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Structures of Methanosarcina mazei pyrrolysyl-tRNA synthe-

tase (PylRS) have been determined in a novel crystal form.

The triclinic form crystals contained two PylRS dimers (four

monomer molecules) in the asymmetric unit, in which the two

subunits in one dimer each bind N"-(tert-butyloxycarbonyl)-

l-lysyladenylate (BocLys-AMP) and the two subunits in the

other dimer each bind AMP. The BocLys-AMP molecules

adopt a curved conformation and the C� position of BocLys-

AMP protrudes from the active site. The �7–�8 hairpin

structures in the four PylRS molecules represent distinct

conformations of different states of the aminoacyl-tRNA

synthesis reaction. Tyr384, at the tip of the �7–�8 hairpin,

moves from the edge to the inside of the active-site pocket and

adopts multiple conformations in each state. Furthermore, a

new crystal structure of the BocLys–AMPPNP-bound form

is also reported. The bound BocLys adopts an unusually bent

conformation, which differs from the previously reported

structure. It is suggested that the present BocLys–AMPPNP-

bound, BocLys-AMP-bound and AMP-bound complexes

represent the initial binding of an amino acid (or pre-

aminoacyl-AMP synthesis), pre-aminoacyl-tRNA synthesis

and post-aminoacyl-tRNA synthesis states, respectively. The

conformational changes of Asn346 that accompany the

aminoacyl-tRNA synthesis reaction have been captured by

X-ray crystallographic analyses. The orientation of the Asn346

side chain, which hydrogen-bonds to the carbonyl group of the

amino-acid substrate, shifts by a maximum of 85–90� around

the C� atom.
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1. Introduction

In protein synthesis, the universal genetic code is established

in a single biochemical reaction: the aminoacylation of tRNA.

Aminoacyl-tRNAs corresponding to the 20 canonical amino

acids are generated by the ligation of the encoded amino acid

to its cognate tRNAs by specific aminoacyl-tRNA synthetases

(aaRSs; Schimmel, 1987; Ibba & Söll, 2000). The aaRSs

catalyze a two-step reaction involving condensation of the

amino acid with ATP to yield the aminoacyladenylate

(aminoacyl-AMP) intermediate followed by transfer of the

amino acid to the 30-terminal adenosine of the tRNA. The

aaRSs have been divided into two distinct classes of ten

enzymes each, the class I and class II aaRSs, which are un-

related in both sequence and structure (Eriani et al., 1990).

The catalytic domain of the class I aaRSs is formed by the

so-called Rossmann-fold nucleotide-binding domain, while

the class II enzymes have catalytic domains organized around
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a seven-stranded antiparallel �-sheet and are characterized by

three conserved motifs: motif 1, motif 2 and motif 3 (Cusack et

al., 1990; Ruff et al., 1991). To date, structures of all known

class II aaRSs have been solved and the structural bases of

substrate recognition have been determined. In general, the

class II enzymes form dimers or tetramers (Ibba & Söll, 2000)

and contain mobile active-site loops, including the motif 2 loop

(Cavarelli et al., 1994; Belrhali et al., 1994), the ordering loop

(Yaremchuk et al., 2001; Torres-Larios et al., 2003), which is

also termed the flipping loop (Schmitt et al., 1998; Eiler et al.,

1999) or the helical loop (Moor et al., 2006), and the cognate

amino-acid loop [e.g. histidyl-tRNA synthetase (HisRS; Arnez

et al., 1995; Aberg et al., 1997; Yaremchuk et al., 2001), prolyl-

tRNA synthetase (ProRS; Yaremchuk et al., 2001), threonyl-

tRNA synthetase (ThrRS; Torres-Larios et al., 2003; Bovee

et al., 2003), seryl-tRNA synthetase (SerRS; Bilokapic et al.,

2006) and glycyl-tRNA synthetase (GlyRS; Arnez et al.,

1999)], which in many cases undergo conformational changes

that are induced upon substrate binding.

Pyrrolysyl-tRNA synthetase (PylRS), one of the class II

aaRSs, catalyzes the ligation of pyrrolysine (Pyl) to its cognate

tRNA (tRNAPyl; Srinivasan et al., 2002; Hao et al., 2002; Blight

et al., 2004; Polycarpo et al., 2004). Crystal structures of the

catalytic fragment of Methanosarcina mazei PylRS in complex

with various substrates have been solved (Yanagisawa et al.,

2006, 2008a,b; Kavran et al., 2007; Takimoto et al., 2011;

Table 1). These studies included M. mazei PylRS structures

complexed with AMPPNP (Kavran et al., 2007; Yanagisawa

et al., 2008a), Pyl-AMP–PPi (Kavran et al., 2007), N"-cyclo-

pentyloxycarbonyl-d-lysine (CpocLys)–ATP (Kavran et al.,

2007), Pyl–AMPPNP (Yanagisawa et al., 2008a), N"-(tert-

butyloxycarbonyl)-l-lysine (BocLys)–AMPPNP (Yanagisawa

et al., 2008b), N"-allyloxycarbonyl-l-lysyladenylate (AlocLys-

AMP)–PNP (Yanagisawa et al., 2008b), o-methyl-l-tyrosine

(oMeTyr)–AMPPNP (Takimoto et al., 2011) and the ligand-

free form (Yanagisawa et al., 2008a). Furthermore, the ligand-

free and tRNAPyl complex structures of Desulfitobacterium

hafniense PylRS have been solved (Lee et al., 2008; Nozawa

et al., 2009). Like the other class II aaRSs, PylRS exists as a

dimer and has three active-site loops. A comparison of these

structures revealed conformational diversity of the motif 2

loop, the ordering loop and the �7–�8 hairpin, which corre-

sponds to the cognate amino-acid loop in the class II aaRSs

(Yanagisawa et al., 2008a). The motif 2 and ordering loops

close upon binding ATP (or its analogue) or Pyl-AMP, and the

�7–�8 hairpin undergoes multiple conformational transitions

between open, intermediate and closed states regardless of the

bound substrates (Yanagisawa et al., 2008a).

Here, we report the structures of PylRS in new BocLys–

AMPPNP-bound, BocLys-AMP-bound and AMP-bound
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Table 1
PylRS crystal structures.

Name Constituents
Resolution
(Å)

PDB
entry References

PylRS(c270) Catalytic fragment of M. mazei pyrrolysyl-tRNA synthetase,
ligand-free form

2.65 2e3c Yanagisawa et al. (2008a)

PylRS(c270)–AMPPNP Catalytic fragment of M. mazei pyrrolysyl-tRNA synthetase
and adenosine 50-(�,�-imido)triphosphate

1.8 2q7e Kavran et al. (2007)

PylRS(c270)–AMPPNP Catalytic fragment of M. mazei pyrrolysyl-tRNA synthetase
and adenosine 50-(�,�-imido)triphosphate

1.9 2zcd,
3vqv

Yanagisawa et al. (2008a)

PylRS(c270)(SeMet)–AMPPNP Catalytic fragment of M. mazei pyrrolysyl-tRNA synthetase
(selenomethione-substituted) and adenosine
50-(�,�-imido)triphosphate

2.4 3vqw Yanagisawa et al. (2008a)

PylRS(c270)–BocLys–AMPPNP (initial
state of an amino-acid binding or
pre-aminoacyl-AMP synthesis) (form 2)

Catalytic fragment of M. mazei pyrrolysyl-tRNA synthetase,
N"-(tert-butyloxycarbonyl)-l-lysine and adenosine
50-(�,�-imido)triphosphate

2.4 3vqy This study

PylRS(c270)–Pyl–AMPPNP Catalytic fragment of M. mazei pyrrolysyl-tRNA synthetase,
pyrrolysine and adenosine 50-(�,�-imido)triphosphate

1.8 2zce Yanagisawa et al. (2008a)

PylRS(c270)–BocLys–AMPPNP (form 1) Catalytic fragment of M. mazei pyrrolysyl-tRNA synthetase,
N"-(tert-butyloxycarbonyl)-l-lysine and adenosine
50-(�,�-imido)triphosphate

1.79 2zin Yanagisawa et al. (2008b)

PylRS(c270)–CpocLys–ATP Catalytic fragment of M. mazei pyrrolysyl-tRNA synthetase,
N"-cyclopentyloxycarbonyl-d-lysine and ATP

1.9 2q7g Kavran et al. (2007)

PylRS(c270)–Pyl-AMP–PPi Catalytic fragment of M. mazei pyrrolysyl-tRNA synthetase
and pyrrolysyladenylate

2.1 2zim Kavran et al. (2007)

PylRS(c270)–AlocLys-AMP–PNP Catalytic fragment of M. mazei pyrrolysyl-tRNA synthetase,
N"-allyloxycarbonyl-l-lysyladenylate and PNP
pyrophosphate

2.06 2zio Yanagisawa et al. (2008b)

PylRS(c270)–BocLys-AMP
(pre-aminoacyl-tRNA synthesis)

Catalytic fragment of M. mazei pyrrolysyl-tRNA synthetase
and N"-(tert-butyloxycarbonyl)-l-lysyladenylate

2.3 3vqx This study

PylRS(c270)–AMP
(post-aminoacyl-tRNA synthesis)

Catalytic fragment of M. mazei pyrrolysyl-tRNA synthetase
and adenosine 50-monophosphate

2.3 3vqx This study

oMeTyrRS–oMeTyr–AMPPNP Catalytic fragment of M. mazei pyrrolysyl-tRNA synthetase
mutant A302T/N346V/C348W/Y384F/V401L, o-methyl-
l-tyrosine and adenosine 50-(�,�-imido)triphosphate

1.75 3qtc Takimoto et al. (2011)

DhPylRS D. hafniense pyrrolysyl-tRNA synthetase, ligand-free form 2.1 3dsq Lee et al. (2008)
DhPylRS D. hafniense pyrrolysyl-tRNA synthetase, ligand-free form 2.5 2znj Nozawa et al. (2009)
DhPylRS–tRNAPyl D. hafniense pyrrolysyl-tRNA synthetase and tRNAPyl 3.1 2zni Nozawa et al. (2009)



forms. On the basis of the present and previous PylRS

structures, we discuss the conformational states of the bound

adenylate and aminoacyl moieties and the Asn side chain in

the catalytic site, along with the aminoacylation reaction.

2. Materials and methods

2.1. tRNA preparation, protein purification and
crystallization

M. mazei tRNAPyl was transcribed in vitro with T7 RNA

polymerase and purified by Resource Q column chromato-

graphy (GE Healthcare). The native catalytic fragment of

M. mazei PylRS [PylRS(c270)] was purified as described

by Yanagisawa et al. (2006). Initial crystallization-condition

screening was conducted using commercially available crys-

tallization screening kits from Hampton Research, Emerald

BioStructures and Molecular Dimensions. We cocrystallized

PylRS(c270) (3.6 mg ml�1, 107 mM) with tRNAPyl

(2.7 mg ml�1, 129 mM), BocLys (1.7 mM) and AMPPNP

(5 mM) and obtained plate-like crystals at 293 K in 2 d using

the hanging-drop vapour-diffusion method in 100 mM sodium

cacodylate buffer pH 6.8 containing 0.2 M sodium/potassium

tartrate and 2 M ammonium sulfate. For cryoprotection, the

crystals were briefly soaked in reservoir solution containing

15% glycerol. BocLys–AMPPNP-bound

PylRS(c270) crystals were obtained by

the hanging-drop vapour-diffusion

method in 100 mM sodium cacodylate

buffer pH 7.0 containing 10 mM MgCl2,

5% PEG 3350, 5 mM BocLys, 5 mM

AMPPNP (Yanagisawa et al., 2006,

2008a). For cryoprotection, the crystals

were briefly soaked in reservoir solution

containing 35% glycerol.

2.2. Data collection and processing

A 2.3 Å resolution data set was

collected from cryocooled (100 K)

triclinic crystals of the AMP-bound

(and BocLys-AMP-bound) form on

beamline BL41XU at SPring-8. A 2.4 Å

resolution data set was collected from

hexagonal crystals of the BocLys–

AMPPNP-bound form on beamline

AR-NW12 at the Photon Factory. Data-

collection statistics are summarized

in Table 1. The PylRS(c270) crystal

belonged to the triclinic space group P1,

with unit-cell parameters a = 62.8,

b = 69.42, c = 83.33 Å, � = 106.92,

� = 91.41, � = 113.83�; the asymmetric

unit contained four PylRS(c270) mole-

cules, with a corresponding crystal

volume per protein weight (VM) of

2.36 Å3 Da�1 and a solvent content of

48%. All data were processed using the HKL-2000 program

suite (Otwinowski & Minor, 1997); other crystallographic

calculations were performed using the CCP4 package (Winn et

al., 2011).

2.3. Structure determination and refinement

The structures of AMP-bound (and BocLys-AMP-bound)

PylRS(c270) and of BocLys–AMPPNP-bound PylRS(c270)

were solved by the molecular-replacement method using the

structure of selenomethionine-substituted PylRS(c270) bound

to AMPPNP (PDB entry 3vqw; Yanagisawa et al., 2008a) as

the search model. Model building was accomplished with O

(Jones et al., 1991), CueMol (http://cuemol.sourceforge.jp/en/)

and Coot (Emsley & Cowtan, 2004) and refinement was

performed using CNS (Brünger et al., 1998) and REFMAC5

(Murshudov et al., 2011). The quality of the model was

analyzed with PROCHECK (Winn et al., 2011). Graphical

images were prepared with the programs CueMol, PyMOL

(http://www.pymol.org) and POV-Ray (http://www.povray.org/).

The data-collection and refinement statistics are summarized

in Table 2. Superpositions of the C� traces of the PylRS(c270)

structures were produced using the Secondary Structure

Matching (SSM) program (Krissinel & Henrick, 2004).
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Table 2
Data-collection and refinement statistics.

Values in parentheses are for the last shell.

PylRS(c270) triclinic form PylRS(c270)–BocLys–AMPPNP

PDB code 3vqx 3vqy
X-ray source BL41XU, SPring-8 AR-NW12, Photon Factory
Wavelength (Å) 1.0000 1.0000
Space group P1 P64

Unit-cell parameters (Å, �) a = 62.80, b = 69.42, c = 83.33,
� = 106.9, � = 91.4, � = 113.8

a = b = 103.36, c = 70.91,
� = � = 90, � = 120

Resolution (Å) 50–2.3 (2.34–2.30) 50–2.4 (2.44–2.40)
hI/�(I)i 14.0 (2.14) 23.8 (2.36)
Completeness (%) 83.9 (64.3) 97.2 (92.5)
No. of reflections 45275 16537
Multiplicity (%) 1.6 6.7
Rmerge† 3.7 (21.9) 7.9 (24.7)
Refinement

Rwork‡/Rfree§ (%) 21.3/27.0 19.7/23.1
Resolution (Å) 50–2.3 50–2.4
No. of atoms

Protein 8236 2087
Others 144 50
Water 164 98

No. of reflections (work/test) 40705/4573 14869/1661
Average B factors (Å2)

Protein 46.0 45.3
Ligands 64.1 53.3
Water 42.1 50.2

R.m.s. deviations
Bond lengths (Å) 0.007 0.007
Bond angles (�) 1.5 1.4

Ramachandran plot
Most favoured (%) 90.6 93.7
Allowed (%) 9.3 6.3
Disallowed (%) 0.1 0.0

† Rmerge =
P

hkl

P
i jIiðhklÞ � hIðhklÞij=

P
hkl

P
i IiðhklÞ. ‡ Rwork =

P
hkl

�
�jFobsj � jFcalcj

�
�=
P

hkl jFobsj for reflections in
the work set. § Rfree =

P
hkl

�
�jFobsj � jFcalcj

�
�=
P

hkl jFobsj for reflections in the test set [10% of the total reflections for
M. mazei PylRS(c270)].



2.4. Data deposition

Atomic coordinates and structure factors for the M. mazei

PylRS(c270)–AMP (and BocLys-AMP), PylRS(c270)–

BocLys–AMPPNP and selenomethionine-substituted

PylRS(c270)–AMPPNP complexes have been deposited in the

Protein Data Bank (PDB entries 3vqx, 3vqy and 3vqw,

respectively).

3. Results

3.1. Overall structures

We determined the crystal structure of the catalytic frag-

ment of M. mazei PylRS [PylRS(c270)] complexed with AMP

(and BocLys-AMP) at 2.3 Å resolution with final R and Rfree

factors of 21.3% and 27.0%, respectively (Table 2). The

triclinic crystals contained two homodimers (AB and CD) in

the asymmetric unit, which comprised 255, 243, 257 and 257

residues with visible density (residues 191–208, 212–279 and

286–454 for molecule A; residues 188–208, 213–279, 287–332,

334–377 and 387–454 for molecule B; residues 190–207, 212–

281, 284–378 and 381–454 for molecule C; residues 191–207,

210–279, 283–332 and 335–454 for molecule D; Fig. 1). The

present PylRS(c270) structures are essentially similar to the

previously reported PylRS(c270) structures in the hexagonal

form (236–241 PylRS residues with an r.m.s.d. of 0.64–0.84 Å

for the C� atoms). Furthermore, we determined a new crystal

structure of PylRS(c270)–BocLys–AMPPNP at 2.4 Å resolu-

tion using hexagonal-form crystals grown under the previously

reported conditions (Yanagisawa et al., 2006). The final R

and Rfree factors refined to 19.7% and 23.1%, respectively

(Table 2). As expected, the overall structure was the same as
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Figure 2
Crystal structures of BocLys bound to PylRS. (a, b) Stereoviews of the previously determined form 1 (a) and the present form 2 (b) structures of BocLys–
AMPPNP-bound PylRS(c270). (c) Superposition of the form 1 (blue white) and form 2 (light green) structures. (d) The Fo � Fc OMIT electron-density
map (contoured at 4�) of the unusually bent enzyme-bound BocLys in form 2.

Figure 1
Crystal packing of a triclinic-form crystal of M. mazei PylRS(c270). The
two subunits that form a biologically active homodimer are shown in
different colours. AMP and BocLys-AMP are shown as sphere models.
The unit cells are also shown.



that of previously reported

PylRS(c270) structures (Kavran

et al., 2007; Yanagisawa et al.,

2008a,b).

3.2. The structure of PylRS in the
BocLys-bound form

Although the PylRS(c270)

structures in the two crystal forms

were essentially the same (Figs.

2a and 2b), the structures of the

bound BocLys differed signifi-

cantly from each other (Yanagi-

sawa et al., 2008b). The tert-

butyloxycarbonyl (Boc) group in

the present BocLys-bound form

(form 2) points outwards from

the hydrophobic pocket, while

the tert-butyl (tBu) moiety of

BocLys in the previous BocLys-

bound PylRS(c270) structure

(form 1) was accommodated

within the hydrophobic pocket in

the same manner as Pyl (Kavran

et al., 2007; Yanagisawa et al.,

2008a), AlocLys (Yanagisawa et

al., 2008b) and CpocLys (Kavran

et al., 2007) (Fig. 2c). The struc-

tures of the amino-acid side

chains forming the hydrophobic

pocket in the PylRS active site

are the same in both crystal

forms. In contrast, the positions

of the side-chain amide of Asn346

are different. The Asn346 side
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Figure 3
Crystal structures of AMP and BocLys-
AMP bound to PylRS. (a, b) The
Fo � Fc OMIT electron-density maps
(contoured at 4�) of the bound AMP
(PDB entry 3vqx, molecule A) (a) and
BocLys-AMP (PDB entry 3vqx, mole-
cule C) (b) are represented as ball-and-
stick models. Transparent ribbon
models of the AMP-bound (and
BocLys-AMP-bound) forms are visible
in the background. (c) Superposition of
the structures of the previously deter-
mined form 1 (white) and BocLys-
AMP-bound (grass green) forms. (d)
Superposition of the structures of the
Pyl-AMP-bound (white) and BocLys-
AMP-bound forms (grass green). (e)
The Asn346 side chain hydrogen-bonds
to the carbonyl group of the amino-acid
substrate and a water-mediated
hydrogen bond exists between the
�-carboxyl group of BocLys (or the
�-amino group of pyrrolysyl-AMP) and
the side-chain amide group of Asn346.



chain points toward the �-phosphate group of AMPPNP in the

present structure, whereas it hydrogen-bonds to the N"-

carbonyl group of BocLys in form 1 (Figs. 2a and 2b; Yana-

gisawa et al., 2008b). Note that conformational changes of

Asn346 upon substrate binding were also observed upon

binding with other substrates, as discussed below. There are no

large hydrophobic interactions between the tBu moiety and

the PylRS active site (Fig. 2c). Consequently, the electron

density of the bound BocLys in form 2 was weaker than that of

the bound BocLys in form 1, implying that the present BocLys

structure is less stable than the previously reported structure

(Fig. 2d). On the other hand, the distances between the �-

carboxylate of BocLys and the �-phosphate of AMPPNP in

form 2 (4.5–4.9 Å) are shorter than those in form 1 (5.5–5.7 Å)

(Figs. 2a and 2b).

3.3. The structure of PylRS in the AMP-bound and
BocLys-AMP-bound form

Electron density corresponding to bound AMP was

observed in molecules A and B (Fig. 3a) and that corre-

sponding to bound BocLys-AMP was observed in molecules

C and D (Fig. 3b) in the triclinic-form crystal. Although the

crystallization experiments were performed in the presence

of PylRS(c270), BocLys, AMPPNP and tRNAPyl, no electron

density was observed for either the tRNA molecule or

AMPPNP. Therefore, we assumed that the reaction producing

BocLys-AMP and AMP occurred spontaneously during the

experiment. In the BocLys-AMP-bound form and form 1, the

Boc and AMP moieties, together with their surrounding

PylRS side chains, are located in the same positions (Fig. 3c

and 3d). The side-chain amide group of Asn346 hydrogen-

bonds to the N"-carbonyl group of the amino-acid substrate, as

observed in form 1 (Fig. 3e). However, there are two major

differences between these structures. Firstly, the Boc group of

BocLys-AMP tilts and the carbonyl group moves towards

Asn346, which maintains the same position in both structures.

Secondly, the �-carboxyl group of BocLys-AMP is flipped out

toward the phosphate group, so that the aminoacyl-AMP

molecule is formed without movement of the ATP molecule

(Figs. 3d and 3e). In the BocLys-AMP-bound structure no

water-mediated interaction exists between BocLys-AMP and

the side-chain amide group of Asn346. On the other hand, in

form 1 and the pyrrolysyl-AMP-bound form there is a water-

mediated interaction between the �-carboxyl group of BocLys

(or the �-amino group of pyrrolysyl-AMP) and the side-chain
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Figure 4
Conformational changes of the motif 2 loop and the ordering loop. (a, b) Overall structures of the triclinic crystal form of PylRS(c270) (PDB entry 3vqx,
molecule A). The motif 2 and ordering loops are coloured red. (c, d) Close-up stereoviews of motif 2 and the ordering loops (boxed regions in a and b).
The superpositioned C� traces of the AMP-bound (red and cyan traces; residues 277–286 and 331–337) and BocLys-AMP-bound forms (yellow and
orange traces; residues 277–286 and 331–337) with those of the ligand-free (dark blue trace; residues 277–286 and 331–337; PDB entry 2e3c) and two
AMPPNP-bound forms (green and pink traces; residues 277–286 and 331–337; PDB entries 2zcd and 2q7e) are shown. Arrows indicate the open-to-
closed conformations of the motif 2 and ordering loops.



amide group of Asn346. The rotation of the �-carboxyl group

causes the aminoacyl-AMP to adopt an unusual conformation

(Figs. 3d and 3e). In general, the dihedral angle of an

aminoacyl-AMP involving the C, O, P and O50 atoms ranges

from�40� to�110�, while those of BocLys-AMP are 127� and

153� for molecules C and D, respectively (Fig. 3e).

3.4. The motif 2 and ordering loops

The structural differences between the ligand-free form, the

AMPPNP-bound form, the present AMP-bound (and BocLys-

AMP-bound) form, form 1 and form 2 are mainly limited to

the ordering loop, the motif 2 loop (Fig. 4) and the �7–�8

hairpin (Fig. 5). ATP binding causes conformational changes

in the ordering and motif 2 loops, which revealed that PylRS

uses a different subset of the possible induced-fit mechanisms

observed for other class II aaRSs (Yanagisawa et al., 2008a).

The structures of the ordering and motif 2 loops in the present

AMP-bound (and BocLys-AMP-bound) and BocLys–

AMPPNP-bound structures resemble those of the AMPPNP-

bound form rather than the ligand-free form, although the

electron density was weaker and some residues in the loop

were excluded from the model (Figs. 4a and 4b). These results

indicated that the conformational changes induced upon ATP

binding are not influenced by either amino-acid binding or

ATP hydrolysis.

3.5. The b7–b8 hairpin

We found that the �-hairpins (residues 375–392) between

�7 and �8 adopt quite distinct conformations in each of the

four PylRS(c270) molecules in the triclinic-form crystals. The

�-hairpins are located in different regions from the edge of

the antiparallel �-sheet to the inside of the active-site pocket

(Figs. 5a and 5b). The entire structures of the hairpins are well

ordered in molecules A and D, while some parts of the hair-

pins are disordered in molecules B (residues Asp379–Thr387)

and C (residues Asp379 and Ser380). In molecules B, C and D

the �7–�8 hairpin assumes a straight structure that extends to

the tip (Fig. 5b). In contrast, in molecule A the �7–�8 hairpin

is bent around Gly378/Asp379 (�7) and Gly385/Asp386 (�8)

and half of the �-hairpin is turned towards the active site,

although the bending angle is smaller than those in the

AMPPNP-bound and Pyl-AMP-bound forms reported by

Kavran et al. (2007) (Fig. 5c). Note that the �7–�8 hairpins of

molecules A and D interact with each other by crystal packing,

which stabilizes the hairpin conformation. This may be one

of the reasons why the �7–�8 hairpins in each subunit adopt
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Figure 5
Conformational changes of the �7–�8 hairpin. (a) Overall structure of the
triclinic form of PylRS(c270) (PDB entry 3vqx, molecule A). Residues
377–386 in the �7–�8 hairpin are coloured red. (b) A close-up stereoview
of the �7–�8 hairpin (boxed region in a). The superpositioned C� traces
of the AMP-bound (red and cyan traces, molecules A and B) and BocLys-
AMP-bound forms (yellow and orange traces, molecules C and D) with
those of the ligand-free (dark blue trace; PDB entry 2e3c) and two
AMPPNP-bound forms (green and pink traces; PDB entries 2zcd and
2q7e) are shown. The �7–�8 hairpins (residues 374–390) are coloured. (c)
Superposition of the present AMP-bound (and BocLys-AMP-bound)
form with the PylRS(c270) structures. Tyr384 in each of the PylRS(c270)
forms is shown as a ball-and-stick model. The distances between the
main-chain C� atoms of Tyr residue 384 in molecules A (red), C (yellow)
and D (orange) of the present triclinic form and that of the AMPPNP-
bound form (pink) are as long as 2.3, 11 and 9.3 Å, respectively.
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Figure 6
Snapshots of the Asn346 side chain during aminoacyl-tRNA synthesis. Schematic representation of the conformational changes of the Asn346 side chain
according to the status of the tRNA-aminoacylation reaction. In the ATP-binding step (the AMPPNP-bound forms; PDB entries 2q7e, 3vqv and 3vqw),
the Asn346 side chain fluctuates by approximately 60�. In the initial state of amino-acid binding or pre-aminoacyl-AMP synthesis (form 2; PDB entry
3vqy), the Asn346 side chain points toward the �-phosphate of AMPPNP and does not interact with the N"-carbonyl group of the amino-acid substrate.
On the other hand, in the fixed state of amino-acid binding [CpocLys–ATP-bound form (PDB entry 2q7g), Pyl–AMPPNP-bound form (PDB entry 2zce)
and form 1 (PDB entry 2zin)], the Asn346 side chain interacts specifically with the N"-carbonyl group of the bound amino-acid substrate. The specific
interactions between the Asn346 side chain and the N"-carbonyl group of the amino-acid substrate remain unchanged during aminoacyl-AMP synthesis
[Pyl-AMP-bound form (PDB entry 2zim) and BocLys-AMP-bound form (PDB entry 3vqx)]. The orientation of the Asn346 side chain shifts by a
maximum of 85–90� around the C� atom, compared with that in the post-aminoacyl-AMP synthesis state and the fixed state of amino-acid binding, after
the aminoacyl-tRNA synthesis (AMP-bound form; PDB entry 3vqx) and following AMP release (ligand-free form; PDB entry 2e3c). The conformations
of motif 2, the ordering loops and the �7–�8 hairpin along with the aminoacylation reaction are also shown.



different conformations even though they are bound to the

same substrate. The ordering of the �7–�8 hairpin in the

interactions between molecules A and D leads to almost no

difference within the active site of molecule A compared with

molecule B or that of molecule C compared with molecule D.

The Tyr384 residues at the tip of the �7–�8 hairpins in both

BocLys-AMP-bound forms are located far from the active site.

On the other hand, one of the two Tyr384 residues in the

AMP-bound form was inside the active-site pocket, whereas

the other was disordered (Fig. 5c). These results confirmed

that the �7–�8 hairpin is very flexible, regardless of substrate

binding, as described previously (Yanagisawa et al., 2008a).

4. Discussion

There are two possible explanations for the conformational

states of the present form 2 structure. The BocLys molecule in

this structure is mobile (average B factor 89.1 Å2), indicating

that the structure represents the initial state of amino-acid

binding (Fig. 2c). In the previously determined form 1 struc-

ture the bound BocLys is in a more ordered state and has a

lower average B factor (56.4 Å2), which might represent the

fixed state of amino-acid binding to the PylRS active site

(Yanagisawa et al., 2008b). Another possibility is that the

BocLys–AMPPNP-bound PylRS may exist in equilibrium

between two different conformational states orresponding

to forms 1 and 2. The bound BocLys in the present form 2

structure appears to be more reactive than that in the

previously determined form 1 structure because the

�-carboxyl group of BocLys is closer to the �-phosphate group

of AMPPNP in form 1 than in form 2 (Figs. 2a and 2b).

Next, the bound BocLys-AMP in the triclinic crystal form

is unusually bent, with its �-carboxyl group flipped outwards

from the active site and thus susceptible to attack by the

terminal adenosine of tRNA (Fig. 3e). We suggest that the

present BocLys-AMP-bound PylRS structures represent the

complex immediately before aminoacyl-tRNA synthesis (pre-

aminoacyl-tRNA synthesis step) and the AMP-bound PylRS

structures represent the complex immediately after

aminoacyl-tRNA synthesis (post-aminoacyl-tRNA synthesis

step) (Fig. 6). Furthermore, crystallographic analyses of the

various PylRS structures revealed that the large structural

changes of the functionally essential Asn346 side chain, which

hydrogen-bonds to the N"-carbonyl group of the amino-acid

substrate, may be relevant to the aminoacyl-tRNA synthesis

reaction, as discussed below. On the other hand, the confor-

mational changes of the motif 2 and ordering loops are

induced upon binding the adenylate moiety of ATP and those

of the �7–�8 hairpin occur regardless of substrate binding,

as described previously (Yanagisawa et al., 2008a). To avoid

steric hindrance with the tRNA acceptor stem, the �7–�8

hairpin adopts an open conformation when tRNA enters the

active site of PylRS (Fig. 6; Yanagisawa et al., 2008a; Nozawa et

al., 2009).

To date, 13 crystal structures of M. mazei PylRS(c270),

including the ligand-free and several ligand-bound forms, have

been solved (Table 1). A comparison of these structures

revealed conformational changes of the side-chain amide

group of Asn346 which are essential for PylRS activity (Fig. 6;

Yanagisawa et al., 2008a). In general, PylRS exhibits higher

affinity for ATP than amino-acid substrates (the Km values for

ATP and Pyl are 2 and 50 mM, respectively; Blight et al., 2004;

Polycarpo et al., 2006). The bound ATP molecule stabilizes

the PylRS active site and might form part of the binding site

for the amino-acid substrate. The side-chain amide group of

Asn346 points toward the ATP (or AMPPNP) binding site in

the ligand-free state (Yanagisawa et al., 2008a) and in the post-

aminoacyl-tRNA synthesis step (the present AMP-bound

form). In the ATP-binding step (the AMPPNP-bound form),

the side chain of Asn346 points in both directions. It points

toward the AMPPNP phosphate in the structure reported by

Kavran et al. (2007), while the electron density of the Asn346

was dispersed in our previously reported structure (Yanagi-

sawa et al., 2008a). The Asn346 side chain fluctuates by

approximately 60� during ATP binding. On the other hand,

in the structures representing the fixed state of amino-acid

binding [CpocLys–ATP-bound (Kavran et al., 2007), Pyl–

AMPPNP-bound (Yanagisawa et al., 2008a) and form 1

(Yanagisawa et al., 2008a)] and the step after aminoacyl-AMP

synthesis (Pyl-AMP-bound; Kavran et al., 2007) the amide N

atom of the Asn346 side chain hydrogen-bonds to the N"-

carbonyl group of the amino-acid substrate and the amide O

atom of the Asn346 side chain interacts with the �-amino or

�-carboxyl group of the amino-acid substrate by a water-

mediated hydrogen-bond interaction (Fig. 3e). In the pre-

aminoacyl-tRNA synthesis step (the BocLys-AMP-bound

form), the side-chain amide group of Asn346 points toward

the amino-acid substrate and hydrogen bonds to the N"-

carbonyl group of BocLys. However, there are no hydrogen

bonds between Asn346 and the �-amino group of BocLys

owing to the absence of water-mediated interactions. The

Asn346 side chain shifts its direction by a maximum of 85–90�

around the C� atom of Asn346 compared with its orientation

in the Pyl-AMP-bound/Pyl–AMPPNP-bound and ligand-free

forms (Fig. 6). The present structures of PylRS in a novel

crystal form have revealed the pre- and post-aminoacyl-tRNA

synthesis conformational states of the adenylate and

aminoacyl moieties and the orientation of the asparagine

residue in the catalytic site. The present structures may

correspond to the last step of adenylate formation (the pre-

aminoacyl-tRNA synthesis stage) and a step after the release

of the aminoacyl-tRNA from PylRS prior to AMP release,

which would generate the free enzyme ready for another cycle

of aminoacylation (the post-aminoacyl-tRNA synthesis stage).

All of the previously determined structures of M. mazei

PylRS belonged to the hexagonal crystal family, whereas the

present AMP-bound and BocLys-AMP-bound structure of

M. mazei PylRS belongs to the triclinic crystal family. Crystal

polymorphs for capturing different conformational states have

been well studied for the tryptophanyl-tRNA synthetases

(TrpRSs; Retailleau et al., 2003, 2007; Buddha & Crane, 2005;

Shen et al., 2008; Zhou et al., 2010) and tyrosyl-tRNA

synthetases (TyrRSs; Kobayashi et al., 2005; Zhang et al.,

2005). In Bacillus stearothermophilus TrpRS (bTrpRS), TrpRS
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ligands induce large-scale conformational changes in the

bTrpRS structures from the open state (ligand-free form) to

the closed pre-transition state (Trp- and ATP-bound form)

and the closed product state (Trp-AMP-bound form)

(Retailleau et al., 2003, 2007). Crystals of the open state of

bTrpRS belong to the monoclinic and triclinic crystal families,

while those of the closed pre-transition and closed product

states of bTrpRS belong to the tetragonal crystal family. On

the other hand, local but not large-scale conformational

changes upon substrate binding have been observed in TyrRS

(Kobayashi et al., 2005). Likewise, many cases that have

captured different conformations of other aaRSs upon binding

of aaRS ligands or in ligand-free forms have been reported

(Cusack et al., 1996, 2000; Schmitt et al., 1998; Eiler et al., 1999;

Rees et al., 2000; Onesti et al., 2000; Sauter et al., 2000; Dela-

goutte et al., 2000; Yaremchuk et al., 2001; Sekine et al., 2003;

Crepin et al., 2003; Torres-Larios et al., 2003; Swairjo &

Schimmel, 2005; Moor et al., 2006; Bilokapic et al., 2008;

Yanagisawa et al., 2008a). Among these, however, there were

no cases that captured the aaRS structures of the AMP-bound

(the post-aminoacyl-tRNA synthesis stage) and aminoacyl-

AMP-bound (the pre-aminoacyl-tRNA synthesis stage) forms

in a single crystal, and no similar crystallization methods that

shed light on the mechanistics of aaRSs have been reported

for the other aaRSs. This is the first report of crystal poly-

morphs for capturing the conformational states in the M. mazei

PylRS structures. Crystal polymorphs grown under various

buffer conditions can capture different conformational states

and this technique may be useful to study the structural

dynamics of aaRSs.
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Ibba, M. & Söll, D. (2000). Annu. Rev. Biochem. 69, 617–650.
Jones, T. A., Zou, J.-Y., Cowan, S. W. & Kjeldgaard, M. (1991). Acta

Cryst. A47, 110–119.
Kavran, J. M., Gundllapalli, S., O’Donoghue, P., Englert, M., Söll, D.
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