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ABSTRACT: Terreic acid is a metabolite with antibiotic properties produced by the fungus Aspergillus terreus.
We found that terreic acid is a covalent inhibitor of the bacterial cell wall biosynthetic enzyme MurA from
Enterobacter cloacae and Escherichia coli in vitro. The crystal structure of the MurA dead-end complex with
terreic acid revealed that the quinine ring is covalently attached to the thiol group of Cys115, the molecular
target of the antibiotic fosfomycin. Kinetic characterization established that the inactivation requires the
presence of substrate UNAG (UDP-N-acetylglucosamine), proceeding with an inactivation rate constant
Kinaet Of 130 M~! 57! Although the mechanisms of inactivation are similar, fosfomycin is approximately
50 times more potent than terreic acid, and the structural consequences of covalent modification by these two
inhibitors are fundamentally different. The MurA—fosfomycin complex exists in the closed enzyme
conformation, with the Cysl15—fosfomycin adduct buried in the active site. In contrast, the dead-end
complex with terreic acid is open, is free of UNAG, and has the Cysl15—terreic acid adduct solvent-exposed.
It appears that terreic acid reacts with Cys115 in the closed, binary state of the enzyme, but that the resulting
Cysl15—terreic acid adduct imposes steric clashes in the active site. As a consequence, the loop containing
Cysl15 rearranges, the enzyme opens, and UNAG is released. The differential kinetic and structural
characteristics of MurA inactivation by terreic acid and fosfomycin reflect the importance of noncovalent

binding potential, even for covalent inhibitors, in ensuring inactivation efficiency and specificity.

The survival of most bacteria depends on the functionality
of the cytosolic enzyme MurA (UDP-N-acetylglucosamine
1-carboxyvinyltransferase, EC 2.5.1.7), which catalyzes the first
step in the biosynthesis of the bacterial cell wall (Figure 1). MurA
is an established antibiotic target, but only the natural product
fosfomycin [(1R,2S5)-1,2-epoxypropylphosphonic acid], a broad-
spectrum bactericidal antibiotic produced by Streptomyces sp.,
is known to selectively inhibit this enzyme (/). Unfortunately,
a growing number of pathogenic bacteria have developed
resistance to fosfomycin through multiple mechanisms (2—4).
Hence, there is a critical need for the development of new
inhibitors targeting MurA as potential antibiotics in the treat-
ment of a broad range of bacterial infections.

The reaction of MurA with substrates UDP-N-acetylglucosa-
mine (UNAG)' and phosphoenolpyruvate (PEP) proceeds
through an induced-fit mechanism with large conformational
changes in the two-domain structure of the enzyme (3, 6). The
unliganded “open” enzyme state interacts first with UNAG,
forming a binary “closed” state to which the second sub-
strate, PEP, binds. In the course of the open—closed transition, a
12-residue loop containing Cys115 undergoes drastic conforma-
tional changes, positioning the Cys115 side chain toward the
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PEP-binding site. Fosfomycin inactivates MurA by covalent
attachment to Cysl115 (/, 6—8). The precise role of Cysl15 in
catalysis is not well-understood. Mutating this residue to Aspl15
renders the enzyme both active and tolerant to fosfomycin (9),
while the Serl15 mutant enzyme is only capable of catalyzing a
single-turnover reaction (/0). It is unclear if Cys115 participates
in the chemical reaction directly, or if the primary role is to
facilitate PEP binding and/or product release.

Terreic acid is a metabolite produced by the fungus Aspergillus
terreus. The antibiotic properties of terreic acid were recognized
more than 60 years ago (/1), but its cellular and molecular modes
of action remained obscure (/2). Chemically, terreic acid is a
quinone epoxide, therefore sharing with fosfomycin a potential
reactivity toward nucleophiles, such as Cys115 in MurA. This
prompted us to study the inhibitory potential of terreic acid
toward MurA from Enterobacter cloacae and Escherichia coli.
We found that terreic acid inactivates MurA by covalently
attaching to Cys115. The mechanism of action of terreic acid
on MurA is similar to that of fosfomycin, although terreic acid is
~50-fold less potent. The differential inhibitory potency of these
inhibitors is reflected by the distinct structural characteristics of
the respective dead-end complexes with the enzyme. Implications
from these findings for the rational design of novel MurA
inhibitors are discussed.

EXPERIMENTAL PROCEDURES

Materials. Chemicals and reagents were purchased from
Sigma Aldrich (St. Louis, MO) and Hampton Research (Aliso
Viejo, CA) unless otherwise noted. Terreic acid was obtained from
Tocris Bioscience (Ellisville, MO). Cloning and overexpression of
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F1GURE 1: Reaction catalyzed by MurA.

En. cloacae MurA and the Cys115Asp mutant enzyme have been
described previously (/3). E. coli MurA was subcloned from
E. coli strain K12 genomic DNA (ATCC, Manassas, VA),
inserted into the pET4la vector (Novagen, Merck KGaA,
Darmstadt, Germany), and overexpressed in E. coli strain BL21-
(DE3). Purification of MurA was performed as previously
described (/4). Protein concentrations were determined using
the Coomassie reagent from Bio-Rad (Hercules, CA) with bovine
serum albumin as a standard. Nonlinear regression analysis
for inhibition kinetics was performed using SigmaPlot (Systat
Software, Inc., San Jose, CA).

Inhibition Kinetics. MurA activity was assayed in 96-well
plates on a Spectra-Max 340PC plate reader (Molecular Devices,
Sunnyvale, CA). The amount of inorganic phosphate produced in
the forward reaction with UNAG and PEP was determined using
malachite green (/5). The change in optical density at 650 nm was
compared to those of phosphate standards, and the enzymatic
activity was expressed as the number of micromoles of phosphate
produced per minute of reaction per milligram of enzyme (units
per mg). All inactivation studies were performed in the absence of
reducing agents such as dithiothreitol (DTT) or f-mercaptoetha-
nol. MurA (5.0 uM) was first incubated with varying concentra-
tions of UNAG and terreic acid or fosfomycin; at time intervals,
aliquots (10 uL) were assayed for MurA residual activity. The
assay mixture (100 L) contained 50 mM HEPES (pH 7.5), 0.5 uM
MurA, 1 mM PEP, and 1 mM UNAG. Control experiments were
performed under the same conditions. Residual activity was
plotted as a function of incubation time (), with data fit to eq 1

£(1) = 100e ™ Kot (1)

where ks is the observed first-order rate constant of inactivation
at a single concentration of inhibitor and UNAG. Data sets were
evaluated by plotting &, values versus inhibitor concentration (/)
and fitting the data to eq 2

f(I) = kinaee] (2)

where k. equals the inactivation rate constant at a single UNAG
concentration. The overall inactivation constant (k*j.e) was
determined by fitting data to eq 3

Ktinact S

f(&)zm (3)

where Kys, is the dissociation constant of the MurA—UNAG
complex. ICs, values were determined by fitting data to eq 4

A= (4)

1 + I n
1Csy

where A is the relative activity remaining, / is the inhibitor
concentration, and n is the Hill slope.

UDP-N-acetylglucosamine)

Table 1: Summary of Data Collection and Structure Refinement for
the Dead-End Complexes of En. cloacace MurA with Terreic Acid and
Fosfomycin®

MurA—terreic acid MurA—fosfomycin

Data Collection

space group
unit cell dimensions

resolution range (A)

P4;2,2
a=b=1153A,
c=2714A
a=p=y=090
12-2.25 (2.3-2.25)

P2,2,2,
a=644A,b=0618A,
c=1344A
a=p=y=090
20-1.75 (1.79—1.75)

no. of unique reflections 88863 (5612) 46694 (3050)
completeness (%) 99.7 (100.0) 99.4 (98.9)
Ijol 23.4(27.9) 11.7(2.2)
Rmc,vgc” (%) 4.9 (17.5) 8.4 (35.4)
Structure Refinement

no. of protein atoms 4 x 3154 3151
average B factor (Az) 30.5 20.2
no. of inhibitor atoms 4 x 11 at Cysl115 8 at Cysl15
average B factor (AZ) 31.5 15.6
no. of UNAG atoms not available 39
average B factor (/Q\Z) 16.9
no. of solvent molecules 526 523
average B factor (AZ) 30.1 30.9
rmsd® for bonds (A) 0.011 0.012
rmsd® for angles (deg) 1.6 1.6
Rerys” (%) 19.6 16.7
Reree’ (%) 254 19.9
cross-validated estimated

coordinate error (A)

from Luzzati plot 0.35 0.20

from SigmaA 0.29 0.17

“Values in parentheses refer to the highest-resolution shell. hRmerge =
100 % >33l Zy — Iil/> niln» where h and i are unique reflection indices.
‘rmsd is the root-mean-square deviation from ideal values. "RcrySI =100 x
[ Fobs = Fmodell /Y Fobs, Where Fops and Fipoqe are observed and calculated
structure factor amplitudes, respectively. ‘Rpree 1S Reryse calculated for
randomly chosen unique reflections, which were excluded from the refine-
ment (1063 for the MurA—terreic acid complex and 1450 for the Mur-
A—fosfomycin complex).

Protein Crystallography. Crystallization was performed at
19 °C using the hanging-drop vapor-diffusion method. Crystals
of the MurA—terreic acid complex were grown from a solution of
10 mg/mL En. cloacae MurA in the presence of 2.5 mM UNAG
and 2.5 mM terreic acid with 50 mM HEPES-NaOH (pH 7.5)
and 15% (v/v) polyethylene glycol 400; no cryoprotectant was
added for data collection. Crystals of the MurA—fosfomycin
complex were grown from a solution of 50 mg/mL En. cloacae
MurA in the presence of 2.5 mM UNAG and 2.5 mM fosfo-
mycin, with 12.5 mM MES-NaOH (pH 6.2), 25 mM Na/K
phosphate buffer, and 6% (w/v) polyethylene glycol 20000; for
data collection, 20% (v/v) glycerol was added as a cryoprotec-
tant. X-ray diffraction data were recorded at —180 °C using the
rotation method on single flash-frozen crystals [detector, Rigaku
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FIGURE 2: Inactivation of En. cloacae MurA by terreic acid. (A) Time-dependent loss of MurA activity in the presence of 0.05 mM UNAG. The
terreic acid concentration was 0.01 (@), 0.02 (O), 0.04 (¥), 0.08 (), 0.16 (W), or 0.32 mM (O). Data were fit to eq 1. (B) Replot of the observed first-
order rate constants of inactivation (k) vs terreic acid concentration at varying UNAG concentrations [0.005 (@), 0.01 (O), 0.025 (), 0.05 (»),
and 0.10 mM (M)]. Data were fit to eq 2. (C) Replot of the second-order inactivation rate constants (ki,..) vs UNAG concentration. Data were fit
toeq 3, yielding a k¥, 0f 130 £ 5.5M 's 'anda Kyunac) of 7+ 1 uM. (D) Dose—response curves for inhibition of MurA by fosfomycin (®)
and terreic acid (O). The enzyme was preincubated with inhibitor and 0.1 mM UNAG for 8 min before the reaction was started by addition of
1 mM PEP. Data were fit to eq 4, yielding 1Cs, values of 0.25 4+ 0.01 uM for fosfomycin and 14 £ 0.6 uM for terreic acid.

HTC image plate; rotating anode, Rigaku Micro-Max 007-HF
(Cu Ka, focused by mirror optics)]. Data were processed with
XDS (16) or HKL2000 (HKL Research, Inc., Charlottesville,
VA). The structures were determined by molecular replacement
using CNS (/7). For the MurA—terreic acid complex, the
coordinates of En. cloacae unliganded MurA type 11 (18) (PDB
entry 1EJC) served as a search model; the structure of the
MurA—UNAG-—fosfomycin complex was determined using
the coordinates of the E. coli MurA—fosfomycin complex (/0)
(PDB entry 1UAE). Refinement cycles were performed using
data to the highest resolution with no o cutoff applied. Several
rounds of minimization, simulated annealing (starting tempera-
ture of 2500 K), and restrained individual B factor refinement
were conducted. Model building was performed with O (19). Data
collection and refinement statistics are summarized in Table 1.
Figures 3—5 were produced with Pymol (DeLano Scientific,
Palo Alto, CA).

RESULTS

Inactivation of MurA by Terreic Acid. Initial studies
established that terreic acid inhibits MurA in a time-dependent

manner (Figure 2 and Figures S1—S6 of the Supporting
Information). The inhibition proceeds single-exponentially as a
function of incubation time (Figure 2A). The linear relationship
between the first-order inactivation rate constants and terreic
acid (Figure 2B) indicates a single-step interaction between
enzyme and inhibitor, without the formation of a rapidly
reversible enzyme—inhibitor complex. This type of inactivation
mechanism is typical of group-specific reagents, which often
display nonselective reactivity toward a large number of proteins.
Remarkably, however, the activity of terreic acid toward MurA
strictly depends on the presence of UNAG (Figure 2C), suggest-
ing that inactivation requires the enzyme to interact with the
substrate first. Kinetic characterization with varying concentra-
tions of UNAG yielded an overall inactivation rate constant ki,
of 130 M~" s™". The reaction of fosfomycin with MurA also
depends on the presence of UNAG (8, /4). However, fosfomycin
is ~50 times more potent than terreic acid when assayed under
identical conditions (Figure 2D). The Cysl15Asp mutant
MurA, a naturally occurring fosfomycin-resistant variant found
in bacteria such as Mycobacterium tuberculosis (2, 9), is not
inhibited by terreic acid (data not shown). Taken together, the
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FiGuRe 3: Crystal structure of the dead-end complex of En. cloacae MurA with terreic acid. (A) The overall structure of MurA inactivated by
terreic acid exists in an open conformation free of UNAG. The loop hosting Cys115is colored magenta; the covalently bound terreic acid molecule
(cyan)is largely solvent-exposed. (B) A detailed view of the Cys115—terreic acid adduct reveals multiple polar interactions [d < 3.3 A (black dotted
lines] with water molecules (orange spheres) and two Ca* jons from the crystallization solution (green spheres). Hydrophobic interactions [d <
3.8 A (green dotted lines)] exist with Leul38. The blue-colored mesh represents the F, — F, difference electron density map (at 2.25 A resolution
and contoured at 30), omitting the modified Cys115 residue during the refinement. (C) Proposed chemical reaction of terreic acid with Cys115.

kinetic characteristics suggest that terreic acid covalently reacts
with MurA through residue Cysl15, the molecular target of
fosfomycin. Notably, the presence of DTT in the assay mixture
substantially reduced the inhibitory potency of terreic acid
toward MurA. Further examination revealed that incuba-
tion of 0.1 mM terreic acid with 2 mM DTT, glutathione, or
p-mercaptoethanol for 1 h, prior to addition of MurA, abolished
inhibitory activity. By contrast, overnight incubation with 2 mM
L-cysteine did not affect the activity of terreic acid. It appears that
terreic acid readily reacts with thiol groups of strong reducing
agents, but not of free cysteine. The reaction of terreic acid with
reducing agents is likely to proceed through the same chemical
mechanism that leads to the covalent adduct with the nucleo-
philic Cysl115 side chain of MurA, as outlined below (Figure 3).

Molecular Mode of Action of Terreic Acid. In an attempt
to understand the inactivation of MurA at the molecular
level, the En. cloacae enzyme was crystallized in the presence of
UNAG and terreic acid, with the structure determined at 2.25 A

resolution (Table 1). The asymmetric unit consists of four MurA
molecules arranged into two dimers. The dimeric state is likely a
crystallization artifact, since the enzyme is active as a monomer,
and it is well-known that MurA tends to crystallize in diverse
oligomeric states depending on the ligand present. In solution,
terreic acid does not induce oligomerization of MurA as judged
by size exclusion chromatography (data not shown). Unex-
pectedly, the MurA—terreic acid dead-end complex exists in an
open, UNAG-free enzyme state (Figure 3). Terreic acid is
covalently bound to Cysl15 with full occupancy in all four
MurA molecules of the asymmetric unit. The Cysl15—terreic
acid adduct is largely solvent-exposed; multiple polar interac-
tions with water molecules and two Ca®" ions are observed,
which stem from the crystallization solution. The presence of
CacCl, did not influence the activity of terreic acid toward MurA
(data not shown). In addition, hydrogen bonding interactions are
formed with the main chain atoms of residues Ala116, Lys137,
and Leul38. The opposite side of the terreic acid quinone ring
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FiGURE 4: Crystal structure of the dead-end complex of En. cloacae MurA with fosfomycin. (A) The overall structure of MurA inactivated by
fosfomycin exists in a closed conformation with UNAG bound. The loop hosting Cys115 is colored magenta; the covalently bound fosfomycin
molecule (cyan) occupies the putative PEP-binding site. (B) A detailed view of the Cys115—fosfomycin adduct reveals multiple polar and
electrostatic interactions [d < 3.5 A (black dotted lines)] with active site residues, water molecules, and the UNAG molecule. Hydrophobic
interactions [d < 3.8 A (green dotted lines)] exist with Ile117. The blue-colored mesh represents the F, — F, difference electron density map
(at 1.75 A resolution and contoured at 30), omitting the Cys115—fosfomycin adduct during the refinement. (C) Chemical reaction of fosfomycin

with Cys115.

interacts predominantly with the side chain of Leul38 through
van der Waals forces. The loop around the modified Cysl15
residue adopts a distinct, well-defined conformation, different
from any other known MurA structure.

In contrast to the structural changes induced by the reaction
with terreic acid, inactivation by fosfomycin renders the binary
complex with UNAG intact, as shown previously for the enzymes
from E. coli (6) and Haemophilus influenza (20). We obtained
X-ray grade crystals of the MurA—terreic acid complex for only
the enzyme from En. cloacae, not that from E. coli. To genuinely
compare the molecular mode of action of both inhibitors on
the identical enzyme (the amino acid sequences of E. coli and
En. cloacae MurA are 93.6% identical and 96.2% similar), we
determined the crystal structure of the En. cloacae enzyme,
inactivated by fosfomycin, at 1.75 A resolution (Table 1 and
Figure 4). In the course of these studies, we also obtained high-
quality crystals of the E. coli MurA—fosfomycin complex and
redetermined this structure at 1.7 A resolution (Table S1 of the
Supporting Information). The Cys115—fosfomycin adduct in the
dead-end complexes of both En. cloacae and E. coli MurA

extends into the PEP-binding site, where it is held in place
through multiple hydrogen bonding and electrostatic interactions
with the side chains of Arg397, Argl20, and Lys22. Fosfomycin,
therefore, exploits the binding potential of the highly charged and
narrow PEP-binding site, whereas terreic acid lacks this func-
tionality. It appears that the covalent reaction with terreic acid
induces large conformational changes in the loop that hosts
Cysl15, presumably as a result of steric clashes between the
Cysl15—terreic acid adduct and the active site (Figure 5). As a
consequence, the enzyme opens, UNAG is released, and the loop
around Cys115 undergoes structural rearrangement.

DISCUSSION

Despite the critical importance of MurA for bacterial survival,
and thus the potential for development of novel antibacterial
therapeutics, the only antibiotic known to specifically target this
enzyme is fosfomycin. The finding that terreic acid inactivates
MurA through a mechanism of action similar to that of
fosfomycin indicates that Cys115 is accessible to covalent attack
by a broader range of electrophilic compounds than previously
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Fosfomycin

FIGURE 5: Molecular modes of action of terreic acid and fosfomycin on En. cloacae MurA. In its unliganded state, MurA exists in an open
conformation (Egpe,) with Cys115 solvent-exposed. Binding of the substrate UNAG (S;) induces the structural transition to the closed binary state
(Ecloseda:S1)- Both terreic acid and fosfomycin interact with Cys115 in this binary complex. The reaction of terreic acid with Cys115 forces the
enzyme to open and to release UNAG, leading to an open dead-end complex (Eqpey-I). By contrast, interaction of fosfomycin with the binary
complex renders the overall conformation of MurA unchanged, and the dead-end complex exists as the closed enzyme state with UNAG still
bound (Ejeseq-I). The loop containing Cys115 is colored magenta. UNAG is colored yellow. The inhibitors are colored cyan.

envisioned. Although the terreic acid molecule differs consider-
ably from fosfomycin with respect to size and charge, it appears
to be small enough to collide with and chemically modify Cys115.
Taken together, the data demonstrate that chemical modification
of Cysll5 by terreic acid or fosfomycin leads to differential
structural states of the enzyme. The closed state of the Mur-
A—fosfomycin complex indicates the complementarity between
the bound inhibitor and the active site, explaining the superiority
of fosfomycin with respect to potency and selectivity. The open
state of the MurA—terreic acid complex renders the inhibitor
largely solvent-exposed; consequently, less binding energy is
generated by the enzyme. It appears that the differential kinetic
and structural characteristics of MurA inactivation by terreic
acid and fosfomycin reflect the importance of noncovalent
binding potential, even for covalent inhibitors, to ensure inacti-
vation efficiency and specificity.

The chemical reactivity of terreic acid against reducing agents
such as DTT suggests covalent reactions with nucleophilic
residues of other proteins as well. However, only one other
enzyme to date, Bruton’s tyrosine kinase (Btk), has been reported
as a target of terreic acid, which obstructs the interaction of the
pleckstrin homology (PH) domain of Btk with protein kinase C
in mast cells and other immune cells (27). The mechanism of
action of terreic acid on Btk has not yet been determined, but it is
conceivable that one or more of the five cysteine residues of the
PH domain of Btk is subject to covalent modification by terreic
acid in a manner similar to that of Cys115 in MurA.

Recently, it was reported that other natural products with
antibiotic activity, such as the sesquiterpene lactone cnicin (22)
and tuliposides (23), inhibit MurA in vitro as well. While the
mechanism of action of tuliposides on MurA is based on

circumstantial evidence, the interaction of MurA with cnicin
has been studied in greater detail. On the basis of X-ray crystal-
lographic data, it was concluded that MurA catalyzes an unusual
“anti-Michael” 1,3-addition to form a UNAG—cnicin adduct
that blocks the active site (24). However, with the exception of
fosfomycin, the antibacterial activity of in vitro MurA inhibitors
has never been shown to be caused by inhibition of MurA in the
cell. For example, recent studies from our laboratory indicate
that the antibacterial properties of terreic acid and fosfomycin are
fundamentally different, suggesting that MurA is not the primary
target of terreic acid in E. coli (E. Schonbrunn, unpublished
observations). We hypothesize that highly reactive compounds
with antibiotic activity, such as terreic acid, cnicins, or tulipo-
sides, predominantly react with proteins on the outside of the
bacterial cell membrane, instead of entering the cytoplasm to
inactivate MurA. Inhibitors designed to selectively target Cys115
in MurA should exhibit only latent electrophilicity, as does
fosfomycin, to attenuate unspecific interactions with other
proteins.

It is alarming that almost 50 years after the discovery of
fosfomycin, no other MurA-specific antibiotic agents have been
identified. Reversible high-affinity inhibitors with new molecular
modes of action could present more desirable candidates for the
rational design of therapeutics. Unfortunately, initial high-
throughput screening (HTS) efforts in this regard did not reveal
prospective pharmacophores suitable for further development.
For example, derivatives of sulfonoxy-anthranilic acid, discov-
ered by HTS, were shown to reversibly inhibit MurA by binding
to the open form of the enzyme, largely through van der Waals
interactions (25). However, these inhibitors are relatively weak
(K; =16 uM), presumably because they lack the functionality to
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induce the enzyme’s structural transition to the closed state. The
conformational flexibility of MurA and the highly charged and
polar character of the active site impose challenges for drug
design that are difficult to overcome by conventional HTS and
molecular modeling technology. Therefore, it seems that intense
screening efforts using new, diverse HTS compound libraries and
more sophisticated computational approaches are necessary to
enable the design of new chemical entities as prospective lead
molecules with therapeutic potential. Experimentally determined
structures of new MurA—ligand complexes, such as the
MurA—terreic acid complex, will be instrumental in the under-
standing and subsequent exploitation of the unique structural
features of this enzyme for the design of new inhibitors with novel
mechanisms of action.
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