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Leucyl-tRNA synthetase (LeuRS) specifically links leucine to the 3’ end of
tRNA'" isoacceptors. The overall accuracy of the two-step aminoacylation
reaction is enhanced by an editing domain that hydrolyzes mischarged
tRNAs, notably ile-tRNA'". We present crystal structures of the editing
domain from two eukaryot1c cytosolic LeuRS: human and fungal pathogen
Candida albicans. In comparison with previous structures of the editing
domain from bacterial and archeal kingdom:s, these structures show that the
LeuRS editing domain has a conserved structural core containing the active
site for hydrolysis, with distinct bacterial, archeal, or eukaryotic specific
peripheral insertions. It was recently shown that the benzoxaborole
antifungal compound AN2690 (5-fluoro-1,3-dihydro-1-hydroxy-1,2-ben-
zoxaborole) 1nh1b1ts LeuRS by forming a covalent adduct with the 3’
adenosine of tRNA'" at the editing site, thus locking the enzyme in an
inactive conformation. To provide a structural basis for enhancing the
specificity of these benzoxaborole antifungals, we determined the structure
at 2.2 A resolution of the C. albicans editing domain in complex with a
related compound ANB3018 (6-(ethylamino)-5-fluorobenzolc][1, 2]oxaborol—
1(8H)-ol), using AMP as a surrogate for the 3’ adenosine of tRNA let The
interactions between the AN3018-AMP adduct and C. albicans LeuRS are
similar to those previously observed for bacterial LeuRS with the AN2690
adduct, with an additional hydrogen bond to the extra ethylamine group.
However, compared to bacteria, eukaryotic cytosolic LeuRS editing
domains contain an extra helix that closes over the active site, largely
burying the adduct and providing additional direct and water-mediated
contacts. Small differences between the human domain and the fungal
domain could be exploited to enhance fungal specificity.
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insertion 3; I4ae, insertion 4; ESI, electrospray ionization;
PEG, polyethylene glycol; ESRFE, European Synchrotron
Radiation Facility; TEV, tobacco etch virus.

Aminoacyl-tRNA synthetases (aaRS) are evolu-
tionary ancient enzymes that play an essential role in
protein synthesas They catalyze the specific attach-
ment of amino acids to their cognate tRNAs in a two-
step reaction: activation of amino acid with ATP to
form enzyme-bound aminoacyl-AMP (with release
of pyrophosphate), and transfer of amino acid
moiety to cognate tRNA, releasing AMP and
charged tRNA. There are two distinct classes of
aaRS (classes I and II) characterized by very different

0022-2836/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
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Fig. 1. (a) Schematic representations of benzoxaborole compounds AN2679, AN2690, AN3009, and AN3018.
Noncarbon atom colors are as follows: fluorine (green), boron (pink), phosphorus (purple), oxygen (red), and nitrogen
(blue). (b) In the presence of AMP, AN3018 is converted within the active site of CP1 into the AN3018-AMP adduct.
Electron density, contoured at 1o, is shown in blue and was calculated with phases from the refined protein/water model
before inclusion of the adduct in the model [brown sticks; noncarbon atom colors as in (a)]. In the accompanying

schematic diagram, A* represents adenosine moiety.

conserved core catalytic domains.” During evolu-
tion, additional less conserved domains and exten-
sions have been added, resulting in the architectures
of extant aaRS appearing extremely diverse.

To achieve protein synthesis that is sufficiently
accurate for cell viability, the accurate transfer of
amino acids to their cognate tRNAs must have an
error rate of less than 1:10,000. To increase fidelity,
many aaRS that have to discriminate between
chemically similar amino acids have acquired a
proofreading (editing) active site in an additional
editing domain to hydrolyze mischarged tRNAs.
The combined aminoacylation and editing active
sites enhance overall accuracy by deploying com-
plementary binding specificities, a mechanism that
has been likened to a “double sieve.”® Thus, for
instance, isoleucyl-tRNA synthetase (IleRS) accom-
modates the smaller valine in the isoleucine-binding
pocket of the aminoacylation active site, but
compensates by sterically excluding the larger
cognate isoleucine from its editing site, which thus
only hydrolyzes mischarged val-tRNA". The so-
called posttransfer editing activity of this kind exists
in three closely related class Ia enzymes: leucyl-
tRNA synthetase (LeuRS), IleRS, and valyl-tRNA
synthetase (ValRS) (reviewed by Jakubowski and
Goldman4), as well as class II prolyl-tRNA
synthetase,” threonyl-tRNA synthetase,® alanyl-
tRNA synthetase,” and phenylalanyl-tRNA syn-
thetase.® The class Ia editing enzymes possess a
conserved inserted domain of about 200 amino acids

[sometimes referred to as connective peptide 1
(CP1)] that are responsible for posttransfer editing.
CP1 is connected to the bulk of the synthetase by a
flexible p-ribbon and undergoes significant rotation
during the aminoacylation/editing cycle.” Although
the class la editing domain must have appeared
early in evolution before the branching of the
universal phylogenetic tree, there are two distinct
insertion points for CP1 within the primary
sequence of extant class la synthetases. One is
shared by all IleRS, ValRS, and eukaryotic/archea
LeuRS; the other is found only in bacterial LeuRS."°
Interestingly, crystallographic analyses show that,
despite having the same insertion point, the CP1
domain of archeal LeuRS is rotated by ~180°
compared to IleRS and ValRS, giving it the same
orientation as that of the CP1 domain of bacterial
LeuRS, which has a different insertion point.mf12 In
the case of LeuRS, interactions of peripheral regions
of CP1 with the bulk of the synthetase are likely to
be important during the aminoacylation/editing
cycle!’®!* and may depend on kingdom-specific
insertions depending on the point of insertion of
the domain.

The structural basis for the recognition and hydro-
lysis of mischarged tRNA'®" by LeuRS CP1 has been
revealed by crystal structures of LeuRS from the
bacteria Thermus thermophilus in complex with a
nonhydrolyzable posttransfer editing substrate'®
and tRNA™ in the editing conformation,” as well as
of Escherichia coli LeuRS CP1 domain alone, in

Fig. 2. (a) Distance tree based on CP1 structural homology as calculated with programme SHP**). (b) Structure based
sequence alignment for class 1a synthetase CP1 domains. The colors used in the ribbon diagrams correspond to those of
the bars above the sequence alignment. Red, conserved core elements; gray, eukaryotic insertion 1 (Ile); yellow, archeal/
eukaryotic 12ae; green, archeal/eukaryotic I13ae; blue, archeal/eukaryotic I4ae. Light green bars below the sequences
indicate conserved motifs. Stars mark strictly conserved residues discussed in the text. C.a., C. albicans; H.s., Homo sapiens;
P.h., Pyrococcus horikoshii (PDB entry 1WKB); E.c., E. coli (PDB entry 2AJH); T.t., T. thermophilus (PDB entry 1H3N).
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complex with the noncognate amino acids isoleucine
and methionine.'® These structures, together with
mutagenesis and functional studies, reveal that
posttransfer editing depends critically on a strictly
conserved aspartic acid (also conserved in ValRS and
IleRS editing domains) that interacts with the o-
amino group of the noncognate amino acid and
positions the substrate for hydrolysis by a water
molecule.” The side chain of the noncognate amino
acid (e.g., isoleucine, methionine, or norvaline) is
accommodated in a rigid pocket that excludes
cognate leucine because its y-branched side chain
sterically clashes with a strictly conserved threonine
(Thr252 in T. thermophilus LeuRS).">"” Mutation of
this threonine allows manipulation of the amino acid
specificity of the editing activity,'"” for example, for
protein engineering applications.*

Because of their importance as essential players in
the translation of the genetic code, aaRS have long
been considered as valid targets for antibiotic drugs,
and a number of clinically interesting anti-synthe-
tase compounds have recently been identified.”'
These include a family of recently discovered boron-
based benzoxaborole compounds that have broad-
spectrum antifungal activity (Fig. 1a). One of these,
AN2690 (5-fluoro-1,3-dihydro-1-hydroxy-1,2-ben-
zoxaborole), is in clinical trials as a topical treatment
for onychomycosis.”**> AN2690 covalently binds,
via its boron atom, to the 2" and 3’ hydroxyl groups
of the 3'-terminal ribose of tRNA'" in the editing
active site of LeuRS. By irreversibly (on the timescale
of normal turnover) locking the bound tRNA in its
posttransfer editing conformation onto the protein,
the enzyme is inactivated and protein synthesis is
interrupted.”> An important current research goal is
improving the potency of benzoxaborole com-

pounds, as well as enhancing specificity towards
particular pathogen classes (e.g., fungi, bacteria, or
eukaryotic parasites). To this end, we solved the
crystal structure of the cytosolic LeuRS CP1 from the
pathogenic fungus C. albicans in its apo form and in
complex with an AMP adduct of another benzox-
aborole, AN3018 (6-(ethylamino)-5-fluorobenzo]c]
[1,2]oxaborol-1(3H)-ol) (Fig. 1a). In addition, we
solved the crystal structure of human cytosolic
LeuRS CP1 domain. Together, these results will
facilitate the design of new antifungals with
increased potency. We compare these first structures
of eukaryotic LeuRS CP1s to the equivalent domains
of known structures from bacteria and archea,
revealing kingdom-specific peripheral insertions
around a highly conserved catalytic core.

Results

The crystal structure of the human cytosolic LeuRS
CP1 domain was determined at 3.25 A resolution
using selenomethionine-labeled protein (Fig. 2). The
domain crystallized in space group P6s with two
copies in the asymmetric unit. The two copies form a
tight face-to-face dimer, with the two N-termini
crossing over to bind in the active site of the opposite
molecule (Fig. 3). The N-terminus includes a (seleno)
methionine that was artificially introduced during
cloning. Interestingly, this selenomethionine binds in
the noncognate-amino-acid-binding pocket of the
editing domain as observed, for example, in the
complex of the E. coli LeuRS editing domain with
methionine [Protein Data Bank (PDB) entry 2AJH].'
This competition likely explains the fact that although
human CP1 domain was crystallized in the presence

Fig. 3. Ribbon diagram showing the crystallographic homodimer of human cytosolic LeuRS CP1. Colors are as in Fig.
2. The N-terminus of each chain extends into the active site of the neighboring molecule, where an extra selenomethionine
remaining after TEV protease cleavage (shown in stick representation in red) binds close to the noncognate-amino-acid-

binding pocket.
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of the RNA trinucleotide Cyt-Cyt-Ade and a benzox-
aborole, which were expected to form an adduct in
the active site, no density could be attributed to these
ligands. Similar face-to-face dimers were present in
other crystal forms of this construct (data not shown).
Because the active site is inaccessible in the dimer,
making this construct unsuitable for ligand binding
studies, we expressed an alternative construct lacking
the four N-terminal residues involved in artificial
dimerization. However, upon expression, this con-
struct was insoluble and not pursued further. The
fungal (C. albicans) cytosolic LeuRS CP1 domain
crystallized in space group P2; (four chains per
asymmetric unit) and its structure were determined
at 2.9 A resolution (Fig. 2). This domain did not form
tight dimers. Crystallographic details for all struc-
tures are summarized in Table 1.

The human and fungal CP1 domains have a
sequence identity of 43%, and their structures are
very similar: 221 residues (88%) of the human and
Candida apo structures can be structurally aligned
with an RMSD of 1.22 A on C* positions. Like all
LeuRS CP1 domains examined to date, they consist
of a highly conserved core comprising about 120
residues with additional variable inserted elements
(Fig. 2). The core residues form a seven-stranded p-
sheet and three a-helices. To facilitate description,
we number the core secondary structure elements
according to their relative positions in the primary
sequence: P1—Po—a1—B3—Ps—Ps—Pe—ar—az—p7 (Fig.
2b). Conserved active-site features include the
“threonine-rich region,” which contains two strictly
conserved threonines—one at the end of strand p,,

which is important for hydrolysis mechanism (T316
in C. albicans, T297 in humans, and T247 in T.
thermophilus and E. coli), and one in helix «; for
amino acid side-chain discrimination (T321 in C.
albicans, T302 in humans, and T252 in T. thermophilus
and E. coli) (both marked with a star in the
alignment in Fig. 2b); the “GTG region” (in between
strands Bs and Pg), which is a flexible loop that is
important for binding adenine 76 of the tRNA; and a
strictly conserved aspartic acid in helix a, (D422 in
C. albicans, D398 in humans, D347 in T. thermophilus,
and D345 in E. coli; marked with a star in Fig. 2b)
involved in binding the o-amino group of the
noncognate amino acid and in positioning the
substrate for catalysis."”

In addition to the conserved core, eukaryotic
cytosolic LeuRS CP1 domains contain four major
insertions (Fig. 2). Eukarya-specific insertion 1
(denoted insertion le) occurs between core strands
B1 and P,. It comprises 13 residues in humans and
20 residues in C. albicans, where it forms a three-turn
a-helix (Fig. 2). Insertion 2 (I2ae) is a large insertion
in eukaryotic and archeal LeuRS. It is a 48-residue
p—p—a—p element that is inserted between the core
strands 33 and PB4 In eukaryotes, it provides both
direct and water-mediated hydrogen bonds to the
active-site “GTG region,” presumably adding stabi-
lity to this important region. Interestingly, [2ae exists
also in bacterial IleRS CP1, which groups closer to
eukaryotic/archeal LeuRS than to bacterial LeuRS
in the structure-based phylogenetic tree (Fig. 2).
Insertion 3 (I3ae) is a small region that is present in
eukaryotes and archea. It is inserted after core helix

Table 1. Crystallographic data collection and refinement statistics

Human LeuRS CP1

C. albicans LeuRS CP1 in

C. albicans LeuRS CP1 complex with AN3018-AMP

Protein sample Selenomethionine derivative Native Native
Space group Pé6s P2, P2,2,2,
Cell dimensions 4, b, ¢ (A) 94.5,94.5, 148.8 101.1, 43.0, 122.2 43.0, 58.0, 97.6
Cell dimensions «, ,3, v (°) 90, 120, 90 90, 107.6, 90 90, 90, 90

p =120 p =107.6
Resolution range (A) (last shell) (A) 29.2-3.25 (3.25-3.30) 28.8-2.90 (3.02-2.90) 49.9-2.20 (2.20-2.26)
Beamline ESRF 1D14-4 ESRF ID23-1 ESRF ID14-1
Wavelength A) 0.9795 1.0723 0.934
Detector ADSC Quantum Q315r ADSC Quantum Q315r ADSC Quantum Q210
Completeness (last shell) (%) 99.8 (99.5) 94.8 (71.5) 99.7 (99.5)
Rperge (last shell) 0.149 (0.661) 0.149 (0.399) 0.161 (54.8)
I/ o1 (last shell) 7.46 (1.98) 8.55 (2.92) 8.16 (2.26)

R-factor (last shell)

Réree (last shell)

Number of protein (non-H) atoms
Number of water molecules
Number of ligand atoms 0

0.202 (0.300)
0.240 (0.250)

Number of reflections used in refinement 11,198
Fraction of reflections used for 0.05
Riree calculation
Solvent content (%) 63.2
Mean B-value (A?) 59.4
Ramachandran plot MOLPROBITY
Favored (%) 924
Allowed (%) 99.8
RMSD from ideal values
Bond distances (A) 0.010
Angles (°) 1.318

3922 (two chains)
0

0.242 (0.292)
0.301 (0.394)
7760 (four chains)
0

0.185 (0.288)
0.262 (0.383)
1974 (one chain)

247
0 36
20,554 12,300

0.05 0.05

43.5 41.1

28.4 23.0

96.6 97.6

99.8 100
0.007 0.009
1.023 1.153




Crystal Structure of Eukaryotic LeuRS Editing Domains

201

ay and packs against core strands P4 and Ps.
Insertion 4 (I4ae) precedes core helix a3, and its C-
terminal-long helix forms part of the active site. This
helix has relatively high B-values in the apo form of
C. albicans cytosolic LeuRS CP1, suggesting that it is
not rigidly fixed. In the ligand-bound structures of
C. albicans LeuRS CP1 (see the text below), this helix
is better ordered and closes over the active site,
where it binds the ligand.

The benzoxaborole AN2690 is a small boron-
based molecule that forms a long-lived adduct with
tRNA®" (or AMP) within the active site of LeuRS
CP1 domain, thus inhibiting enzyme turnover and
stopping protein synthesis® (Fig. 1). Previous
crystallographic studies using bacterial LeuRS
from T. thermophilus have shown that the AN2690-
AMP adduct contacts many highly conserved
residues, suggesting that the binding mode is likely
to be similar in all LeuRS CP1 domains. In order to
help design better antifungal benzoxaboroles by
improving their antifungal potency, we solved the
crystal structure of a CP1 domain from a fungal
cytosolic LeuRS, that of C. albicans, to 2.2 A resolu-
tion in complex with AMP and AN3018 (Fig. 4). The
complex crystallized in space group P2,2;2; with
one protein chain per asymmetric unit. AN3018 and
its des-fluoro derivative AN3009 (6-(ethylamino)
benzo[c][1,2]oxaborol-1(3H)-ol) inhibit C. albicans
cytosolic LeuRS with ICs, values of 38 and 4.3 uM,
respectively. This is in comparison with the parental

benzoxaborole AN2679, which has an ICsy of
5.7 uM. Although the ethylamine substitution at
position 6 on the core benzoxaborole structure (Fig.
1) does not add additional potency, it does permit
further exploration of the volume and interactions
available for optimizing inhibitor design.

The C. albicans crystal structure confirms that
adduct binding to the LeuRS CP1 editing domain is
similar in eukaryotes and bacteria (Figs. 4 and 5).
Conserved and structurally similar interactions are
shown in Fig. 5a and b. Notably, a strictly conserved
threonine (T316 in C. albicans and T247 in T.
thermophilus), which normally would bind to the
amino acid backbone oxygen of mischarged tRNA'®",
binds to the oxygen of AN3018 benzoxaborole rings.
Further conserved interactions involve backbone
atoms of nonconserved residues, such as the main-
chain oxygens of D418 (C. albicans) and H343 (T.
thermophilus), which both contact the AN2690-
AN3018 fluorine atom. Fixed waters bridge between
the AN2690-AN3018 adduct and the protein active
sites (one direct bridge in T. thermophilus and two
direct bridges in C. albicans). Notably, a cavity
between the AN3018 adduct and the long helix of
insertion I4ae in C. albicans is filled by a network of
fixed waters (Fig. 5a and c). Compared to AN2690,
the extra ethylamine group of AN3108 forms two
additional contacts with active-site residues (Fig.
5d). These are a hydrogen bond with the backbone
oxygen of D418 via the ethylamine nitrogen atom

Fig. 4. (a) The structure of C. albicans cytosolic LeuRS CP1 in complex with AN3018-AMP at 2.2 A resolution. The
protein backbone is shown with colors as in Fig. 2. AN3018-AMP is depicted as sticks with colors as in Fig. 1a. (b) The
structure of C. albicans cytosolic LeuRS CP1+AN3018-AMP as in (a), superposed onto the corresponding native
(unliganded) structure shown in black. Tyrosine 487, shown in stick representation, changes rotamer upon AN3018-AMP

adduct binding.



202

Crystal Structure of Eukaryotic LeuRS Editing Domains

Fig. 5. (a) Selected active-site residues of C. albicans cytosolic LeuRS CP1 in complex with AN3018-AMP shown in
stick representation. Residues that are conserved in the bacterium T. thermophilus are shown in yellow; nonconserved
residues are shown in purple. Putative hydrogen bonds are shown as dotted lines. (b) Selected active-site residues of T.
thermophilus LeuRS CP1 in complex with AN2690-AMP shown in stick representation. The orientation of the active site
corresponds to that of the C. albicans structure in (a). Conserved residues are shown in yellow; nonconserved residues are
shown in purple. Putative hydrogen bonds are shown as dotted lines. (c). As in (a), but showing a different view of the C.
albicans cytosolic LeuRS CP1 active site and highlighting other interactions. Colors as in (a). (d) As in (c); however, only the
interactions provided by the AN3018-specific ethylamine group are shown. Hydrophobic contact between the ligand and

alanine 486 is indicated as a fuzzy red cloud.

and a hydrophobic interaction of the terminal CHj;
group with the side chain of A486.

Discussion

The three class Ia aaRS—LeuRS, IleRS, and ValRS—
each contain structurally similar editing domains
(CP1) that specifically recognize and hydrolyze
mischarged tRNAs. In this work we present crystal
structures of eukaryotic cytosolic LeuRS CP1
domains from C. albicans and humans. Together
with previously determined structures from bac-
terial'® and archael LeuRS," this completes the
structural characterization of LeuRS editing domains
from representatives of each kingdom. The core
structure of the editing domains from all IleRS,
ValRS, and LeuRS is highly conserved (Fig. 2),
reflecting the common mode of posttransfer editing
substrate binding and the common mechanism of
hydrolysis. However, peripheral insertions vary
considerably, depending on the enzyme and the
kingdom. ValRS has the most compact CP1 domain

consisting of the minimum conserved core together
with a very short insertion I12b (Fig. 2). Indeed, the
structure-based phylogenetic tree shown in Fig. 2
shows ValRS CP1 between two main branches: that
of the bacterial LeuRS CP1 domains, which contain
two insertions I2b and I4b, and that of the IleRS and
archeal/eukaryotic cytosolic LeuRS CP1 domains,
which both contain a quite distinct insertion I2ae.
The eukaryotic and archeal LeuRS CP1 domains also
contain the unique insertions I3ae and 14ae (Fig. 2).

These observations suggest the following evolu-
tionary scenario, starting from the idea that an
ancestral class Ia synthetase that did not discrimi-
nate between isoleucine, valine, and leucine existed.
This enzyme likely acquired at some stage a free-
standing CP1-like domain that may have resembled
the minimal ValRS CP1 seen today. It is indeed
possible that a ValRS-type editing activity first arose
to eliminate the mischarged polar amino acid
threonine from otherwise hydrophobic positions in
proteins. Subsequent gene duplication and diver-
gence would eventually give rise to the first IleRS
(addition of the I2ae insertion) and then archeal/
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eukaryotic-type LeuRS (addition of unique LeuRS
insertions), both of which have the 12ae insertion
and both of which have the editing domain inserted
in the same position as in ValRS.'"” Editing in
eubacterial LeuRS must have evolved by a different
pathway, as the bacterial CP1 is inserted in a
different position into the body of the enzyme'”
and the domain has a distinct I2b insertion. The two
possibilities are as follows: firstly, on a second
occasion, a free-standing CP1-like domain was
inserted into a duplicated ancestral enzyme, but at
a different point in the primary sequence (and this
LeuRS variant survived in eubacteria), or, secondly,
through some intragene rearrangement, the point of
insertion of the CP1 domain in LeuRS was switched
at some stage in the common ancestor of all bacteria.
Distinguishing these possibilities or other more
complicated scenarios would require a much more
detailed analysis of the comparative phylogeny of
LeuRS, IleRS, and ValRS in the three kingdoms,
taking into account the probable different evolu-
tionary history of the editing domain compared
with the catalytic anti-codon binding and other
tRNA-binding domains (e.g., the C-terminal
domain), as well as the coevolution with tRNA,
particularly the acquisition of the long variable arm
of tRNA'®Y, This analysis is beyond the scope of the
current work, although some aspects have been
previously discussed.'?> In particular, the structure
of the archeal LeuRS showed that, despite having
the same point of insertion as ValRS and I1eRS (and
despite being distinct from bacterial LeuRS), its CP1
rotational orientation is similar to that of bacterial
LeuRS, being 180° different from that of ValRS and
IleRS.!! The bacteria-like orientation of archeal
LeuRS CP1 is thought to be favored by the fact
that the protruding C-terminal loop of the helix in
insertion I2ae and the entire insertion I4ae both
mask regions involved in anchoring CP1 in the
alternative IleRS/ValRS-like orientation.'’ These
two features are present also in the human and
fungal cytosolic LeuRS CP1, suggesting an archeal-
like orientation of the editing domain in full-length
eukaryotic LeuRS proteins.

LeuRS is the target of a new family of benzox-
aborole antifungals.”® One member of this family,
AN2690 (Fig. 1), is being developed as a topical
treatment for onychomycosis.”® Crystallographic
studies using bacterial LeuRS showed that AN2690
covalently binds in the noncognate-amino-acid-
binding pocket of the CP1 domain, with its boron
atom covalently linked to both hydroxyl groups of
the 3’-terminal ribose of the tRNA. This AN2690-
tRNA adduct locks the tRNA on the enzyme in the
editing conformation, thereby inhibiting the en-
zyme, resulting in the shutdown of protein syn-
thesis.”> The crystallographic studies also showed
that AMP can act as a surrogate for tRNA and also
forms a tightly binding adduct with AN2690.%* In
order to improve the potency of AN2690 as an
antifungal agent and to initiate the design of other
species-specific benzoxaborole drugs, we solved the
crystal structure of a target eukaryotic cytosolic

LeuRS CP1 domain, that of the pathogenic fungus C.
albicans, to 2.2 A resolution in complex with AMP
and AN3018 (Figs. 4 and 5). AN3018 is a derivative of
AN2690 that also inhibits LeuRS and fungal growth.
ANB3018-AMP binds to C. albicans cytosolic LeuRS
CP1 in essentially the same way that AN2690-AMP
binds to bacterial LeuRS, but provides additional
interactions due to its extra ethylamine substitution
at position 6 (Fig. 5).

An analysis of spontaneously emerged mutations
in the presence of AN2690 and subsequent site-
specific mutagenesis in the yeast Saccharomyces
cerevisiae cytosolic LeuRS CP1 active site revealed
point mutations that provide resistance to
AN2690.7**" The residues involved correspond to
T316, L317, R318, T321, C328, G408, K407, 5419, and
D421 in C. albicans. They either contact AN3018-
AMP directly or indirectly via water, such as K407 or
5419, or play a role in maintaining active-site
integrity (for instance, D421). Interestingly, muta-
tions in two nonconserved residues (corresponding
to T350 and T413 in C. albicans) do not provide
resistance to AN2690, but still affect editing
activity.”” T413 is part of the active site, and T350
is located on a loop in insertion 12ae, which stabilizes
the active-site GTG loop (Figs. 1b and 5).

The eukaryotic cytosolic LeuRS editing active site
contains a specific long second helix insertion, [4ae.
Upon binding AN3018-AMTP, this helix moves 2.9 A
towards the active site, closing over the ligand and
providing additional contacts (Fig. 4). The cavity
resulting from the I4ae lid-like helix is large enough to
accommodate AN3018-AMP plus a network of fixed
water molecules within the active site. These bound
water molecules bridge between the ligand and the
protein, mainly along the helix of I4ae. This difference
between bacteria and eukaryotes makes it particu-
larly interesting for the development of novel anti-
bacterial benzoxaboroles. These could exploit the fact
that the bacterial LeuRS CP1 active site is more open
than the cytosolic eukaryotic one and is incompatible
with eukaryotic I4ae long helix residues.

AN3018 differs from AN2690 in that it contains an
additional ethylamine group (Fig. 1). This additional
group points into the active-site hydrophobic pocket
and forms two additional contacts compared to
AN2690-AMP. These are a hydrogen bond to the
backbone oxygen of D418 via the nitrogen atom and
hydrophobic contacts to the side chain of A486.
A486 is one of the two residues that differ between
the active sites of humans and fungi: A486 and L451
are both replaced by bulkier isoleucines in humans,
thus reducing the size of the hydrophobic pocket. To
rationally design a better fungal-specific compound,
one could add additional groups to the inward-
pointing regions of the AN3018 moiety, in expecta-
tion that these will reduce affinity for the human
enzyme while still fitting into the fungal homologue.

To conclude, we have presented the first eukar-
yotic LeuRS CP1 crystal structures to date, which
give insight into fundamental questions concerning
LeuRS evolution. Moreover, we showed how a
benzoxaborole antifungal agent (AN3018) binds to
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its target, the fungal LeuRS cytosolic CP1. With the
apo forms of the corresponding domains in humans
and fungi, we provide key information for the
rational optimization of these novel antibiotics.

Materials and Methods

Synthesis of AN3018

5-Fluorobenzo[c][1,2]oxaborol-1(3H)-01*?* (20 g,
132 mmol) was added to 75 ml of fuming nitric acid at
=50 °C. The resulting suspension was stirred for 30 min
then warmed briefly to —10 °C before being added to
crushed ice. A light-yellow precipitate was filtered and air
dried, then recrystallized from EtOAc to obtain 16 g of 5-
fluoro-6-nitrobenzo|c][1,2]oxaborol-1(3H)-ol as a white
solid with a melting point at 162-167 °C. To a solution of
5-fluoro-6-nitrobenzo[c][1,2]oxaborol 1(3H)-ol (2 g,
10.2 mmol) in methanol (50 ml) was added 1 ml of Raney
nickel (50% slurry in H,O). The resulting mixture was
stirred, then 3 ml of hydrazine monohydrate was added
dropwise in portions over 2 h (gas evolution). After the
reaction has been completed, the mixture was filtered
through Celite and evaporated to a light-brown solid. This
material was dissolved in a minimum amount of EtOAc
and filtered to obtain 1.1 g of 6-amino-5-fluorobenzo|c]
[1,2]oxaborol-1(3H)-ol as a white solid with a melting point
of 142-145 °C. To a solution of 6-amino-5-fluorobenzolc]
[1,2]oxaborol-1(3H)-ol (250 mg, 1.5 mmol) in acetonitrile
(25 ml) were added sodium bicarbonate (280 mg,
3.3 mmol) and iodoethane (146 pl, 1.8 mmol). The resulting
mixture was stirred overnight at room temperature and
monitored by thin-layer chromatography. As an incom-
plete reaction was observed, iodoethane was subsequently
titrated until all starting material had been consumed. The
reaction was then quenched with water and extracted with
EtOAc. The product was purified on a silica column
eluting with 1:2 EtOAc/HXN to yield 82 mg of a tan solid
of AN3018 with a melting point of 116-121 °C. The 'H
NMR assignments at 300 MHz in DMSO-dj are as follows:
5 8.96 (s, 1H), 6.97-7.08 (m, 2H), 5.25 (bs, 1H), 4.81 (s, 2H),
3.07-3.11 (q, 2H), 1.14-1.19 (t, 1H). Mass spectrometry
electrospray ionization (ESI) (-) 194 [M—H].

Synthesis of AN3009

This compound, a yellow semisolid, was synthesized
using the same route as described for AN3018 starting
from the commercially available benzo[c][1,2]Joxaborol-1
(3H)-ol. The "H NMR assignments at 300 MHz in DMSO-
dg are as follows: 6 8.91 (s, 1H), 7.05-7.08 (d, 1H), 6.84 (s,
1H), 6.68-6.71 (d, 1H), 5.44 (bs, 1H), 4.81 (s, 2H), 2.96-3.05
(q, 2H), 1.12-1.17 (t, 1H). Mass spectrometry ESI (-) 176
[M—H] ESI(+) 178 [M+H].

Cloning, expression, and biochemical inhibition of
C. albicans cytosolic LeuRS

The entire coding sequence of cytosolic LeuRS from
Candida albicans ATCC 90028 was amplified using the
primers GAGAGCTAGCCATCATCATCATCAT-
CACATGAGTGGTCCTGTTACTTTTGAAAAGAC and
AGAGCTCGAGTTATTCGACATTTTTAATAAAGATAC-
CAGGC and cloned into the Nhel and Xhol sites of pET21b.
The 5’ primer introduced an N-terminal His-tag, which was
used to purify the protein. Benzoxaborole inhibitors were

assayed by preincubation with C. albicans cytosolic LeuRS
(0.1 nM) in the presence of 16 uM baker’s yeast tRNA
(Roche), 50 mM Hepes-KOH (pH 7.6), 5 mM MgCl,, 60 mM
KCl,0.02% (wt/vol) bovine serum albumin, 1 mM DTT, and
33 uM [“Clleucine (Perkin-Elmer; specific activity,
11.1 GBq/mmol) at 30 °C. After 20 min, 4 mM ATP was
added to each well in a 96-well nitrocellulose membrane
filter plate (Millipore Multiscreen HTS, MSHAN4B50) to
start the reaction. The reaction was stopped after 15 min by
the addition of 10% (wt/vol) trichloroacetic acid to each
well. Each well was then washed three times with 100 ul of
5% trichloroacetic acid. Filter plates were then dried under a
heat lamp, and the precipitated [**CJleucine tRNA"" was
quantified by liquid scintillation counting using a Wallac
MicroBeta Trilux model 1450 counter. One-third serial
dilutions of the inhibitors were used, and each dilution
was performed in triplicate. Percent inhibition was used by
Prism to determine ICs, values.

Production and crystallization of C. albicans
cytosolic LeuRS CP1

A DNA fragment coding for C. albicans cytosolic LeuRS
CP1 (residues 280-530) was amplified using primers
GAGCCATGGGTCCACAAGAATATGTTGG and
GAACTCGAGGTAAACAAAAGCAAGACCTTCATC
and cloned into the Ncol-Xhol sites of pET21d (Novagen).
This fragment does not contain any CUG codon that would
be read as leucine by E. coli, rather than serine as in C.
albicans, due its uniquely altered genetic code.”® The
resulting construct contained a C-terminal 6x histidine tag
and was expressed in the soluble fraction of E. coli strain
10G (a derivative of DH10B) at 37 °C. The cells were
resuspended in lysis buffer [20 mM Tris-HCI (pH 7.5),
300 mM NaCl, and 20 mM imidazole; Boehringer Complete
ethylenediaminetetraacetic-acid-free protease inhibitor
cocktail] and lysed by sonication. The cell lysate was
centrifuged for 30 min at 25,000g, and the supernatant was
loaded on a Ni Sepharose column (Fast Flow; GE
Healthcare). Protein bound to the resin was washed with
wash buffer 1 [20 mM Tris-HCI (pH 7.5), 1 M NaCl, and
20 mM imidazole] and wash buffer 2 [20 mM Tris—HCl
(pH 7.5), 200 mM NaCl, and 70 mM imidazole], and eluted
with elution buffer [20 mM Tris-HCI (pH 7.5), 200 mM
NaCl, and 400 mM imidazole]. The eluted fractions were
concentrated to 1-2 mg/ml and loaded onto a Superdex200
column (GE Healthcare). The running buffer contained
200 mM NaCl, 20 mM Tris (pH 7.5), and 5 mM DTT. The
main peak fractions were collected and concentrated to 6—
8 mg/ml. Protein crystals of the native protein grew in
hanging drops containing 2 uul of protein solution and 2 pl of
well solution [0.2 M ammonium acetate, 0.01 M magnesium
acetate tetrahydrate, 0.05 M sodium cacodylate trihydrate
(pH 6.5), and 30% wt/vol polyethylene glycol (PEG) 8000]
and were frozen in a cryoprotectant solution containing
25% glycerol. Complexes with AN3018-AMP were pro-
duced by adding AMP and AN3018 up to final concentra-
tions of 20 and 1.5 mM, respectively. Crystals grew in
hanging drops of 2 pl of protein solution and 2 pul of well
solution [0.2 M sodium acetate, 0.1 M sodium cacodylate
(pH 6.5), and 30% PEG 8000] and were frozen with a
cryoprotectant solution containing 25% glycerol.

C. albicans cytosolic LeuRS CP1 structure determination

Data of native apo and inhibitor~AMP adduct-bound
crystals were collected at European Synchrotron Radiation
Facility (ESRF) beamlines ID23-1 and ID14-EH4, respec-



Crystal Structure of Eukaryotic LeuRS Editing Domains

205

tively, following a strategy determined by MOSFLM* and
integrated using XDS.3° The structure was solved by the
SAD method with SHELXD®' and SHARP®? using
selenomethionine-labeled protein cocrystallized with the
AN2690-AMP adduct (data not shown). The resulting
phases were used for automatic model building in ARP/
WARP.*® The AN3018-AMP complex (space group
P2,2,2,; one molecule per asymmetric unit) and the apo
structure (space group P2;; four molecules per asymmetric
unit) were subsequently solved by molecular replacement.
Coot™ was used for manual model editing, REFMAC®
was used for refinement, and PROCHECK®® and
MOLPROBITY?” were used for model validation. Crystal-
lographic details are summarized in Table 1. For the apo
structure, TLS refinement (one group per chain) and strict
noncrystallographic symmetry were applied to the four
chains, except where there were clear deviations, notably
in residues 357-369 and 465-481. Chain B is the most
complete, and ghains A and B have lower overall B-factors
(22.5and 24.5 Az,orespectively) compared to chains C and
D (32.8 and 34.0 A%, respectively).

Production and crystallization of human
cytosolic LeuRS CP1

DNA coding for residues 260-511 corresponding to the
human cytosolic LeuRS CP1 was generated from a full-
length ¢cDNA using PCR and cloned into the Ncol-EcoRI
sites of the expression vector pPROEX HTb coding for an
additional N-terminal 6x histidine tag and a tobacco etch
virus (TEV) protease site. The protein was expressed at
37 °C in the soluble fraction of E. coli strain BL21 Star(DE3)
cells (Life Technologies) and purified on a Ni Sepharose
column as described above for the C. albicans homologue.
To cleave off the His-tag, the proteins were incubated with
1% His-tagged TEV protease at 10 °C overnight. Imidazole
was removed by dialysis against lysis buffer. Uncleaved
proteins and TEV protease were removed by binding to a
second Ni Sepharose column. Cleaved protein was con-
centrated to 0.5 mg/ml and loaded onto a Superdex200
column. The running buffer contained 300 mM NaCl and
20 mM Tris (pH 7.5). Peak fractions were concentrated to
2 mg/ml and submitted to extensive crystallization trials
using a Cartesian PixSys 4200 robot.

Hexagonal bipyramidal crystals containing PEG,
ammonium sulfate, or other salts grew under numerous
conditions at various pH values. Most crystals tested
indexed with hexagonal lattices, with related cell dimen-
sions of either a=93.77 A, b=93.77 A, and ¢=299.10 A
(maximum resolution of 4.7 A; °four moleculoes per
asymmetric unit) or 4=93.02 A, bO: 93.02 A, and
c=140.95 A (maximum resolution of 6 A; two molecules
per asymmetric unit). One crystal that had been frozen
after slowly increasing the PEG concentration in the
mother liquor by 15-35% gave a data set at 3.3 A
resolution, but could not be reproduced. In this case, the
cell dimensions were 1=140.53 A, b=91.78 A, c=160.19 A,
and B=92.75 and belonged to space group P2;, with an
estimated 12 molecules in the asymmetric unit. None of
the above crystal forms could be solved by molecular
replacement using the C. albicans editing domain. There-
fore, a second construct (residues 260-509) was expressed
and purified as previously described, and similar hex-
agonal crystals diffracting only to low resolution again
grew in numerous conditions. The best data set and that
which allowed independent structure solution was
obtained from a selenomethionine-labeled sample of the
second construct and cocrystallized with 5 mM short
synthetic RNA (CCA, mimicking the 3’ end of the tRNA)

and 7 mM of another oxaborole compound (AN2962) of
the same family. This crystal was grown in sitting drops of
0.1 ul of protein solution and 0.1 pl of well solution [0.2 M
sodium citrate tribasic dihydrate (pH 8.3) and 20% wt/vol
PEG 3350]; had cell dimensions of a=94.54 A, b=94.54 A,
and c=148.83 A; belonged to space group P65 (with two
molecules in the asymmetric unit); and diffracted to 3.2 A
resolution.

Human cytosolic LeuRS CP1 structure solution

The structure of the selenomethionine-labeled domain
was solved with SAD, as described above. Twenty of 22 Se
positions were found corresponding to two molecules in
the asymmetric unit, including the extra methionine
introduced by the cloning procedure [the terminal
sequences of the construct are GAMG(260)PQ...YME
(509), with italics indicating extra residues]. Model
building and refinement were performed as described
above. TLS refinement (one group per molecule) and strict
noncrystallographic symmetry restraints were used. Sub-
sequent analysis by molecular replacement showed that
the P2, crystal form has six such dimers in the asymmetric
unit. Crystallographic details are summarized in Table 1.

Model analysis and figures

Ribbon diagrams were made with PyMOL*® and
MOLSCRIPT.* Structural alignments were performed
with the Protein Structure Comparison Service (second-
ary-structure matching) at the European Bioinformatics
Institute.*

Accession numbers

Coordinates and structure factors have been deposited
in the PDB with accession number 2WFD for the human
cytosolic LeuRS editing domain and accession numbers
2WEFE and 2WFG for the apo- and AN3018-AMP-bound
forms of the C. albicans cytosolic LeuRS editing domain,
respectively.
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