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Aminoacyl-tRNA synthetase forms an enzyme-bound intermediate, aminoacyladeny-
late in the amino-acid activation reaction. This reaction is monitored by measuring
the ATP-PPi exchange reason in which [32P]PPi is incorporated into ATP. We
previously reported that L-lysine hydroxamate completely inhibited the L-lysine-
dependent ATP-PPi exchange reaction catalysed by lysyl-tRNA synthetase from
Bacillus stearothermophilus (BsLysRS). Several experiments suggested that BsLysRS
can adenylate L-lysine hydroxamate, but the enzyme-bound lysyladenylate-like
compound does not undergo the nucleophilic attack of PPi. This contrasts with the
two reports for seryl-tRNA synthetase (SerRS): (i) L-serine hydroxamate was utilized
by yeast SerRS as a substrate in the ATP-PPi exchange; and (ii) a seryladenylate-
like compound was formed from L-serine hydroxamate in the crystal structure
of Thermus thermophilus SerRS. To gain clues about the mechanistic difference,
we have determined the crystal structures of two complexes of BsLysRS with the
adenylate of L-lysine hydroxamate and with 50-O-[N-(L-Lysyl)sulphamoyl] adenosine.
The comparisons of the two BsLysRS structures and the above SerRS structure
revealed the specific side-chain shift of Glu411 of BsLysRS in the complex with the
adenylate of L-lysine hydroxamate. In support of other structural comparisons,
the result suggested that Glu411 plays a key role in the arrangement of PPi for the
nucleophilic attack.

Key words: aminoacyl-tRNA synthetase, crystal structure, L-lysine hydroxamate,
lysyl-tRNA synthetase, seryl-tRNA synthetase.

Abbreviations: aaRS, aminoacyl-tRNA synthetase; BsLysRS, lysyl-tRNA synthetase from Bacillus
stearothermophilus; EcLysRS, LysRS from Escherichia coli; Lys, L-lysine; LysSA, 5(-O-[N-(L-Lysyl)
sulphamoyl] adenosine; LXT and LXT-AMP, L-lysine hydroxamate and the adenylate respectively; SXT
and SXT-AMP, L-serine hydroxamate and the adenylate, respectively; TtSerRS, seryl-tRNA synthetase from
Thermus thermophilus.

Aminoacyl-tRNA synthetase (aaRS) catalyses the ligation
of the specific amino acid to its cognate tRNA (1, 2).

aaRSþ AA þ ATP$ aaRS � AA � AMPþ PPi ð1Þ

aaRS � AA þ tRNA$ aaRSþ AMPþ AA � tRNA ð2Þ

where AA denotes the amino acid; PPi, inorganic
pyrophosphate; AA�AMP, aminoacyladenylate; and
AA-tRNA, aminoacyl-tRNA. The first step is called the
amino-acid activation reaction, while the second step is
done with the aminoacyl transfer reaction. In most cases,
the amino-acid activation reaction is monitored by mea-
suring the highly reversible ATP-PPi exchange reaction
in which [32P] PPi is easily incorporated into ATP.
In general, all known organisms have 20 aaRSs, each of

which corresponding to one of common 20 amino acids.
Based on sequence similarity and catalytic domain
architecture, aaRSs are classified into two groups, class
I and class II. Consistent with this classification, the
class I and II aaRSs attach the specific amino acid to the
20- and 30-hydroxyl group of the terminal adenosine of
the cognate tRNA, respectively (3).

Lysyl-tRNA synthetase from Bacillus stearothermophi-
lus (BsLysRS) [EC 6.1.1.6] is a homodimer consisting of
493 amino acid residues in each subunit and belongs
to the class II. Based on the crystal structures of LysRS
from Escherichia coli (EcLysRS) (4, 5), it is considered
that the subunit consists of an N-terminal anticodon-
binding domain (Ser1-Pro144), a C-terminal catalytic
domain (Asp152-Lys493) and a polypeptide connecting
these two domains (Glu145-Leu151). We have studied
the mechanism of the L-lysine (Lys) activation reaction
catalysed by BsLysRS (6–9). We revealed that the Trp314
is responsible for the fluorescence changes accompanied
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with the Lys activation (10). We also demonstrated that
the activity of its catalytic domain alone markedly
decreases, but restores to almost the original level by
the addition of the anticodon domain (11).

Previously, we reported that L-lysine hydroxamate
(LXT) completely inhibited the Lys-dependent ATP-PPi
exchange reaction catalysed by BsLysRS due to the
formation of the lysyladenylate-like compound (LXT-
AMP) and that the enzyme-bound LXT-AMP did not
undergo the nucleophilic attack of PPi (6–8) (Fig. 1). This
is in contrast to the two reports for seryl-tRNA syn-
thetase (SerRS; a class II enzyme). L-serine hydroxamate
(SXT) partially, but not completely, inhibited the
L-serine-dependent ATP-PPi exchange catalysed by
yeast SerRS, and yet the enzyme catalysed the SXT-
dependent ATP-PPi exchange (12). In the crystal struc-
ture of Thermus thermophilus SerRS (TtSerRS), a close
homologue of yeast SerRS, a seryladenylate-like com-
pound, (SXT-AMP) was formed from SXT (Fig. 1) (13).
These differences suggest that particular residues of
BsLysRS and yeast SerRS play important and distinctive
roles in the arrangement of PPi for the nucleophilic
attack on the respective enzyme-bound aminoacyladeny-
lates (or the analogues). In this study, in order to identify
such residues, we have determined two crystal structures
of BsLysRS, one co-crystallized with LXT and ATP
and the other co-crystallized with an aminoacylsulpha-
moyladenosine, 50-O-[N-(L-Lysyl)sulphamoyl] adenosine

(LysSA) (Fig. 1D). As expected, LXT-AMP and LysSA
were contained in their active sites. The structural
comparisons of the BsLysRS�LXT-AMP complex, the
BsLysRS�LysSA complex, the EcLysRS�Lys�AMP�PPi
complex (4), the EcLysRS�Lys�ATP complex (4) and the
TtSerRS�SXT-AMP omplex (13) suggest that the prom-
ising candidate is Glu411 of BsLysRS and Glu345 of
yeast SerRS.

MATERIALS AND METHODS

Materials—BsLysRS was purified from E. coli
BL21(DE3) cells harbouring pNB plasmids according to
the method described previously (9). LXT and ATP were
purchased from Sigma (St. Louis, MO, USA). LysSA was
from RNA-TEC (Leuven, Belgium). All other chemicals
were of reagent grade.

Crystallization—BsLysRS (100 ml of 12 mg/ml) was dia-
lysed at 48C for 3 days against 200 ml of 50 mM HEPES
buffer (pH 7.5) containing 2 mM 2-mercaptoethanol
using Slide-A-Lyzer Mini DiaLysis Units 3,500 MWCO
(Pierce, Rockford, IL, USA). For the crystallization of the
BsLysRS�LXT-AMP complex, the dialysed enzyme
(8 mg/ml) was incubated at 378C for 1 h in a solution of
10 mM LXT, 5 mM MgCl2, 5 mM MgSO4 and 2 mM ATP
with the reservoir solution of 0.2 M PIPES buffer (pH 6.8)
containing 16% (v/v) polyethylene glycol 4,000 and 1.0 M
LiCl. Droplets were prepared by mixing 5 ml of the reaction
mixture with 5ml of a reservoir solution, and were
equilibrated against 500ml of the reservoir solution at
208C. The crystal was soaked in a cryoprotectant solution
of 0.2 M PIPES buffer (pH 6.8) containing 25% (v/v) PEG
400, 10 mM LXT, 5 mM MgCl2, 5 mM MgSO4 and 2 mM
ATP for several minutes. For the crystallization of the
BsLysRS�LysSA complex, the dialysed enzyme (8 mg/ml)
was incubated at 378C for 1 h in a solution of 4 mM LysSA,
5 mM MgCl2 and 5 mM MgSO4 with the reservoir solution
of 0.2 M PIPES buffer (pH 6.8) containing 18% (v/v)
polyethylene glycol 4000 and 1.0 M LiCl. Droplets were
prepared by mixing 5 ml of the reaction mixture with 5 ml of
a reservoir solution, and were equilibrated against 1 ml
of the reservoir solution at 208C. The crystal was soaked
in a cryoprotectant solution of 0.2 M PIPES buffer
(pH 6.8) containing 25% (v/v) PEG 400, 40 mM LysSA,
5 mM MgCl2 and 5 mM MgSO4 for several minutes. Both
crystals were placed in a nitrogen gas stream at 100 K,
and stored in liquid nitrogen.

Data Collection—X-ray diffraction images were col-
lected with synchrotron radiation at SPring-8 (Hyogo,
Japan). The data collection was carried out at 100 K
under a nitrogen gas stream. The images of the
BsLysRS�LXT-AMP complex were collected at the beam
line BL38B1 using an ADSC Quantum 4R detector at a
wavelength of 1.0 Å, while those of the LysSA complex
were done at the beam line BL38B1 using a RIGAKU
Jupiter 210 detector at a wavelength of 1.0 Å. After
processing to resolution of 2.0 Å using the HKL2000
program package (DENZO and SCALEPACK) (14), each
set of the images ware separately subjected to molecular
replacement using the program ‘CNS’ version 1.1 (15).
The coordinates of the EcLysRS in the complex with Lys
(Protein Data Bank entry code 1BBU) (5) with the 2.0 Å

Fig. 1. Structures of L-lysine and L-serine derivatives.
(A) Lys. (B) LXT. (C) LXT-AMP. (D) LysSA. (E) Lys�AMP.
(F) SXT-AMP. ‘Ad’ represents adenosine.
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resolution were used as a model. Since the molecular
replacement gave a clear solution, each model was sepa-
rately refined by simulated annealing with molecular
dynamics using a slow-cooling protocol in the program
‘CNS’. Several rounds of positional refinement and
individual ‘B’-factor refinement to 2.2 Å (the BsLysRS�
LXT-AMP complex) or 2.0 Å (the BsLysRS�LysSA com-
plex) were carried out using the program CNS. For the
calculation of a free ‘R’ factor, 10% of the reflections were
randomly selected and excluded from refinement. Using
PRODRG2 (16), the topology parameters of LXT-AMP
and LysSA were obtained by the energy minimizing of
the molecule, which was prepared based on the struc-
tures of SXT-AMP or SerSA (13). After each cycle of
refinement, the model was adjusted manually using
the graphics program TURBO-FRODO (AFMB-CNRS,
France) on a Silicon Graphics Octane computer. Isolated
electron densities >2.7s in the Fo–Fc map and/or 1.0s in
the 2Fo–Fc map were assigned as water molecules when
the locations were sterically reasonable. All figures
representing LysRS structures were prepared with the
programs of MOLSCRIPT (17) and RASTER3D (18). For
the preparation of figures with electron density of the
crystal structure, the program of Bobscript (19, 20) was
used. The coordinates of the crystal structures have been
deposited with the Protein Data Bank as 3EQI for the
LXT-AMP complex and 3E9H for the LysSA complex.

RESULTS AND DISCUSSION

Structure Determination—The diffraction data of the
BsLysRS�LXT-AMP complex were measured to 2.2 Å
resolution, while those of the BsLysRS�LysSA complex
were done to 2.1 Å resolution (summarized in Table 1).
Both asymmetric units contained two BsLysRS homo-
dimers. The electron densities of the following residues,
Ser1-Glu3, Tyr147-Lys151 and Lys493 were much low,
and thus their coordinates were not determined.

Figure 2A and B shows the crystal structures of a
whole homodimer of the BsLysRS�LXT-AMP complex
and that of the BsLysRS�LysSA complex, respectively.
Each subunit consists of an N-terminal anticodon-bind-
ing domain and a C-terminal catalytic domain with an
extended dimmer interface of the catalytic domains. In
all active sites (four each for the two complexes), one
strong electron density (>3s) was observed. The electron
density in the LXT-AMP complex and that in the LysSA
complex were interpreted as LXT-AMP (Fig. 2C) and
LysSA (Fig. 2D), respectively. Since one peak density
was observed in the proximity of LXT-AMP/LysSA in the
respective complexes, it was interpreted as an Mg2+ ion.
The crystallographic results for the LXT-AMP complex
supported our previous proposal that the complete inhib-
ition by LXT of the Lys-dependent ATP-PPi exchange
reaction catalysed by BsLysRS is due the irreversible
formation of the enzyme-bound LXT-AMP. On the other
hand, the result for the LysSA complex is consistent
with the report that LysSA is a strong inhibitor of
EcLysRS (21).

Figure 3 shows the close-up views of the active sites of
the two complexes of BsLysRS. In the BsLysRS�LXT-
AMP complex (Fig. 3A), the LXT-AMP molecule is

located on one side of two anti-parallel b-strands with
potential hydrogen bonding to the side chains of the
Glu231, Glu255, Glu269, Tyr271 and Glu418. The
adenine ring of LXT-AMP is sandwiched between
His261 and Phe265. The side chain of Glu411 has two
different forms, in which one side chain interacts with an
Mg2+ ion and the other does with Arg470. The Mg2+ ion
interacts with the oxygen of the phosphate of LXT-AMP,
30-hydroxyl group of ribose of LXT-AMP, and the side
chains of Glu404 and Glu411. In the BsLysRS�LysSA
complex (Fig. 3B), the LysSA molecule is located and
recognized in the same manner as the LXT-AMP
molecule. However, the Glu411 has a unique form in
both of the subunits, in which the side chain interacts
with an Mg2+ ion, but not with the side chain of Arg470.
The Mg2+ ion interacts with the oxygen of the sulpha-
mate and the side chains of Glu404 and Glu411. It is
remarkable that the position of the Mg2+ ion interacting
with LXT-AMP is about 3 Å different from the one doing
with LysSA.

Structural Comparisons—In order to investigate
whether the side-chain shift of Glu411 in the BsLysRS�
LXT-AMP complex is specifically caused by the formation
of LXT-AMP, we compared the crystal structures of
BsLysRS, EcLysRS and TtSeRS. We first compared
the BsLysRS�LysSA complex with the EcLysRS�
Lys�AMP�PPi complex (4). It is considered that the

Table 1. Data collection and refinement statistics.

Data collection
Data set LXT and ATP LysSA
X-ray source BL38B1 BL38B1
Detector ADSC

Quantum 4R
RIGAKU

Jupiter210
Space group P21 P21

a (Å), b (Å), c (Å) 79.14, 82.48,
149.78

79.64, 83.22,
150.82

89.99 89.95
Wavelength (Å) 1.000 1.000
Resolution range (Å) 50–2.2 (2.20–2.28) 50–2.05 (2.05–2.12)
Total/unique

reflections
298,457/92,075 3,757,661/110,899

Completeness (%) 94.7 (88.9) 89.7 (83.6)
Rmerge (%)a 8.1 (32.0) 8.7 (42.3)

Refinement
Program used CNS CNS
Resolution range (Å) 15–2.2 (2.20–2.28) 15–2.1 (2.10–2.17)
Used reflections 80,851 102,192
Completeness (%) 83.0 (60.8) 89.0 (83.3)
Residues/waters 1,936/498 1,936/463
Average protein
B-factor (Å2)

19.9 25.6

Average waters
B-factor (Å 2)

17.2 21.7

Bond length r.m.s. (Å) 0.007 0.02
Bond angles r.m.s. (Å) 1.4 2.1
R-factor (%)b 18.2 (18.1) 19.1 (25.2)
Rfree-factor (%)c 24.6 (26.9) 24.2 (31.3)

aRmerge=�|I-<I>|/�<I>, which I is the observed intensity of
reflections. bR-factor=� ||Fobs|-|Fcalc||/� |Fobs|.

cAn Rfree-factor test
set of 10% the total reflections was used. Statistics for the highest
resolution shell are given in parentheses.

Specific Side-Chain Shift of Glu411 at an Adenylation Step 557

Vol. 145, No. 5, 2009

 at Islam
ic A

zad U
niversity on Septem

ber 28, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


active-site structure of the BsLysRS�LysSA complex is
very similar to that of the BsLysRS�Lys�AMP complex.
As shown in Fig. 4A, both structures were identical
except for a conserved Arg residue, Arg260 in the former

and Arg269 in the latter. Figure 4B shows the compar-
ison of the BsLysRS�LXT-AMP complex with the
EcLysRS�Lys�AMP�PPi complex (4). In addition to the
structural difference for the conserved Arg residue

Fig. 2. The crystal structures of the BsLysRS complexes.
(A) BsLysRS�LXT-AMP. (B) BsLysRS�LysSA. Stereodrowing
showing ribbon diagram of the overall structure of the BsLysRS
homodimer is shown with the N-terminal anticodon-binding
domain (Glu4-Pro144), a C-terminal catalytic domain
(Asp152-Lys493). The polypeptide connecting these two domains
(Tyr147-Lys151), and Ser1-Glu3 and Lys493 are not shown.
The LXT-AMP and LysSA molecules are represented as sticks,

and the magnesium ions are done as spheres. ‘N’ and ‘C’ indicate
the positions of Glu4 and His492, respectively. (C) Fo-Fc map
contoured at 2.7 s showing densities in the active site of
BsLysRS corresponding to a LXT-AMP molecule after refinement
without LXT-AMP and Mg ion. (D) Fo–Fc map contoured at 2.7 s
showing densities in the active site of BsLysRS correspond-
ing to a LysSA molecule after refinement without LysSA and
Mg ion.
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(Fig. 4A), significant differences were observed for
the following pairs: (i) the a-phosphate moieties of LXT-
AMP and Lys�AMP; (ii) the side-chains of Glu411 of
BsLysRS and of Glu421 of EcLysRS; and (iii) the Mg2+

ions close to the a-phosphate moieties of LXT-AMP
and Lys�AMP. Further, PPi molecule was not observed
in the BsLysRS�LXT-AMP complex in contrast to the
EcLysRS�Lys�AMP�PPi complex. Since the backbone of
LXT-AMP is longer by one atom than those of Lys�AMP
and LysSA (Fig. 1), it is considered that the backbone
extension results in the side-chain shift of Glu411 in the
BsLysRS�LXT-AMP complex. It is considered that
the shift of Glu411 is closely associated with the shift
of the Mg2+ ion, which is induced as a result of the
interactions of the Mg2+ ion with the oxygen of the
phosphate and the 30-hydroxyl group of ribose of

LXT-AMP and with the side chains of Glu404 and
Glu411. The position of the Mg2+ ion in the BsLysRS�
LysSA complex is occupied by the side chain of Glu411 in
the BsLysRS�LXT-AMP complex. In the EcLysRS�
Lys�AMP�PPi complex, it seems likely that the PPi
molecule is rearranged at a better position for the
nucleophilic attack on the phosphorus atom of
Lys�AMP since the space surrounded by Lys�AMP,
Lys, the Mg2+ ions, Glu421 and Arg480 is wide enough
for the PPi molecule to further move.

Figure 4C shows the comparison of the EcLysRS�
Lys�ATP complex with the EcLysRS�Lys�AMP�PPi com-
plex (4). The EcLysRS�Lys�ATP complex was prepared in
the presence of Mn2+ instead of Mg2+ to repress the
formation of lysyladenylate. Their active-site structures
were almost identical, suggesting that the side-chain shift

Fig. 3. Close-up views of the active sites of BsLysRS.
(A) BsLysRS�LXT-AMP. (B) BsLysRS�LysSA. Stereodrowing
showing ribbon diagram of the active site of BsLysRS is shown.

The side chains of the key residues for the binding of
lysyladenylate, LXT-AMP and LysSA are represented as sticks,
and the Mg2+ ions are as spheres.
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of Glu411 of BsLysRS (Glu421 of EcLysRS) does not occur
upon the formation of lysyladenylate. Figure 4D shows the
comparison of the BsLysRS�LXT-AMP complex with
the EcLysRS�Lys�ATP complex (4). This comparison
emphasized the uniqueness of the side-chain position of
Glu411 in the BsLysRS�LXT-AMP complex. Figure 4E
shows the comparison of the BsLysRS�LXT-AMP complex
with the TtSerRS�SXT-AMP complex (13). The Mg2+ ion
was observed in the former but not in the latter.
The side-chain positions of Glu404 and Glu411
of BsLysRS were significantly different from those of
Asp332 and Glu345 of TtSerRS, respectively. Although
the two active-site structures are much different due to the
sequence difference, it seems that the Mg2+ ion is not be

retained well in the TtSerRS�SXT-AMP complex as
compared with the BsLysRS�LXT-AMP complex because
Glu404 of BsLysRS is replaced with Asp332 in TtSerRS
and yet the side chain of Asp332 makes a hydrogen bond
with the side chain of Ser348, which destabilize the
possible binding of Mg2+ ion. As a result, the side chain of
Glu345 in the TtSerRS�SXT-AMP complex is located at the
position of the Mg2+ ion in BsLysRS�LXT-AMP complex,
where Glu411 in the BsLysRS�LysSA complex and Glu421
in the EcLysRS�Lys�AMP�PPi complex are located
(Fig. 4).

Insights into the Irreversible Formation of HXT-ATP by
BsLysRS—The structural comparisons described above
showed that Glu411 residues in the BsLysRS�LXT-AMP

Fig. 4. Superimposition of the active-site structures.
(A) BsLysRS�LysSA (black) vs. EcLysRS�Lys�AMP�PPi (grey).
(B) BsLysRS�LXT-AMP (black) vs. EcLysRS�Lys�AMP�PPi
(grey). (C) EcLysRS�Lys�AMP�PPi. (black) vs. EcLysRS�Lys�
ATP (grey). (D) BsLysRS�LXT-AMP (black) vs. EcLysRS�Lys�
ATP (grey). (E) BsLysRS�LXT-AMP (black) vs. TtSerRS�SXT-
AMP (grey). Streodrowing is shown. The side chain of the key
residues for the recognition of the adenylate moiety, LXT-AMP,
LysSA, Lys�AMP, Lys�ATP and PPi are represented as sticks.

The Mg2+ ions of BsLysRS�LXT-AMP, BsLysRS�LysSA and
EcLysRS�Lys�AMP�PPi and the Mn2+ ions of EcLysRS�Lys�
AMP�PPi and EcLysRS�Lys�ATP are represented as spheres.
The key residues in parentheses are as follows. (A) EcLysRS�Lys-
AMP�PPi. (B) EcLysRS�Lys�AMP�PPi. (D) EcLysRS�Lys�ATP.
(E) TtSerRS�SXT-AMP. The structures of EcLysRS�Lys�AMP�
PPi, EcLysRS�Lys�ATP and TtSerRS�SXT-ATP are derived
from Protein Data Bank entry code 1E1T, 1E24, and 1SES,
respectively.
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complex have two forms and occupy unique positions,
which are not occupied by the counterparts in the other
four complexes (Fig. 4). In addition, the side chain of
Glu411 in the LXT-AMP complex is shifted towards the
adenine ring, compared to those of the counterparts in
the four complexes. For example, the distances from the
N9 atom of the adenine ring to the CG atom of the
conserved Glu residue in the respective complexes are as
follows: 6.1–6.3 Å in the BsLysRS�LXT-AMP (Fig. 3A);

7.1 Å in the BsLysRS�LysSA (Fig. 3B); 7.2 Å in the
EcLysRS�Lys�AMP�PPi (Fig. 4B); and 7.3 Å in the
TtSerRS�SXT-AMP (Fig. 4E). We consider that the ca.
1 Å side-chain shift of Glu411 in the LXT-AMP complex
is key to understanding the following mechanistic
difference: BsLysRS-bound LXT-AMP does not undergo
the nucleophilic attack of PPi, whereas yeast SerRS-
bound SXT-AMP undergoes it. The non-occurrence of
the attack of PPi on the LXT-AMP is explained as

Fig. 4. Continued.
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follows (Fig. 5A). After the LXT-AMP formation, the
Mg2+ ion is shifted towards Glu411 and the side-chain of
Glu411 slides towards the adenine ring, giving the two
forms of Glu411. Both of them block the binding of PPi to
the LXT-AMP complex or make impossible the arrange-
ments of PPi that permit its nucleophilic attack on the
enzyme-bound LXT-ATP. The reduced PPi-binding capac-
ity of the LysRS�LXT-AMP complex, compared with
that of the LysRS�Lys�AMP complex, is supported by
the crystallographic results, the non-existence of PPi in
the BsLysRS�LXT-AMP complex and the existence in the
EcLysRS�Lys�AMP�PPi complex (Fig. 4B). On the other
hand, details of the occurrence of the nucleophilic attack
of PPi on the yeast SerRS-bound SXT-AMP are uncertain
because the Mg2+-binding (position) has not been

confirmed in any SerRS structures. However, it seems
to be reasonable to postulate that an Mg2+ is arranged in
and around the putative Mg2+-binding site of yeast
SerRS upon the attack of PPi on the SXT-AMP because
it would be crucial to the stabilization of the transition
state of the a-phosphate. As described above, it is
considered that the Mg2+-binding affinity of TtSerRS
is reduced as compared with that of BsLysRS, due to the
replacement of Glu404 of BsLysRS with Asp332 of
TtSerRS and the formation of the hydrogen bond
between the Asp332 and Ser348 in TtSerRS (Fig. 5B).
The potential residues of TtSerRS involved in the Mg2+

binding (Asp332, Glu345 and Ser348) are all conserved
in yeast SerRS (Asp353, Glu366 and Ser369, respec-
tively). Thus, SXT binds yeast SerRS, but the resulting
shift of the Mg2+ ion and Glu366 (Glu345 in TtSerRS) are
limited. Therefore, the side chains of Glu345 in the
TtSerRS�SXT-AMP complex and Glu366 in the yeast
SerRS�SXT-AMP complex exist at the position of the
shifted Mg2+ ion of the BsLysRS�LXT-AMP complex
and they are thought not to block the PPi binding
(Fig. 5B).

Inhibitors of aaRSs—Because aaRS is an essential
enzyme for protein biosynthesis, its inhibitors might be
clinically useful as antibacterial agent (22). Mupirocin, a
natural antibiotic produced by Pseudomonas fluores-
cence, inhibits bacterial isoleucyl-tRNA synthetase and
is clinically used to control infections by methicillin-
resistant Staphylococcus aureus (MRSA) (22, 23). On the
other hand, aminoacylsulphamoyladenosines and ami-
noalkyl adenylates have been synthesized and evaluated
for their inhibitory activities on aaRSs. Hydroxamate-
linked and aminoacyladenylate-like compounds, such
as LXT-AMP and SXT-AMP, have not been noticed as
the inhibitors of aaRSs. We previously demonstrated
that LXT completely inhibits the BsLysRS activity in
the Lys-dependent ATP-PPi exchange reaction with the
inhibitor constant, Ki, value of 0.6� 0.2mM (6, 7). It was
reported that in the amino -acid activation reaction
by EsLysRS, the Ki values of LXT and LysSA were
86� 7 mM and 0.028� 0.003 mM, respectively (21). This
might give the impression that LXT is not an effec-
tive inhibitor. However, the Ki value of LXT is compa-
rable to other inhibitors such as L-lysine amide, L-lysine
methyl ester and L-lysine ethyl ester (21). In this study,
we suggested that Glu411 of BsLysRS plays a key role
in the irreversible formation of LXT-AMP. Further
structural study is required to evaluate LXT-AMP or
other hydroxamate-linked and aminoacyladenylate-like
compounds as clinically useful inhibitors of bacterial
aaRSs.
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Fig. 5. Schematic representation of a mechanism in
which the nucleophilic attack of PPi on the LXT-AMP
does not occur. (A) BsLysRS�LXT-AMP. Glu411 blocks the PPi
binding. (B) TtSerRS�SXT-AMP. Glu345 does not block the
PPi binding. Distances between atoms are indicated in ang-
strom. ‘Ad’ represents adenine. The positions of the PPi
molecules (A and B) and the Mg2+ ion (B) were determined by
the calculation.
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