaired
base in the variable stem. This could partial-
ly explain the absence of cross-recognition of
yeast tRNASe" by seryl-tRNA synthetase
from E. coli (although the acceptor stem is
also altered from E. coli tRNASeT).

Himeno et al. (12) took into account the
above considerations when attempting to
convert the identity of an E. coli tRNA,™™
to tRNAS** using T7 transcripts and in vitro
aminoacylation assays. Insertion of two nu-
cleotides into the variable stem of the
tRNATY" between positions 44 and 45 (thus
making its base-pairing similar to that of
tRNAS*") immediately introduced serine
charging activity, although at a low level.
However, deletion of the two unpaired bases
showed no detectable serine charging activ-
ity presumably because the arm is too short
(only three base pairs and a three nucleotide
loop). The replacement of U9 in the
tRNAT” by G9 as in tRNAS makes the
V__/K_ four times higher. This can be
attributed to the important role of G9 in the
core of tRNASe* (Fig. 6); clearly a U in this
position could not establish the same inter-
actions. An optimal identity switch is ob-
tained by a simultaneous replacement of
A20b by G20b (as in tRNAS") and an
insertion of a four-nucleotide variable loop
by insertion of G47:1 (equivalent to G47c).
As discussed above, residue 20b directs the
orientation of the variable stem, but since its
base makes no specific interactions, the rea-
son for the strong evolutionary preference
for a G in this position in tRNAS* isoaccep-
tors is unclear.

The results of Normanly et al. (11, 13)
on the identity change from tRNA,"
(UAG) into a specific serine suppressor
tRNA using in vivo assays, are less easily
explainable by the present structure. In the
original identity switch experiment, the D
loop was reconstructed as in tRNASe* (11)
but later it was found that this was in fact
detrimental to the suppressor efficiency,
and not necessary for serine specificity
(13). In addition, no modification of the
tRNAL* variable arm was required to give
the mutant LSM6 the same biological ac-
tivity as the wild-type suppressor tRNASer,
In contrast, the base pair C11-G24 (and in
particular the base C11) was shown to play
a major role in serine specificity. In the T.
thermophilus structure, although nucleotide
G24 is not very well defined, it is clear that
the base pair C11-G24 is not in contact
with the synthetase. The importance of this
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pair can therefore only be explained by an
unknown structural effect, or that it is a
negative determinant preventing mischarg-
ing of tRNAS* by, for example, leucyl-
tRNA synthetase.

Recognition and specificity. The seryl-
tRNA synthetase-tRNASe" complex struc-
ture shows that the protein principally con-
tacts the tRNA backbone and thus recog-
nizes the tRNA shape rather than its spe-
cific nucleotide sequence. Both distinctive
features of the system, the synthetase
coiled-coil domain and the tRNAS long
variable arm play major roles in this recog-
nition. Comparison of the conformation of
the protein in the presence and absence of
tRNA suggests that the recognition process
involves conformational adaptation of the
two molecules, in particular the protein
helical arm, to maximize contacts between
them. Only with a tRNA possessing a long
variable arm in the correct orientation will
sufficient interactions be made for the syn-
thetase helical arm to stably hold the tRNA
in the required orientation for entry of its 3’
end into the active site of the other subunit
of the synthetase. In this model of the
recognition process, sequence-specific rec-
ognition in the acceptor stem region (not
visible in our structure) would be a second
step in the discrimination against non-
cognate tRNAs, after shape recognition.
The importance of the orientation of the
long variable  arm for the recognition of
tRNASe" and tRNASESY by seryl-tRNA
synthetase in the human system has been
demonstrated (34).

The question remains as to why signifi-
cant regions of the tRNA are disordered in
this complex? This is not too surprising for
the anticodon stem and the end of the
variable arm which do not make any inter-
molecular contacts. The most obvious rea-
son for the absence of electron density in
the acceptor stem would be degradation of
the tRNA. However, gel analysis of the
tRNA recovered from well-washed crystals
shows the tRNA to be intact (17). The
mother liquor, however, can contain, in
addition to intact tRNA, two major degra-
dation products. Sequence analysis of end-
labeled tRNA shows that this corresponds
to a cleavage between U47g and A47h in
the variable arm loop; spontaneous cleav-
age of pyrimidine-p-A sequences in tRNA
loops is well known (35). The presence of
this cut in a position not directly involved
in synthetase-tRNA interactions would not
easily explain the disordering of the active
site region of the complex. An alternative
explanation could be that an ordered active
site only occurs after the formation of the
bound seryl adenylate, that is, at the mo-
ment of aminoacylation; this would be a

further means of discrimination against mis-
charging. In this context we note that in
the yeast aspartyl-tRNA synthetase com-
plex, in the absence of other substrates, the
3’ terminal adenosine partially occupies the
ATP site in one subunit and its “correct”
position in the other subunit, with a con-
sequent small difference in the two acceptor
stem helix conformations (10). If two or
more such structures were averaged in our
form 4 crystals this could explain the lack of
interpretable electron density. However
measurements at 2.8 A resolution on form 4
crystals co-crystallized with an inhibitor, a
stable sulfamoyl analog of seryl-adenylate
(30), clearly show the inhibitor in the
active site, but only a slight improvement
in the ordering of the 3’ end of the tRNA
(36). In contrast, a recent 3.4 A resolution
structure determined from a new trigonal
crystal form of the synthetase-tRNA com-
plex (called form 5) obtained with the same
batch of tRNA,5 (GGA) as used in crys-
tals of form 4, shows a much better ordered
active site with the 3’ end of the tRNA
visible (36). In form 5 crystals there is, as in
form 4, only one tRNA per synthetase
dimer. This suggests that this stoichiometry
might have a particular biological signifi-
cance and not be a crystallization artifact.
In the form 5 structure, most synthetase-
tRNA contacts are as we describe for form
4; however, the acceptor stem helix is
slightly reoriented and the 3’ end of the
tRNA is visible in close proximity to the
adenylate analog with which the crystals
were grown. We therefore conclude that in
form 4 crystals something, perhaps crystal
contacts, is preventing the formation of a
“productive” conformation of the acceptor
end of the tRNA, even in the presence of
the seryl-adenylate analog.
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