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ABSTRACT. Aminoacyl-tRNA synthetases play a key role in protein biosynthesis by catalyzing the specific
aminoacylation of tRNA. The energy required for the formation of the ester bond between the amino acid
carboxylate group and the tRNA acceptor stem is supplied by coupling the reaction to the hydrolysis of
ATP. Lysyl-tRNA synthetase froniEscherichia colibelongs to the family of class Il synthetases and
carries out a two-step reaction, in which lysine is activated by being attacheddepthesphate of AMP

before being transferred to the cognate tRNA. Crystals of the thermo-ind&cibt@i lysyl-tRNA synthetase

LysU which diffract to 2.1 A resolution have been used to determine crystal structures of the enzyme in
the presence of lysine, the lysyddenylate intermediate, and the nonhydrolyzable ATP analogue AMP-
PCP. Additional data have been obtained from crystals soaked in a solution containing ATP @nd Mn
The refined crystal structures give “snapshots” of the active site corresponding to key steps in the
aminoacylation reaction and provide the structural framework for understanding the mechanism of lysine
activation. The active site of LysU is shaped to position the substrates for the nucleophilic attack of the
lysine carboxylate on the ATR-phosphate. No residues are directly involved in catalysis, but a number
of highly conserved amino acids and three metal ions coordinate the substrates and stabilize the pentavalent
transition state. A loop close to the catalytic pocket, disordered in the lysine-bound structure, becomes
ordered upon adenine binding.

Aminoacyl-tRNA synthetases are ubiquitous enzymes that domain which resembles the canonical dinucleotide-binding
are responsible for the correct charging of transfer RNA fold found in many dehydrogenases-4). In contrast, class
(tRNA) with the cognate amino acid. The energy required Il enzymes are characterized by three conserved sequence
for the formation of the ester bond between the amino acid motifs, which have been shown to be involved in dimeriza-
and the tRNA acceptor stem is supplied by coupling the tion and amino acid activation, and have a catalytic domain
reaction to the hydrolysis of ATP to AMP and pyrophos- built around a large antiparallgl-sheet flanked by long
phate. Despite the fact that they differ widely in size, helices 6—7). This classification generally holds throughout
sequence, and oligomeric state, all aminoacyl-tRNA syn- the various kingdoms.
thetases carry out the same two-step reaction. In the first The formation of an enzyme-bound adenylate intermediate
step, the enzyme binds ATP and the amino acid, andis a common mechanism used by both prokaryotic and
catalyzes the formation of an aminoaeydenylate inter-  eukaryotic organisms to activate substrates, especially those
mediate, in which the carboxylate group of the amino acid having a carboxylate group which can form an acyl
is activated by becoming attached to the phosphoryl moiety adenylate intermediate. In particular, it is the mechanism used
of AMP. This intermediate is unstable in solution and does by enzymes which activate amino acid substrates for peptide
not dissociate from the enzyme. In the second step of thesynthesis. Formation of an acyadenylate intermediate is a

reaction, the amino acid moiety is transferred to theo2 common step not only to the two unrelated classes of
3'-ribose hydroxyl group of the terminal adenosine of the aminoacyl-tRNA synthetases but also to peptide synthetases,
tRNA molecule. which carry out nonribosomal protein synthesis in fungi and

Sequence homology and structural studies have revealecacteria 8).
that it is possible to divide aminoacyl-tRNA synthetases into  |n eukaryotes and most prokaryotes, lysyl-tRNA synthetase
two classes, where each class shares sequence motifs and(@ysRS} belongs to the class Il family of aminoacyl-tRNA
similar topology for the catalytic domaid) Class | enzymes  synthetases, but in some archaea and bacteria, it has recently
contain two conserved sequences (HIGH and KMSKS, been shown that the lysyl-tRNA charging activity is associ-
shown to be involved in ATP binding) and have a catalytic ated with a protein containing the conserved motifs charac-
teristic of class | enzyme®(10). This is the only example
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subfamilies (called lla, b, and lic) with more extensive crystals in a cryoprotectant solution, to collect data at low
sequence and structural homology can be identified. LysRStemperatures, were unsuccessful due to crystal cracking. The
from Escherichia colibelongs to the llb subfamily together crystallization protocol was therefore modified to include
with AspRS and AsnRS, and shares with these enzymesl17% glycerol as a cryoprotectant, to avoid the handling
a conserved topology of the anticodon-binding domain damage and the osmotic shock upon harvesting. The crystals
(11, 12). grown under these conditions have a morphology identical
In E. coli, there are two isoforms of LysRS. LysS is to that of the original orthorhombic crystals, but their
expressed under normal growth conditions, while LysU is diffraction pattern is consistent with space gr&?§22 with
the product of a normally silent gene, which is overexpressedthe following cell dimensionsa = b = 143.1 A andc =
under certain physiological conditions, such as high tem- 176.1 A. These hexagonal crystals contain a single monomer
perature, anaerobiosis, low external pH, or the presence ofin the asymmetric unit, can be readily frozen, and diffract
leucine (L3, 14). The sequences of the two proteins are 88% to 2.1 A. Since the crystals cracked easily upon handling,
identical, and the proteins have similar enzymatic properties. substrate binding studies were performed by slowly adding

They only appear to differ significantly in their affinity for
lysine, with the dissociation constant of the Lyslysine
complex being 8-fold lower than that of the Lysfysine

small amounts of a substrate solution directly to the crystal-
lization drop, rather than transferring the crystals into a new
harvesting solution.

Data Collection Diffraction data to 2.1 A resolution were

complex (5). _
In a previous paper, we reported the crystal structure of "€corded from a hexagonal crystal of the enzyrysine

E. coli LysU in a complex with the amino acid substrate at complex flash-frozen to 100 K in a stream of cold nitrogen

2.8 A (16). This structure revealed the overall conformation Produced by a Cryostream Cooler (Oxford Cryosystems).

of the molecule and details of the active site that explain ' n€ data were collected at DESY (Hamburg, Germany) on

the specificity of the enzyme for the lysine substrate. thewiggler beamline BW7B (Table 1), using a MarResearch

Subsequently, crystal structures Biermus thermophilus
LysRS complexed with the modifiel. coli tRNAYS and
with the T. thermophilustRNAYS transcript have been
published, together with a low-resolution (3.8 A) structure
of LysRS in a complex with tRNA and a nonhydrolyzable
lysyl—adenylate analogud?). In all three structures, only
the anticodon of the tRNA molecule is well-ordered.

Here we report high-resolution structures of four distinct
complexes oft. coli LysU, in the presence of lysine, an
ATP analogue, the lysyladenylate intermediate, and the
unreacted ATP in the presence of Mrions. The substrate
ATP reacts with the lysine bound to the active site in the
crystal to give the lysytadenylate intermediate. In the

presence of a nonhydrolyzable ATP analogue, the first step
of the reaction does not occur and the resulting structure

reveals the conformation of bound ATP prior to catalysis.
The positions of the metal binding sites implicated in
catalysis have been determined by using MriG$tead of

MgCl,. The four new crystal structures afford views of the
active site at different key stages of the aminoacylation

reaction and reveal the structural basis of LysRS specificity

and the enzyme mechanism. No major conformational

change in the enzyme is observed, but a loop close to the

catalytic pocket, disordered in the lysine-bound structure,
becomes ordered upon ATP binding.

EXPERIMENTAL PROCEDURES

Crystallization.Recombinant LysU was overexpressed in
E. coli cells and purified as previously describelB). The
protein was concentrated to 12 mg/mL in 20 mM Hepes
buffer (pH 7.5), 5 mM lysine, and 2 mi#-mercaptoethanol.
Initially, orthorhombic crystals were obtained by vapor
diffusion in hanging drops from a solution containing 20%
PEG 2000, 0.5 M LiCl, and 0.1 M Pipes buffer (pH 6.8).
These crystals belong to space grai22 (cell dimensions
of a= 144.3 Ab = 257.8 A, andc = 182.1 A), contain

imaging plate system. Diffracted intensities were evaluated
and integrated using the program DENZD®),

Data to 2.4 A resolution were obtained from crystals in
the presence of the substrate Mgand ATP on the X11
beamline (DESY). A small amount of solution containing
ATP and MgC} was added to the crystallization drop to yield
a final concentration of about 5 mM, and the crystal was
frozen directly from the drop. A similar procedure was used
to collect data in the presence of the nonhydrolyzable ATP
analogue AMP-PCP g(y-methyleneadenosine’-&iphos-
phate). A solution containing AMP-PCP and MgQVas
added directly to the drop to give an inhibitor concentration
of approximately 5 mM. Diffraction data to 2.4 A resolution
were collected at Elettra (Trieste, Italy), on an 18 cm diameter
MarResearch imaging plate system. In a similar manner for
data set 4, a solution containing ATP and Ma®hs added
to the drop and a full data set collected using the Synchrotron
Radiation Source at Daresbury (Warrington, U.K.). The
images were processed and integrated using a version of
MOSFLM modified for image plate data (A. G. W. Leslie,
personal communication). A summary of the data collection
statistics is given in Table 1. All data handling leading to
electron density maps was done using the CCP4 program
package Z0).

Structure Solution and Refinemebiespite the apparently
dramatic change in space group symmetry (fr6g22 to
P6,22), the presence of glycerol caused only a minor
rearrangement of the crystal lattice. A comparison of the cell
parameters revealed the relationship between the two lattices,
and allowed the original LysU structure from the ortho-
rhombic crystal form to be placed in the hexagonal asym-
metric unit by simply translating the model in tRelirection
by Y/, the cell dimension.

This initial model was refined against the 2.1 A data with
the program X-PLORZ1) using the stereochemical param-
eters of Engh and Hube2®). Low-resolution data to 20 A
were included, and a bulk solvent correction was applied

three monomers in the asymmetric unit arranged around athroughout the refinement procedure. A random sample
pseudo-3axis, and diffract to 2.1 A resolution but are very containing 5% of the data was excluded from the refinement,
sensitive to radiation damage. Attempts to stabilize the and the agreement between calculated and observed structure
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Table 1: Data Collection and Refinement Statistics

1 2 3 4

amino acid 5 mM lysine 5 mM lysine 5 mM lysine 5 mM lysine
soaking conditions ATP 5 mM AMP-PCP 5mM ATP 5mM ATP

metal ion 5 mM MgC} 5 mM MgCl, 5 mM MnCl,
soaking time cocrystallized 4h 12h 1lh

Data Collection
Synchrotron DESY Hamburg ELETTRA Trieste DESY Hamburg SRS Daresbury
beamline BW7B 5.2R X11 9.6
wavelength (A) 0.86 1.32 0.93 0.87
resolution (A) 25621 10.6-2.4 15.6-2.4 25.0-2.35
no. of measurements 977338 120728 334798 217414
no. of independent reflections 60434 33781 41908 45104
completeness (outer shell) (%) 99.6 (99.6) 84.7 (65.1) 98.2 (94.1) 99.4 (99.4)
Rmergé (outer shell) (%) 8.5(26.1) 6.5(9.9) 8.6 (20.4) 7.2(18.2)
intensityt (outer shell) 8.8(3.7) 8.1(6.3) 10.5 (4.1) 15.5(7.3)
Crystallographic Refinement
Reactof” (OUter shell) (%) 19.5 (26.2) 17.6 (25.7) 18.6 (26.7) 18.2 (24.9)
Riree (OUter shell) (%) 23.3(30.1) 22.8(32.9) 23.0 (29.2) 21.3(24.8)
rmsd for bonds (A) 0.007 0.006 0.007 0.006
Modeled Ligands
lysine lysine and AMP-PCP Lys-AMP and PP lysine, ATP, and Mn

@ Rmerge = Zn2illi(h) — O(h)VZnZi1i(h), whereli(h) is theith measurement of reflectidmand [i(h)Cis the weighted mean of all measurements
of h. ® Riactor = Zn|Fobs — Fead/ZnFobs WhereFqps and Feac are the observed and calculated structure factors, respectively.

factors for those reflectiondx.e) was used to monitor the ~ ATP analogue AMP-PCP, in the presence of magnesium or
course of the refinement2®). The refined model of the  manganese salts (Table 1). These complexes (data-séjs 2
LysU—lysine complex includes residues-153, 161-268, were refined starting from the 2.1 A resolution model. After
and 2706-502. rigid-body refinement, difference Fourier maps showed clear
All the ATP complexes (data sets—2) were refined density corresponding to the various substrates, substrate
starting from the high-resolution refined model of the LysU ~ analogues, and metal ions.
lysine complex. After rigid-body refinement, difference The crystals require lysine to grow, and a lysine molecule
Fourier maps showed clear density for the nonhydrolyzable remains bound to the active site even when the crystals are
ATP analogue (data set 2), the lysyddenylate intermediate  stored in a lysine-free solution. When the nonhydrolyzable
and the pyrophosphate (data set 3), and the unreacted ATFATP analogue AMP-PCP was used instead of ATP (data
and Mr#t ions (data set 4). Coordinates for the ligands were set 2), the first step of the reaction did not occur and the
included and the structures refined to give models with good resulting structure revealed the conformation of the ATP
stereochemistry and loW.cor Values. In each case, well-  substrate before catalysis. When crystals were soaked
defined electron density for the loop between residues 264 overnight into a solution containing ATP and Rig(data
and 271 allowed residue 269 to be included in the model. set 3), the electron density in the active site clearly showed
The refinement statistics are summarized in Table 1. Figuresthat the first step of the reaction had occurred within the
1-3 were prepared using Raster3R4)Y and Molscript crystal with the formation of the lysyladenylate (Lys
(25, 26). The coordinates of the four crystal structures have AMP) intermediate. The role of divalent metal ions was
been deposited with the Protein Data Bank. The accessionstudied by soaking crystals in a solution containing ATP and
codes for data sets# in Table 1 are 1E10, 1E1T, 1E22, MnCl, (data set 4). The electron density map showed that

and 1E24, respectively. in this case the ATP had not reacted with the amino acid
lysine, probably due to the shorter soaking time that was
RESULTS AND DISCUSSION used.

The corresponding ligands (lysine and AMP-PCP for data

Structure Solution and Modeled Ligand3rystals of the set 2, the lysyladenylate intermediate and pyrophosphate
LysU—lysine complex obtained in the presence of 17% for data set 3, and lysine and ATP/Rirfor data set 4) were
glycerol display a habit similar to that of the original built in the enzyme active site, and crystallographic refine-
orthorhombic crystals obtained in the absence of glycerol ment was carried out to produce models with low crystal-
(16, 18), but belong to a related hexagonal crystal form. Data lographic Ricor Values and good stereochemistry. The
to 2.1 A resolution were collected from one crystal (Table refinement statistics and modeled ligands are summarized
1, data set 1), and the structure was determined by using thén Table 1.
original orthorhombic model, translated to account for the  Qperall Structure The structure of LysU complexed with
different origin of the hexagonal cell. This initial model was  the lysine substrate has been previously determined at 2.8
refined against the 2.1 A data to give a high-resolution A resolution (6). The enzyme is active as a homodimer,
structure of the enzymelysine complex. with an extended dimer interface. Each polypeptide chain

Diffraction data to 2.4 A were collected after soaking contains 504 amino acid residues and can be divided into
hexagonal crystals of the Lystlysine complex in solutions  three domains: an N-terminal domain, a catalytic domain,
containing lysine and either ATP or the nonhydrolyzable and an insertiom-helical domain. The overall structure of
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accuracy of the new model, the hydrogen bonding pattern
of the lysine substrate does not require revision.

ATP Binding To examine the position of the ATP
substrate before the reaction takes place, diffraction data were
collected from crystals grown in the presence of lysine and
then soaked in a solution containing the nonhydrolyzable
ATP analogue AMP-PCP and Mg{(data set 2, Table 1).
The corresponding refined model reveals the position and
conformation of ATP before the adenylation reaction takes
place. What occurs in the crystal is consistent with biochemi-
cal data showing that AMP-PCP is an inhibitor of lysyl-
tRNA synthetase (unpublished results), despite the fact that
the adenylation reaction requires cleavage of the bond
between theo- and g-phosphate, and in AMP-PCP the
nonhydrolyzable bond is located between fhe@ndy-phos-

Ficure 1. Ribbon representation of a dimer of LysU viewed down phlates. b . t desi d to locate th
the molecular 2-fold axis. The structure shown is that of the 2.1 A N @ subsequent experiment designed to locate the mag-

complex of LysU with the substrate lysine (shown as a space filling nesium sites, electron-dense Mrions were used in place
model in violet). One monomer is shown in green, while the other of Mg?". Our biochemical data show that the enzyme activity

monomer is colored according to the domain structure. The in the presence of M ions is comparable to the activity

N-terminal anticodon-binding domain is shown in red. Within the ;
larger domain which contains the catalytic site, the conserved core measured in the presence of Mg(data _not STO\.Nn)'
which is common to all class Il aminoacy-tRNA synthetases is However, when crystals were soaked foh in asolution

shown in light blue, while the secondary structural elements specific containing ATP and MnGl(data set 4, Table 1), the reaction
to lysyl-tRNA synthetase structure are in dark blue. A dashed orangedid not occur and the electron density map could be
Chain, which include the seqment of residueb 1560 nking the | nambiguously interpreted in tefms of an unreacted ATP
two domains and residue 2969 (indicated by a star) in th% motif 2 moIe_cuIe_(Flgure ZA)' This resul_t IS probab_ly due to the short
loop. soaking time used in the experiment, but it may also reflect
the different behavior of the enzyme under the conditions
used for crystallization. A model almost identical to the

a LysU dimer with a lysine molecule bound to each active previous AMP-PCP structure, but including three manganese
site is shown in Figure 1. ions, was refined against these data. Three well-defined

The N-terminal domain (residues-153; showninredin  electron density peaks (higher than 10 rms) were clearly
Figure 1) is involved in binding the tRNA anticodon stem  visible; these peaks are associated with the ATP phosphates,
loop (17) and is built around a five-strand¢dbarrel with a with Mn 1 coordinated by oxygen atoms from the and
topology known as OB (oligonucleotide-binding) folei7. B-phosphate and two carboxylates (Glu 414 and Glu 421),
A similar fold has been observed in other proteins that bind while Mn 2 and Mn 3 bridge thg- andy-phosphates. Three
RNA and single-stranded DNA such as the eukaryotic peaks are present in the AMP-PCP density map, at positions
replication protein A 28, 29) and Staphylococcuauclease  identical to those of the M sites, and have been interpreted
(30). This module is present in all three members of the llb as metal binding sites, although the electron density does
subfamily: AspRS 11), AsnRS (2), and LysRS. not allow us to discriminate between a water molecule and

The large catalytic domain (residues &04; blue in a Mg?" ion.
Figure 1) includes a conserved scaffold shared by all class A difference electron density map calculated for the
Il synthetases which consists of a large eight-stranded, mostlyunreacted ATP is shown in Figure 2A. The substrates of the
parallel g-sheet, surrounded by several long helices. The first step of the aminoacylation reaction (lysine and ATP)
function of the catalytic domain is to bind the amino acid, are held by a network of hydrogen bond interactions in a
ATP, and the tRNA acceptor stem and catalyze the two stepsdeep hydrophilic cleft located on one side of the large
of the aminoacylation reaction. The three sequence motifs antiparallels-sheet and closed by the surrounding loops of
originally identified in class Il synthetases are found in this the catalytic domain. Figure 3 shows the hydrogen bonds
part of the molecule. Sequence motif 1 (centered around Proand electrostatic interactions between the enzyme and the
208) is located at the subunit interface and is not involved substrates (lysine and ATP) before the first step of the
in catalysis, but plays a structural role in maintaining the reaction takes place. A schematic diagram of these interaction
dimer interface. Motifs 2 and 3 (centered around Arg 262 is shown in Figure 4A. The locations of the Kfgions
and Arg 480, respectively) contribute conserved residues correspond to electron density peaks obtained using diffrac-
involved in the binding of ATP and Mq ions. A number tion data collected from the crystal soaked in a solution
of secondary structure elements (shown in dark blue in Figure containing MnCJ.
1) are inserted into the conserved scaffold and are unique to  As in all class Il aminoacyl-tRNA synthetases, the ATP
the different class Il enzymes. is found in an unusual bent conformation with theand

The model refined against the 2.1 A data set is not y-phosphates folded toward the adenine ring into a U-shaped
significantly different from that obtained using data to 2.8 structure 7). This places the--phosphate in an ideal position
A from the original orthorhombic crystal forml€), but to attack the carboxylate of the amino acid substrate. We
provides a more accurate structure for understanding thehave two different structures (2 and 4) showing the confor-
reaction mechanism at the atomic level. Despite the higher mation of the bound, unreacted ATP. The corresponding
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and MgC}, a lysyl-adenylate intermediate was formed
within the crystal. This corresponds to the first step of the
reaction catalyzed by LysRS. A difference Fourier map
showed well-defined electron density for the adenylate
molecule (Figure 2B). An additional electron density peak
could be modeled as a partially occupied pyrophosphate
molecule. We considered the possibility of the electron
density resulting from two overlapping states (the unreacted
ATP substrate and the product lysyddenylate intermediate),
but the electron density corresponding to the lyadenylate
intermediate was unambiguous, ruling out the presence of
significant amounts of unreacted ATP. Tiagohosphate has
clearly moved to within binding distance of tkecarbon of

the substrate lysine, and the distance betweenuthand
p-phosphates has increased. The adenosine moiety of the
lysyl—adenylate intermediate binds to the synthetase in a
manner similar to that of the unreacted ATP. Interactions of
the enzyme with the--phosphate are stronger in the lysyl
adenylate complex than those observed in the ATP com-
plexes. When the electron density map of the lyadenylate
complex is compared with the model derived from the MnClI

Ficure 2. (A) Difference electron density map calculated with soak, two peaks exactly coincide with the positions of the

diffraction data collected from a crystal of the Lyslysine manganese ions. We therefore infer that in the crystal
complex soaked briefly in a solution containing ATP and MnCl  structure of the adenylate complex only two of the magne-

Under these conditions, the ATP does not react and the map showssjum sites (Mg 1 and Mg 3) are retained. The site that is
the substrate lysine (in violet) and the position and conformation missing (Mg 2) would bridge the oxygen atoms of ife

of the ATP (in green) before the first step of the reaction takes d h h f th iall ied h h
place. The map was calculated with the substrates omitted from @Nd y-phosphates of the partially occupied pyrophosphate

the model, using all data between 25 and 2.35 A, and contoured atmolecule.
4. (B) Difference electron density map calculated with diffraction Aminoacylation ReactionSuperposition of the lyswy

data collected from a crystal of the enzyrigsine complex soaked  adenylate and ATP/AMP-PCP structures is consistent with

overnight in a solution containing ATP and MgCThe first step S ; : : o
of the reaction occurred within the crystal, leading to the formation an in-line displacement mechanism for lysine activation. The

of the lysyadenylate intermediate. The additional electron density ATP is bentinto a U-shaped conformation in such a way as
peak can be modeled by a partially occupied pyrophosphateto place theo-phosphate in an ideal position to react with
molecule. The map was calculated with the coordinates of the the carboxylate of the amino acid substrate. No enzyme
lysyl—adenylate intermediate and pyrophosphate omitted from the residue participates directly in the reaction, and catalysis is
model, using all data between 15 and 2.4 A, and contoured-at 3 achieved by binding both substrates (lysine and ATP) in the
atomic models are very similar, confirming that the inhibitor correct conformation. The negati\'/e'charges on the lysine
AMP-PCP is a good analogué of the unreacted ATP carboxylat_e _and pyroph_os_phate moieties are stabilized through
o ) ] o basic arginine and histidine residues and through three

Specificity for the ATP adenine base is achieved Dy gjyalent cations. A subset of these positively charged
hydrogep bonq interactions with the purine ring nitrogens. hemjcal groups (motif 2 arginine Arg 262 and Mg 1) plays
The main chain carbonyl oxygen and nitrogen atoms of o aqditional role in assisting the reaction by enhancing the
residue 271 make hydrogen bonds with both the N1 and gjectrophilicity of thea-phosphate and stabilizing the pen-
6-amino group of the substrate, while another strong aygjent transition state. A comparison between the models
hydrogen bond is found between nitrogen N7 and a well- of the unreacted ATP and the lysyddenylate intermediate
ordered water molecule. In addition to these polar inter- (gigyre 24 B) clearly illustrates the inversion of configuration
actions, the adenine base is sandwiched between the phenyl; theq-phosphate, caused by the in-line nucleophilic attack.
ring of Phe 274 and the guanidinium moiety of Arg 480,  \yhen the molecular models of the unreacted ATP and
stabilizing the _aromatic ring through interactio_ns_ involving e lysy-adenylate intermediate are compared, most of the
m-electrons (Figure 3). The ATP ribose group is in thé-C3  ¢,7vme-ligand contacts are unchanged, including contacts
endo conformation and interacts with residue 421, with the pepyeen the ATP and the class Il invariant residues (Figures
3-hydroxyl group hydrogen bonding to the glutamate side 3 5nq 44 B). Although there is a shift of nearly 1 A in the
chain, while the 2hydroxyl group is involved in a weaker  hqsition of thea-phosphate, all the interactions made by the
interaction with the main chain carbonyl oxygen. AMP moiety are very similar in the two complexes.

The a-phosphate makes a number of strong interactions  when the nonhydrolyzable ATP analogue AMP-PCP was
involving primarily the guanidinium group of Arg 262, the  ysed rather than ATP (data set 2), the aminoacylation reaction
only strictly conserved residue in motif 2, and a tightly bound did not occur. Biochemical data (not shown) confirm that
Mg?* ion (Mg 1). The motif 3 arginine (Arg 480), together the lack of reactivity of AMP-PCP is also observed in
with His 270 and two further M ions (Mg 2 and Mg 3),  solution and is not an artifact of the crystalline state of the
makes a salt bridge with the-phosphate. enzyme. In AMP-PCP, the oxygen atom bridging fhend

LysyAdenylate BindingWhen crystals of the LysY y-phosphates is substituted with a methylene group, which
lysine complex were soaked in a solution containing ATP renders the bond between tife and y-phosphate non-
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Glu 264 /

Ficure 3: Stereoview of the active site of LysU showing the conformation of the substrates lysine (violet) and ATP (green) before the first
step of the reaction takes place. The ATP molecule is located on one side of the gesfitegdt of the C-terminal domain, with the adenine

ring sandwiched between a conserved phenylalanine (Phe 274) and the motif 3 arginine residue (Arg 480). The pyrophosphate moiety is
bent toward the adenine so as to placedhghosphate in the correct position for nucleophilic attack of the lysine carboxylate oxygen. The
hydrogen bonding and electrostatic interactions between the substrates and some of the key residues, including the invariant motif 2 arginine
(Arg 262), are shown. The three Ffgions involved in catalysis are included in magenta.

His 270

Glu 264
A 421 His 270 B Glu 264 . Arg 480
< NI
N N =

o ; . _ T 0'
; e Glu 414
N.._ EN0
Glu278 | - Glu 414 o °
216 o
o (AS" 424 216_>_ o Asn 424

Glu 240 o" \LGIU 4728
Glu 240 Glu 428
T

Tyr 280 yr 280

Ficure 4: Schematic representation of the active site of LysU, showing potential hydrogen bonding interactions (A) in the ternary complex
with lysine and ATP and (B) in the complex with the lysyddenylate intermediate. The invariant motif 2 Arg 262 plays a key role in the
recognition of the lysine carboxylate and the AdFphosphate, while the invariant motif 3 Arg 480 binds jhphosphate of the ATP. A
number of conserved residues in the motif 2 loop (residues-284) assume an ordered conformation only upon ATP binding. The
positions of the M§" sites are indicated.

hydrolyzable. Since ATP hydrolysis by aminoacyl-tRNA substrate. Most likely, this is due to electronic effects, which
synthetases occurs through the cleavage of the bond betweemake PCP a worse leaving group than fP the nucleo-
thea- andg-phosphates (to give AMP and fPRather than philic attack.

the bond between the andy-phosphates, it is not obvious A similar inhibitory effect has been observed for the
why AMP-PCP is an inhibitor of the reaction and not a chemically analogous activity of tyrocidine synthetase 1, in
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which both AMP-PCP and AMP-PNP failed to support ‘* . —
amino acid-dependent adenylate formati8t)(In a crystal- LysRS-ec 250 GFERVFEINRNFRNE------- GISVRANPERTMMELYMAY 283
; ; R AspRS-pk 202 GLDRVYEIAPTFRAE------ EHNTTRHLNEAWSIDSEMAR 236
lographic study carried out on the 'yeast aspartyl-tRNA ASpRS-oc 313 DFERVYEIGPUFRAR. - NSNTRRAMTEFTGEDNENAR 347
synthetase32), AMP-PCP was found, in the absence of the asnrs-tt 197 -FAKVYTFGPTFRAE------ RSKTRRHLLEFWMVEPEVAF 230
amino acid substrate, to bind in an elongated conformation SerRS-tt 244 LPLRYAGYAPAFRSEAGSFGKDVRGLMRVEQFHRVEQYVLT 284
. . e HisRS-ec 101 QEQRLWYIGPMFRHE---~---] RPQRGRYRQFHQLGCEVFG 134
with the y-phosphate occupying the aspartate SpecifiCity ciyrs-tt 208 LGFGIAQIGKAFRNEITPRN----FIFRVREFEQMEIEYFV 244

pocket. Our results suggest that the inhibition of the < motif 2 >

adenylation reaction is due to electronic effects rather than e e—— —
nonproductive binding. LysRS-ec 401 RRNDVNPE I TDRFRFFIG—— - GRETGNGFSELNDAEDQ 435
. . . ASpRS-pk 341 MKYDNKPEICRAFDLEYR}---~--| GVEISSGGQRERRHDIL 375
In the absence of a nucleotide bound to the active site, ,_"rc” . 155 mporanprysNEYoFFmR- - CBEILSGAQRTHDEALY 492

the loop between residues 264 and 271 is not well-ordered asnrs-tt 339 EPDPEDPELVLNDDLLRPE----GYGEIIGGSQRIHDLELL 375

H : P SerRS-tt 319 ATGDMGPGKWRQVDIEVYLPSEGRYRETHSCSALLDWQARR 359
(Figure 1), despite the fact that it includes some of the most HieRS-cc 257 LVRGLOYYNRTUFEROTHSL--GSOGTVCAGORIIOLYBOL 295

conserved residues in class Il synthetases. Most of the aminQs1yrs-t+ 280 PPESSAHYAKATNDILYR--FPHGELELEGIAQREDFDLGS 318

acid side chains cannot be modeled; residue 269 has not been

built, and the position of the main chain for residues 268 “"‘——V‘*“V—“—

and 270 can bare|y be determinddSX When ATP blndlng LysRS-ec 460 YVTALEYGLPPTAGLG-IGIDRMIMLFTNSHTIRDVILFPA 499
. . ‘ . AspRS-pk 392 YLKAFRY(GMPPHGGFG-LGAERLIKOMLDLENIREVILFPR 431

occurs, the entire loop acquires a well-ordered conformation agprs-sc 511 FeoGFSTGCPPHACG-TCLERVYNFYLOLENIRRASLESR 550

and all the side chains show well-defined electron density, AsnRS-tt 392 YLDLRRFGSVPHSGFG-LGLERTVAWICGLAHVREAIPFPR 431

. . . . SerRS-tt 373 ~-—-—--eo AYTLNNTALATPRILAMLLENHQLQDGRVRVP 404
Wlth_ a number of reS|du_es (G.|U 264, His 27_0’ and the mam HisRS-ec 298 ------ RYATPAVGFA-MGLERLVLLVQALLNDAPALGDYL 331
chain of Asn 271) making direct contact with the adenine ciyrs-tt 346 DPETGKWEVPYVIEPS-AGVDRGVLALLAEAFTREELPNGE 385
moiety or they-phosphate (Figures 3 and 4). No other < motif 3 >
significant structural changes are observed. FIGURE 5: Structure-based sequence alignment of selected class Il

. . . aminoacyl-tRNA synthetases whose three-dimensional structures
Comparison with Other Class II' Aminoacyl-tRNA Syn- naye been determined in the presence of ATP or the aminoacyl-
thetasesA comparison of the active site of LysU with other  adenylate intermediate:E. coli lysyl-tRNA synthetase LysU

class Il enzymes reveals a remarkable similarity in the (LysRS-ec),Pyrococcus kodakaraensispartyl-tRNA synthetase

interactions involving ATP12, 32—36). The purine moiety ~ [ASPRS-pk B9)], Saccharomyces cersiae aspartyl-tRNA syn-
. o : . thetase [AspRS-s3R)], T. thermophilusasparaginyl-tRNA syn-
of the nucleotide is invariably sandwiched between the .~ o [ASNRS-t1Q)]. T. thermophilusseryl-tRNA synthetase

aromatic side chains of topologically equivalent phenyl- [serrs-tt 83)], E. coli histidyl-tRNA synthetase [HisRS-e84)],
alanine and arginine residues (Figure 3) and held in position andT. thermophilugylycyl-tRNA synthetase [GlyRS-t36)]. The

by hydrogen bonds with the main chain of the homologues alignment is based on structural superposition, with the exception
of residue 271 and the side chain of Glu 264 (both belonging of the AsnRS structure for which the atomic coordinates have not

0 th d Hf 2 | Fi 5) A itive char been deposited in the Protein Data Bank. In this instance, the
o the conserved motif 2 loop, Figure 5). A positive charge gjignment is based on sequence comparisons and the information

supplied by a histidine or arginine residue originating from published in refl2. Three regions are shown: motif 2, centered
the same loop (His 270 in LysU) is also well-conserved and around Arg 262; the segment which includes the negatively charged

is always involved in the stabilization of the pyrophosphate residues coordinating metal ions (Glu 414 and Glu 421 in LysU);

; ; ; ; ‘s and motif 3, centered around Arg 480. The position of secondary
group, together with the invariant motif 3 arginine (Arg 480 structure elements in LysU is indicated above the sequence. In each

in LysU). In some class Ilb enzymes, His 270 is preceded sequence, the residues for which tirecarbon atoms are within

in the amino acid sequence by an arginine residue which2.5 A of the corresponding position in LysU (after optimal
also interacts with the-phosphate2, 35). LysRS has an superposition of the catalytic domains) are boxed. Residues which
identical primary sequence at this position (Arg-His), but are important for substrate binding are indicated by asterisks.

the side chain of Arg 269 is_slightly displaced and does_ not A more general picture of the structural basis of the
make a hydrogen bond with the pyrophosphate moiety. 5mingacylation reaction can be obtained by extending the
Although there are relatively few contacts between the -omparison to other enzymes unrelated to class Il synthetases
enzyme and the ribose, the interactions are well-conservedy, i carry out the activation of amino acid substrates with
and involve a conserved negatively charged residue that alsoaTp  These include not only class | aminoacyl-tRNA
coordinates the Mg ions (Glu 421 in LysU). synthetases but also the peptide synthetases responsible for
Divalent cations such as Mg or Mn?" are always nonribosomal peptide synthesis. Peptide synthetases catalyze
implicated in the reactions catalyzed by aminoacyl-tRNA the ATP-dependent activation of an amino acid as an-acyl
synthetases. Both kineti8T) and structural data3@) have adenylate intermediate. The amino acid moiety is subse-
shown that the Mg dependence of the aminoacylation quently transferred to the thiol group of a phosphopantetheine
reaction differs for class | and class Il enzymes, with class cofactor which acts as an acceptor, with a role similar to
| enzymes requiring only one Mg, while class Il enzymes  that of the tRNA acceptor stem. This adenylation domain
require three cations. The Mg 1 site corresponds to the bears no sequence or structural homology to either class of
strongest metal site observed in all other class Il synthetaseaminoacyl-tRNA synthetases involved in the ribosomal
structures 12, 33, 35), with the exception being HisRS34, synthesis of polypeptides, despite the fact that the formation
38) where the equivalent role is played by a conserved of the aminoacytadenylate intermediate is chemically
arginine. The two additional metal binding sites bridging the analogous in the two system39j.
p- andy-phosphates have been observed in crystal structures Both in class | aminoacyl-tRNA synthetase®) and in
of other class Il aminoacyl-tRNA synthetases complexed with the adenylation domain of peptide syntheta88}, (positive
ATP, such as SerRS38), AspRS 85), and AsnRS12), and charges supplied by the protein (the second lysine of the
are consistent with biochemical datav). KMSK'S motif and a conserved lysine residue in peptide
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synthetases) as well as a RMgion stabilize the negative
charge on thew--phosphate and are likely to be involved in
the stabilization of the pentavalent transition state. Additional

positive charges are supplied by the enzyme to stabilize the
negatively charged pyrophosphate moiety. Recognition of
the adenine base often involves hydrogen bond interaction
between the 6-amino group and main chain carbonyl oxy-

gens.

In all these systems, the reaction occurs by a nucleophilic

attack of the amino acid carboxylate on the Ad#phosphate
to form an aminoacytadenylate intermediate, with the

elimination of a pyrophosphate group. The role of the enzyme

Biochemistry, Vol. 39, No. 29, 200B425
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Plateau, P. (1991). Bacteriol. 173 7903-7910.
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P. (1995)J. Biol. Chem. 27014439-14444.
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active site is to ensure the correct position and orientation 19- Otwinowski, Z. (1993) iData collection and processingp

of the substrates and to counterbalance the negative charges
of the carboxylate, the ATP phosphate groups, and the

developing charges on the pentavalent transition state.
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