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ABSTRACT: 3-Oxo-acyl-acyl carrier protein (ACP) reductase (FabG) plays a key role in the
bacterial fatty acid synthesis II system in pathogenic microorganisms, which has been
recognized as a potential drug target. FabG catalyzes reduction of a 3-oxo-acyl-ACP
intermediate during the elongation cycle of fatty acid biosynthesis. Here, we report gene
deletion experiments that support the essentiality of this gene in P. aeruginosa and the
identification of a number of small molecule FabG inhibitors with IC, values in the
nanomolar to low micromolar range and good physicochemical properties. Structural
characterization of 16 FabG-inhibitor complexes by X-ray crystallography revealed that the
compounds bind at a novel allosteric site located at the FabG subunit—subunit interface.
Inhibitor binding relies primarily on hydrophobic interactions, but specific hydrogen bonds
are also observed. Importantly, the binding cavity is formed upon complex formation and
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therefore would not be recognized by virtual screening approaches. The structure analysis further reveals that the inhibitors act
by inducing conformational changes that propagate to the active site, resulting in a displacement of the catalytic triad and the

inability to bind NADPH.

Pseudomonas aeruginosa is a ubiquitous free-living Gram-
negative bacterium that often causes opportunistic infections,
mainly in patients with immunosuppression, burns, or cystic
fibrosis. P. aeruginosa is able to adapt to diverse environmental
conditions, and consequently, the range of pathologies
associated with this microorganism is broad, including
respiratory tract, skin, and blood infections."” The treatment
of P. aeruginosa infections is complicated due to its high
intrinsic resistance to antibiotics and capablhty of developing/
acquiring new mechanisms of resistance.”* The spread of drug-
resistant strains underlines the need to identify novel drug
leads/hit compounds.® Recent efforts toward this objective are
directed to better understand the biology of P. aeruginosa, to
characterize different aspects of pathologies associated with this
bacterium, and to improve containment of P. aeruginosa
infections.®™"

Fatty acid synthesis type II (FAS II) exists in bacteria, plants,
and parasites.' ™' FAS II consists of several proteins that
catalyze individual reactions in fatty acid biosynthesis. The FAS
I system has been identified as an attractive drug target, and
several antibiotics targeting this pathway are in use, such as
triclosan or isoniazid."*~'®

3-Oxo-acyl-ACP reductase (FabG; EC 1.1.1.100) catalyzes
the first reduction step that leads to the conversion of 3-oxo-
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acyl-ACP to 3-D-hydroxyacyl-ACP intermediates during the
elongation cycle of the FAS II system'"'® (Figure 1A). FabG
belongs to the short-chain dehydrogenase/reductase (SDR)
family of NAD(P)(H)-dependent oxidoreductases.'” The
members of this family share a Rossmann fold motif that is
involved in cofactor binding and are engaged in a broad range
of dehydrogenation and reduction reactions. FabG is a
promising drug target due to its essentiality, high conservation
in bacteria, and presence of a single isoform in many bacterial
species.'® Although several potential inhibitors of FabG have
been identified,”*>* these are largely natural product extracts
and pose significant drug development challenges. So far, none
have reached the clinic.

Here, we validate FabG from P. aeruginosa as a drug target by
gene deletion experiments and present a series of novel small-
molecule FabG inhibitors with nanomolar to low micromolar
ICs, values and good physicochemical properties. Some of
these molecules have phenotypic activity against a Gram-
positive bacterium, Staphylococcus aureus, but none were active
against P. aeruginosa. We also report the crystal structures of

Received: July 8, 2013
Accepted:  September 9, 2013
Published: September 9, 2013

dx.doi.org/10.1021/cb4005063 | ACS Chem. Biol. 2013, 8, 2518—2527


pubs.acs.org/acschemicalbiology
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_termsofuse.html

ACS Chemical Biology

A

H
2QS-AC P+NADPH+H' > 295—ACP+NADF"
aceto- 3-D-hydroxy-

acetyl-ACP butyryl-ACP

H
2gs-CoA+NADPH+H' k4 9RS-CONNADP'
aceto- 3-D-hydroxy-

acetyl-CoA butyryl-CoA

C H
’W\QQS-NACi'NADPH*iH"#AA’*QQS-NA(Z#NADP'

3-oxodecanoyl- 3-D-hydroxydecanoyl-
N-acetylcysteamine N-acetylcysteamine

Figure 1. Enzymatic reactions catalyzed by FabG. (A) In fatty acid
biosynthesis FabG uses NADPH to reduce 3-oxoacyl-ACP substrate
(represented here by the shortest substrate, acetoacetyl-ACP) to
respective 3-D-hydroxyacyl-ACP. (B and C) FabG is also able to
reduce non-natural substrates, such as acetoacetyl-CoA (B) and 3-
oxodecanoyl-N-acetylcysteamine (C). These two activities were
employed in this study, and the directions of the individual reactions
monitored are indicated by thick arrows.

FabG, the binary complex of FabG-NADPH, and FabG-
inhibitor complexes. In all complexes the inhibitors bind at a
novel allosteric site located at the intersubunit interface,
inducing structural changes within FabG incompatible with
NADPH binding and catalysis.

B RESULTS AND DISCUSSION

Target Validation: fabG Is an Essential Gene in P.
aeruginosa PAO1. Existence of fabG as a single isoform in
most bacteria suggests its potential use as a drug target;
however, experimental evidence for gene essentiality has been
reported only for Escherichia coli, Salmonella enterica, and
Mycobacterium tuberculosis.”>*° In order to examine the
essentiality of fabG and thus its suitability as a drug target in
P. aeruginosa, we attempted to construct a P. aeruginosa PAO1
AfabG mutant using the pEX18Ap suicide vector.”” In this
vector (LEXYB122APA2967), a gentamicin resistance cassette
replaces the fabG gene, and the cassette is flanked at both ends
by 400 bp fragments of homologous DNA. After several
conjugations and counter-selection utilizing the sacB gene in
the vector, several hundred gentamicin-resistant colonies were
isolated and analyzed. They were all found to be carbenicillin-
resistant, indicating the presence of the plasmid backbone and a
single crossover event in all isolated colonies. The presence of
the gentamicin cassette and the fabG gene in these clones was
confirmed by PCR. All these suspected mutants were sucrose-
sensitive. Spontaneous sucrose- and gentamicin-resistant
mutants, which had also lost the carbenicillin resistance,
indicated a possible double crossover event by loss of the
vector backbone. However, genotypic characterization of the
isolated DNA of these suspected mutants showed the presence
of the wild type fabG sequence, thus representing only single
crossover events. Disruption of the chromosomal fabG gene
using the knockout procedure with different supplementation
of the culture media, e.g., with palmitic acid or a fatty acid
cocktail, was also unsuccessful.

We therefore constructed a strain carrying a second
chromosomal copy of fabG under the control of its native
promoter and attempted the deletion of the native copy of fabG
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at the PA2967 locus. The suicide mini-CTX2 plasmid based
method”® was utilized for site-specific integration of the second
copy of fabG. We successfully obtained a PAO1 strain with a
dual copy of fabG (PAO1-LEXYB141). The presence of the
two fabG copies was confirmed by genotypic characterization
and sequencing. The PAO1-LEXYB141 strain was then used to
delete the native fabG copy by the same methods as described
above. We were able to replace the fabG gene at the
chromosomal PA2967 locus by the gentamicin resistance
casette in the presence of the second copy at the attB site.
These clones were gentamicin-resistant, carbenicillin-sensitive,
and sucrose-resistant. The replacement of the fabG sequence at
the PA2967 locus and the presence of the second fabG copy at
the attB site were confirmed by PCR (see Supporting
Information and Figure S1) and DNA sequencing. The
successful deletion of wild type fabG at the PA2967 locus in
the P. aeruginosa mutant PAO1-LEXYB141 carrying two copies
of this gene demonstrates that the employed protocol works,
and we therefore conclude that fabG is an essential gene for
growth in this organism.

Structures of apo-FabG and the FabG-NADPH
Complex. The crystal structures of apo-FabG and the FabG-
NADPH complex were determined to 2.3 A and 1.8 A
resolution, respectively, using molecular replacement (Supple-
mentary Tables S1 and S2). FabG adopts a canonical
Rossmann fold commonly found in tyrosine-dependent
oxidoreductases'® with a seven-stranded parallel S-sheet
surrounded by @ helices, forming together a three-layer (a/
pB/a) sandwich (Figure 2). The central f-sheet has
P7P6pSPpAS1S2P3 topology and packs against helices al, a2,
and a8 on one side and against helices a3, a4, and a5 on the
other side. The overall structure of FabG from P. aeruginosa is
similar to the structures of FabG from other organisms
(Supplementary Figure S2), including FabG from other
pathogenic bacteria such as E. coli/”® M. tuberculosis,>® Bacillus
anthracis,®" Rickettsia prowazekii,”> and Staphylococcus aureus.>

The conformation of FabG in the binary complex with
NADPH is very similar to apo-FabG with an rmsd of 0.5-1.6 A
for Ca atoms between individual protein chains. The only
significant structural changes are ordering and decreased
mobility for residues located in helices a6 and a7 and a loop
f3—a3 that are involved in NADPH binding (Figure 2). In the
structure of the FabG-NADPH complex the electron density
for the cofactor is observed in three protein molecules of the
asymmetric unit (Supplementary Figure S3A). The absence of
NADPH in the fourth FabG molecule is most likely an artifact
of the soaking experiment with accessibility of this NADPH
binding site limited by crystal packing.

In the complex, NADPH binds in a deep cleft formed by the
C-terminus of the parallel -sheet and helices a4, aS, a6, and
a7 (Figure 2) burying ~650 A* of solvent accessible area.
Overall, the recognition of NADPH by FabG is typical for this
class of enzymes (Supplementary Figure S3B), and the
structure of the FabG-NADPH complex from P. aeruginosa
superimposes with an rmsd of 1.2—2.0 A for Ca atoms to
FabG-NAD(P)H complexes from other bacteria (Supplemen-
tary Figure S2B).

Quaternary Structure of P. aeruginosa FabG. The
asymmetric units of the crystals of apo-FabG and the FabG-
NADPH complex contain four protein subunits that form a
tetramer (Figure 2C). The subunits within the tetramer are
related by D2 symmetry, which can be described as a dimer of
dimers. One dimer is formed by chains A and D, and the
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Figure 2. Overall crystal structure of a subunit of apo-FabG (yellow)
and FabG-NADPH complex (red). Side (A) and top (B) views of the
superimposed crystal structures in cartoon representation. NADPH
(orange) and three catalytic residues (S141, Y154, and K158) in apo-
FabG (light green) and the FabG-NADPH complex structure (dark
green) are shown in stick representation. The important hydrogen-
bond interaction between the catalytic residues and NADPH are
represented by dashed lines. (C) Quaternary structure of FabG from
P. aeruginosa. Cartoon representation of four apo-FabG subunits (dark
blue, dark green, light green, light blue), which are related by D2
symmetry. The four subunit—subunit interfaces are encircled.

second dimer by chains B and C. The dimer interface (interface
A/D) and its equivalent chains B and C (interface B/C)
(Figure 2C) involves the C-terminal part of helices a5 and a8,
strand f7, loops f6—a6, a7—a8, and a8—f7, and the C-
termini, burying ~1440 A® of solvent-accessible area in each
subunit. The interactions are mainly hydrophobic with ~10
stabilizing intersubunit hydrogen bonds.

The dimer—dimer interface, formed between chains A and B
(interface A/B) and between chains C and D (interface C/D)
(Figure 2C), involves helices a4 and a5 and loop #5—a4 with a
short a4’ helix from each subunit, burying ~1600 A” of solvent-
accessible area per monomer. This interface is also mainly
hydrophobic and is further stabilized by ~20 intersubunit
hydrogen-bond interactions at the edge of the interface.

Characterization of FabG. We have employed two
different enzymatic assays to facilitate identification and
evaluation of potential inhibitors of FabG. In the first assay,
we monitored NADPH consumption by FabG as it performs
the biologically relevant reduction of the 3-oxo group of the
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acetoacetyl-coenzyme A (AcAcCoA) substrate analogue
(Forward Assay, Figure 1B). In the second assay, we have
taken advantage of the reversibility of the FabG-catalyzed
reaction and monitored NADPH production using the product
mimic 3-hydroxydecanoyl-N-acetylcysteamine (3-OH decano-
yI-NAC), which is oxidized to 3-oxodecanoyl-N-acetylcyste-
amine (Back Assay, Figure 1C).

In the Forward Assay, FabG catalyzes reduction of AcAcCoA
with a Ky, = 1.0 + 02 mM and k_,./Ky = (12 + 3) x 10° M
s”! in the presence of 0.8 mM NADPH (Supplementary Figure
S4A). The K,; for NADPH was 029 + 0.03 mM in the
presence of 4 mM AcAcCoA. In the Back Assay, the Ky; of 3-
OH decanoyl-NAC could not be determined due to limited
solubility of the substrate. However, the response was linear at
least to 0.3 mM, indicating that the Ky was above this
concentration. The Ky; of NADP* in the presence of 0.3 mM 3-
OH decanoyl-NAC was 0.29 mM (Supplementary Figure S4B).

Identification of FabG Inhibitors: NMR Fragment
Screen. FabG was screened against a fragment library of 436
compounds at a single concentration (1 mM) using an NMR-
based binding assay. Compounds consistently identified in STD
and waterLOGSY experiments were considered as potentially
binding to FabG, resulting in 48 hits from the screen (11% hit
rate). Due to compound availability and compatibility with the
biochemical assay, only 32 of these molecules were screened at
a single concentration (1 mM) using the Forward Assay with
AcAcCoA as substrate. Twenty-five molecules displayed >50%
inhibition at 1 mM concentration (Supplementary Figure SSA).
The most potent compounds were selected for crystallography,
but a crystal structure was obtained only for compound 498
(see below). This compound was profiled in more detail in the
Forward Assay giving an ICs, of 138 yM (Table 1).

Identification of FabG Inhibitors: Diversity Biochem-
ical Screen. FabG was screened against a diverse library of
15667 compounds at a single concentration (10 #M) using the
Back Assay with 3-OH decanoyl-NAC as substrate. Com-
pounds with activity greater than 3x the standard deviation
around the baseline were considered to be active. This resulted
in 101 compounds with >25% activity. Limits on compound
availability and a pragmatic raise of the cutoff to 50% resulted in
30 compounds being selected for concentration/effect curves in
the Back Assay. IC;, values are presented in Table 1 and range
from 500 nM to 11.5 uM. The Hill slopes were steep with a
median of 1.5 for all compounds tested and 28 of 30
compounds >1.0, suggesting cooperativity in the interaction
between the enzyme, substrates (NADP* and 3-OH decanoyl-
NAC), and compounds. Negative cooperativity in binding of
NADPH and ACP has also been observed previously in FabG
from E. coli.”’

Twenty-one compounds were also evaluated in the Forward
Assay, giving >10% inhibition at single concentration (0.1 #M)
(Supplementary Figure SSB). Concentration/effect curves were
obtained for these compounds in the Forward Assay, giving
ICs values in the range 0.02—0.31 yM. Strikingly, although the
compounds had broadly the same rank order of potency as in
the Back Assay (correlation coefficient R* = 0.78 following the
removal of a single outlier), the IC;,’s were, on average, 30-fold
lower and the Hill slopes median was 1.1 with 10 of 21
compounds tested giving Hill slopes <1 (Table 1 and
Supplementary Table S3). We also verified by UV-—vis
spectrophotometry that protein aggregation triggered by the
addition of the hit compounds as the cause for FabG inhibition
can be excluded (Supplementary Figure S6).
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Table 1. IC;, and Hill Coefficient Values Determined for Compounds with Crystal Structures

Forward Assay Back Assay
Structure Geome Range Average | Hill slope Geomean Range Average | Hill slope
an (uM) Hill Slope range IC50 (uM) (uM) Hill Slope range
IC50
(uM)
NMR hits
498 137.69 132 - 143 1.1 0.8-1.5 nd nd nd nd
P
\/ﬂ"ﬂ r\F
Diversity
screen
hits
FGO]. 0.02 0.01 - 0.02 0.9 0.8-1.0 0.5 0.5-0.5 1.8 1.7-19
FGO5 0.02 0.02 - 0.02 0.8 0.7 - 0.9 0.6 0.6 - 0.6 1.8 1.5-2.0
aC
|
FG19 ( 0.08 0.08 - 0.09 1.1 1.0-1.2 2.7 2.3-3.1 1.1 1.1-1.2
@J" |
FG20 / 0.26 0.22 - 0.29 1.3 1.2-1.5 3.7 3.3-4.1 1.2 1.1-1.4
/
H
FG21 . 0.20 0.15-0.28 1.4 1.2-15 5.4 4.8-6.1 1.3 1.2-14
~ N/<
o °\
[ )
\
FG22 : 5_} 0.03 0.03 - 0.03 1.3 09-1.7 1.0 0.8-1.3 1.3 1.1-1.6
FG31 0.05 0.04 - 0.05 0.9 0.7-1.1 2.0 0.9 -4.9 1.2 09-1.4
FG32 S 0.05 0.04 - 0.05 1.0 0.9-1.2 2.1 2.0-2.1 1.7 1.4-2.0
7O
FG34 EKO\F 0.30 | 0.25-0.37 0.9 0.6-1.2 4.1 3.5-4.9 1.7 1.2-2.3
L,
FG35 \)? 0.13 0.12 - 0.14 1.0 0.7-1.3 3.1 3.0-3.3 1.6 1.5-1.8
2521 dx.doi.org/10.1021/cb4005063 | ACS Chem. Biol. 2013, 8, 2518—2527
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Table 1. continued

Forward Assay Back Assay
Structure Geome Range Average | Hill slope Geomean Range Average | Hill slope
an (uM) Hill Slope range IC50 (uM) (uM) Hill Slope range
IC50
(uM)
0.08 0.07 - 0.09 1.1 09-1.4 2.9 25-3.2 1.6 1.5-1.8

FG37 C\m

FG41 % 0.18 0.16 - 0.22 1.3 1.2-1.3 1.6 1.6-1.6 1.7 1.6-1.8
FG42 m 0.10 0.08 - 0.12 1.1 1.0-1.3 1.9 1.7-2.2 1.5 1.4-1.7

FG43 O:,/L:E)‘Q 0.12 0.11-0.12 1.1 09-1.2 3.9 2.8-55 1.8 1.5-2.0
=

FG45 O:lQ\Q 0.31 | 0.31-0.32 1.6 1.5-1.7 7.8 7.3-83 1.3 1.3-1.3

note that this assay was run at 2.7x Ky for note that this assay was run at 5x Ky for NADP
NADPH and Ky for AcAcCoA and <Ky for 3-OH decanoyl-NAC

“nd = not determined.

C

L114
G160
A159
N111

V110

A156

F107
W106

Figure 3. Inhibitor binding to the FabG protein. A) Subunits C (light green) and D (light blue) of the structure of FabG in the complex with hit
FGOI1. The compound (orange, stick representation) binds at the allosteric site located at the interface between subunit C from the B/C dimer and
subunit D from the A/D dimer. The catalytic triad residues (S141, Y154, K158) of each protein subunit are shown in space-fill representation
(yellow). (B) Stereo view of the inhibitor binding site with bound FGO1 included. The residues forming the hydrophobic cavity are shown in stick
representation. (C) Superimposed hit compounds 498, FGO1, FG0S, FG19, FG20, FG21, FG22, FG31, FG32, FG34, FG3S, FG37, FG41, FG42,
FG43, and FG4S (stick representation) at the interface C/D demonstrating the almost planar conformation of the bound hits.

Although the two assays are set up differently with respect to observed difference in potencies. The detailed enzymology of
the ratio between the concentration of substrates and their this dimer of dimer enzyme is clearly complex, and the
respective Ky values, this accounts for less than 2-fold of the explanation for this difference may lie in the different
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cooperativity factors underlying the complex cooperativity
interactions between the substrates (NADPH, HY, AcAcCoA
for the Forward Assay, and NADP* and 3-OH decanoyl-NAC
for the Back Assay).

Finally, the 30 diversity hit molecules were profiled for their
ability to inhibit bacterial cell growth in 10-point concen-
tration/effect curves against P. aeruginosa and the Gram-
positive bacterium S. aureus. No compounds showed a
significant effect against P. aeruginosa, but FG48 completely
inhibited the growth of S. aureus, with a pECS0 of 4.7
(Supplementary Figure S7). In addition, FG39 and FG43
inhibited cell growth by 35% and 64%, respectively, at a
concentration of 100 M. A comparison shows that the crystal
structures of FabG from P. aeruginosa and S. aureus® are very
similar and that the inhibitor binding pockets at the A/B and
C/D interfaces (see below) could potentially also be formed in
the S. aureus enzyme.

Crystal Structures of Inhibitor Complexes. To further
understand the structural basis for the compound-mediated
inhibition of FabG activity, we determined the crystal structures
of several FabG-hit complexes. The structures of FabG
complexed with NMR hit 498 and with HTS hits FGO1,
FGOS, FG19, FG20, FG21, FG22, FG31, FG32, FG34, FG3S,
FG37, FG41, FG42, FG43, and FG45 could be obtained in
resolution ranges of 1.8—2.9 A (Supplementary Tables S1 and
S2).

Remarkably, despite a lack of structural similarity between
the hit compounds present in the complexes (Tanimoto score™
of <0.81), they all bind in a similar conformation at the same
allosteric site, located at the dimer—dimer interface, about 14 A
away from the catalytic center (Figure 3A). Two inhibitor
molecules are bound per FabG tetramer and in several cases
one or two orientations of the compounds were modeled at
each binding site to fit the experimental electron density maps
(Supplementary Figure S8). Pairwise superimposition of the
individual subunits of the FabG-hit compound complexes
results in rmsd values in the range of 0.2—2.4 A for Ca atoms.
In the following, we use the structure of the complex of FabG
with FGOI, which is one of the most potent inhibitors, to
describe the protein—ligand interactions.

The two equivalent binding cavities at the dimer—dimer
interface are mainly hydrophobic and are formed by residues
belonging to helices a4 (W106, F107, V110, N111, L114, and
N115) and a5 (A156, A159, G160, G163, F164, and A167)
from each subunit (Figure 3B). Binding excludes ~180 A* of
solvent-accessible area in each protein subunit and completely
buries the inhibitor within the protein (buried surface area of
440 A*). The hydrophobic nature of the cavities limits the
number of possible hydrogen-bond donors and acceptors.
Nevertheless, some of the ligands form specific hydrogen bonds
to FabG (Supplementary Figure S9) with the most striking
example of the FG34 complex, where the side chain of N111
adopts a different conformation to mediate this interaction.
Interestingly, the FabG-inhibitor interactions impose strong
constraints on the conformation of the bound ligands, which
despite having 2—4 rings connected by rotatable bonds, are
almost planar in all 16 structures (Figure 3C).

The cavity is absent in the apo-FabG structure and is induced
by the ligand; moreover the size of the cavity is dependent on
the size of the inhibitor (Supplementary Figure $10), a striking
example of induced fit by an inhibitor. Absence of this cavity in
the noninhibited enzyme reveals a severe limitation of most
present-day docking-based virtual screening methods for drug
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identification, as such approaches will miss such a cryptic
binding site.** Cryptic binding cavities also introduce a bias in
computational druggability assessments as they will remain
undetected in the absence of ligand-bound templates. The set
of 16 FabG-inhibitor structures determined in this study
represents a useful study-case that could help to improve the
algorithms dealing with protein flexibility.

The binding site has to be temporarily solvent-exposed to
allow for inhibitor binding. This can be achieved either by local
rearrangements in helices @4 or by dissociation of the tetramer
into dimers. Both scenarios imply that FabG should exhibit
dynamic behavior. The differences observed between the
structures of the apo-form and inhibitor-complexes of FabG
show that the protein can adopt distinct conformations and
therefore likely undergoes extensive motions in solution.
Furthermore, some regions of the protein have high B factors
or are completely disordered in the crystals, emphasizing the
dynamic nature of the enzyme.

Structural Basis of Inhibition. The consequence of ligand
binding is a profound perturbation of the structure of FabG.
The conformational rearrangement primarily occurs at subunit
interfaces involved in ligand recognition (dimer—dimer inter-
face A/B and C/D), leading to a ~15° rotation of the B/C
dimer with respect to the A/D dimer (Figure 4A). Thus, the
structures of the dimers are practically unchanged upon
inhibitor binding and align with an rmsd of about 2.0 A to
the equivalent dimers in apo-FabG while alignment of A and B
or C and D subunit pairs from the ligand complexes superpose
with an rmsd in the order of 3.2 A to corresponding pairs in the
apo-FabG structure.

At the subunit level, the structural changes are localized to
the proximity of the inhibitor binding site and involve the N-
terminal parts of the helices a4 (residues 103—124) and a$
(residues 152—166), loops p4—a4 (residues 90—102) and
B5—as (residues 140—151), which connect the N-termini of
helices a4 and a5 to the core of the protein, as well as the four
C-terminal residues of the monomer (residues 244—247).
These movements (Figure 4B), in combination with head-to-
tail arrangement of the helices at the intersubunit interface, lead
to the formation of a cavity where the inhibitors bind (Figure
3B). Simultaneously, the two dimers in the tetramer reorient by
~15° with respect to each other, thus decreasing the solvent-
accessible area buried in the interfaces A/B and C/D from
~1440 A% in the apo structure to ~1030 A” in the inhibitor-
bound structures, also accounting for the area excluded by
ligand binding.

Crucially, these conformational changes propagate to the
catalytic triad (residues S141, Y154, and K158), resulting in an
active site conformation that is incompatible with NADPH
binding (Figure 4B). S141, Y154 and K158 are displaced and
form hydrogen-bond contacts with the backbone carbonyl
groups of P184 and M246, thus preventing interactions for
binding of the ribose moiety of NADPH as seen in the
holoenzyme (Figure 2B) and shown to be critical for its
efficient binding by mutational studies of E. coli FabG.*® The
loop containing S141 adopts a conformation that would cause
steric hindrance with NADPH binding (Figure 4C). Overall, we
conclude that the inhibitor acts by preventing the binding of
NADPH and disrupting the catalytically competent orientation
of the catalytic triad.

Mode of Inhibition. To gain further insights into the
inhibitory mechanism of identified hits, a kinetic analysis of
inhibition was performed for one of the most potent inhibitors

dx.doi.org/10.1021/cb4005063 | ACS Chem. Biol. 2013, 8, 2518—2527
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Figure 4. Conformational changes in FabG upon inhibitor binding.
(A) Stereo view of superimposed structures of tetrameric apo-FabG
(dark blue, dark green, light green, light blue) and the FabG-FGO1
complex (dark purple, dark gray, light gray, light purple). The
structures are aligned on the A/D dimer illustrating the rotation of the
B/C dimer. (B) Superimposed structures of the FabG-NADPH and
FabG-FGO1 complexes showing the reorientation of the catalytic triad
upon FGOl binding. Formation of the FabG-inhibitor complex
displaces the catalytic triad (S141, Y154, K158) from the NADPH-
binding compatible conformation (yellow) to a novel orientation
(dark gray). NADPH and FGO1 are displayed as orange and red stick
models, respectively. Hydrogen bonds between Y154 and K158 and
NADPH are shown as dashed lines. (C) A section of the
superimposed structures of subunits of FabG-NADPH (yellow) and
FabG-FGO1 (dark gray). NADPH and hit FGO1 are shown as orange
and red stick models, respectively. Hexanoyl-coenzyme A substrate
(green stick) is modeled based on the structure of FabG4-NAD*-
hexanoyl-coenzyme A complex from M. tuberculosis (PDB accession
code 3vlu). Structural elements that are displaced upon FGO1 binding
and result in a conformation incompatible with substrate binding are

labeled.

(FGO1). Within the limits of experimental error, the Line-
weaver—Burk plot analysis shows a noncompetitive mode of
inhibition with respect to NADPH (Figure S), in agreement
with our conclusion from the structural analysis. Comparison of
the structures of the FabG-FGO1 complex with that of the 3-
oxo-acyl-acyl carrier protein reductase from M. tuberculosis in
complex with NAD* and hexanoyl-coenzyme A>” shows that
reorientation of helix a5 caused by FGO1 binding displaces
loop pS—as, thus also blocking the fatty acid binding site
(Figure 4C).

To test experimentally the proposed mechanism of
inhibition, we evaluated the influence of the inhibitors on
NADPH binding by FabG enzyme. A fluorescence-based
binding assay was used to analyze binding of the dinucleotide
to the enzyme. The sensitivity of the assay required a FabG
concentration of 3 uM, limiting the assay conditions to the
nonoptimal concentrations of the compounds (>ICs,) that do
not allow measurement of the dose-dependent response at
equilibrium. Nevertheless, we could demonstrate that at 1.5 yM
all compounds inhibited the binding of NADPH to FabG
(Supplementary Figure S11).

Structure—Activity Relationship for Lead Develop-
ment. The small-molecule inhibitors described represent
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Figure S. Lineweaver—Burk plots illustrating the effect of FGO1 on
FabG activity. Within the limits of experimental error, FGO1 shows a
mixed inhibition pattern with respect to AcAcCoA (A) and a
noncompetitive inhibition pattern with NADPH (B).

attractive start points for drug discovery with ligand efficiencies
in the range 0.37—0.53 (Supplementary Table S3).>® Although
lipophilic lipid efficiency may be more appropriate to drive lead
optimization, the initial range of 2.9—5.3 represents excellent
starting values.” The compounds show no phenotypic
response in the Gram-negative P. aeruginosa. However, the
observation of activity of some compounds in the Gram-
positive bacterium S. aureus suggests that this is either due to
poor penetration of the compounds through the Gram-negative
cell wall or, alternatively, rapid efflux of the compounds.
Although the physicochemical properties to penetrate Gram-
negative and Gram-positive bacteria are poorly defined,* the
diversity of chemotypes described gives a number of options for
optimization to increase intrabacterial concentrations.

The analysis of the FabG-inhibitor complexes suggests that
the optimal scaffold for optimization of potency should be
symmetrical and planar. The binding cavity is formed within a
four-helix bundle structure at the intersubunit interface, with
two helices provided by each monomer. The subunits pack in
head-to-tail orientation, leading to a symmetric binding cavity,
reflected in two binding modes for the bound ligands in several
cases. Therefore symmetrization of a chemical scaffold should
allow for effective exploitation of the available space and
interactions at the binding site. The optimal shape of the lead
molecule could be based on the alternative orientations of some
hit compounds observed in protein—ligand structures, e.g, for
hit FGO1 in the binding site located at the A/B interface.

The hit compounds in the FabG-inhibitor structures adopt
almost planar conformations, which are not representative of
one of their low energy conformers.*' Such an observation
implies that the free energy of ligand binding could potentially

be decreased by increasing the planarity of the lead molecule.
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This could be achieved by introducing condensed aromatic
rings and other functional chemical groups with sp* hybrid-
ization.

Finally, the designed chemical scaffold for a drug lead has to
be supplemented with hydrogen-bond acceptor and/or donor
groups at certain positions to acquire the desired specificity by
interactions with the side chains of N111 and N115 and
backbone amide and carbonyl groups.

Conclusions. Fatty acid biosynthesis, and in particular
FabG, has been considered as an attractive drug target for
treatment of infectious diseases.'”'® Our studies validate FabG
as a drug target in P. aeruginosa, identify a series of novel FabG
inhibitors, and provide important insight into mechanism of
inhibition from the structural and biochemical characterization.
A major, and unexpected, finding was the discovery of a cryptic
binding site at the dimer—dimer interface. Binding of ligands at
this site induces conformational changes that propagate to the
active site and result in disturbance of the catalytic triad and
loss of the ability to bind the cosubstrate NADPH. The results
provide a framework for future rational design of potent small
molecule inhibitors that target FabG.

B METHODS

Materials. 3-Hydroxydecanoyl-N-acetylcysteamine (3-OH decano-
yl-NAC) was synthesized using a published procedure*”** by coupling
()-3-hydroxydecanoic acid (Wako Chemicals) with NAC (Sigma-
Aldrich). See Supporting Information for a complete list of the
inhibitory compounds used.

fabG Gene Deletion. Construction of a P. aeruginosa PAO1
containing two chromosomal copies of fabG and construction of a
suicide vector and the gene knockout at the native fabG locus were
carried out using protocols as described in the Supporting Information.

Protein Production. Recombinant FabG was produced and
purified as described in detail in the Supporting Information.

Enzyme Assays. Two independent assays, using either 3-OH
decanoyl-NAC or acetoacetyl-coenzyme A (AcAcCoA) as substrate,
were established to monitor enzymatic activity of FabG. The first assay
(Forward Assay as it leads to NADP* formation) utilizes the FabG-
catalyzed reduction of AcAcCoA with NADPH as an electron donor.
The reaction was followed spectrophotometrically by monitoring the
consumption of NADPH at 340 nm. The second assay (Back Assay as
it leads to NADPH formation) is based on the FabG-catalyzed
oxidation of 3-OH decanoyl-NAC with NADP" as cosubstrate.
NADPH production was measured as an increase in fluorescence
using an excitation wavelength of 340 nm and emission wavelength of
455 nm. For details see Supporting Information.

Enzymatic HTS Assay. The FabG high-throughput screen was
performed using the Back Assay and a library of 15667 compounds
(Dundee Drug Discovery Unit in-house diverse compound
collection).** Compounds were screened at a single concentration of
10 #M in the presence of NADP* (1.5 mM) and 3-OH decanoyl-NAC
(450 uM). Compounds exhibiting a percentage inhibition (PI) of
>25% were considered as hits. For details see Supporting Information.

NMR Binding Assay. One-dimensional (1D) saturation transfer
difference (STD) and water ligand observation with gradient
spectroscopy (waterLOGSY) NMR experiments*® were used to screen
a fragment library of 436 compounds (derived from Maybridge Ro3
library) for binding of FabG following the procedure applied
previously for FabA.*® Compounds identified as FabG ligands in
both experiments were considered as hits. For more details see
Supporting Information.

FabG Inhibitor Studies. The identified hit compounds from both
screens were either cherry-picked from the corresponding screening
libraries or purchased from external suppliers. To evaluate the
inhibitory properties of identified hit compounds in the Forward
Assay, the enzymatic reaction was performed in the presence of NMR
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hit compounds at 1 mM concentration or HTS hits at 0.1 yM
concentration.

To determine ICg, values 10-point (0.5 nM to 10 uM) (Back
Assay) or 7-point (14 nM to 10 uM) (Forward Assay), dose—response
curves were recorded using 3-fold serial dilution of each hit compound.
For details see Supporting Information.

Fluorescence based NADPH binding studies, aggregation assay, and
phenotypic growth assay are described in the Supporting Information.

Structure Determination. Three-dimensional structures of apo-
FabG, the FabG-NADPH complex, and 16 enzyme—inhibitor
complexes were determined using protein crystallography as outlined
in the Supporting Information.

B ASSOCIATED CONTENT

© Supporting Information

Methods details; structural overlays; Ky determinations;
unbiased electron density maps for 16 ligands; enzyme-
NADPH and enzyme—inhibitor interaction schemes; fluores-
cence binding assays for NADPH; growth inhibition curve for
S. aureus; data and refinement statistics; chemical and
physicochemical properties and kinetic data for the small-
molecule inhibitors. This material is available free of charge via
the Internet at http://pubs.acs.org.

Accession Codes

The atomic coordinates and crystallographic data have been
deposited under PDB accession codes 4afn (apo-FabG), 4ag3
(FabG-NADPH complex) and 4bnt, 4bnu, 4bnx, 4bnv, 4bny,
4bnz, 4bo0, 4bol, 4bo2, 4bo3, 4bo4, 4bo3, 4bo6, 4bo7, 4bo8
and 4bo9 for the FabG—ligand complexes.
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