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Abstract: The thiol-disulfide oxidoreductase enzyme DsbA
catalyzes the formation of disulfide bonds in the periplasm of
Gram-negative bacteria. DsbA substrates include proteins
involved in bacterial virulence. In the absence of DsbA,
many of these proteins do not fold correctly, which renders the
bacteria avirulent. Thus DsbA is a critical mediator of
virulence and inhibitors may act as antivirulence agents.
Biophysical screening has been employed to identify fragments
that bind to DsbA from Escherichia coli. Elaboration of one of
these fragments produced compounds that inhibit DsbA
activity in vitro. In cell-based assays, the compounds inhibit
bacterial motility, but have no effect on growth in liquid
culture, which is consistent with selective inhibition of DsbA.
Crystal structures of inhibitors bound to DsbA indicate that
they bind adjacent to the active site. Together, the data suggest
that DsbA may be amenable to the development of novel
antibacterial compounds that act by inhibiting bacterial
virulence.

Antibiotic resistance is a growing problem that has been
recognized as one of the major health challenges of the 21st
century."! With few antibacterials in the drug pipeline, new
therapeutic targets and compounds with novel mechanisms of
action are needed to treat resistant bacterial strains."®*? One
approach is to target bacterial virulence.’! Antivirulence
compounds are expected to exert less selective pressure, thus

slowing down the development of resistance while sparing the
normal host microbiota.! The development of antivirulence
agents presents a number of challenges, and targeting
virulence remains to be proven in a clinical setting. None-
theless, compounds have been reported that inhibit virulence
processes."™!

Many virulence factors produced by Gram-negative
bacteria are secreted or surface-exposed proteins that are
stabilized by disulfide bonds. Disulfide bond formation in the
periplasm is catalyzed by enzymes of the Dsb (disulfide bond)
family.”) DsbA is a soluble enzyme of the thioredoxin
superfamily that directly catalyzes disulfide bond formation
in substrates.!’ DsbB is an all-a-helical integral membrane
protein, which catalyzes reoxidation of DsbA.I"! The DsbA/
DsbB system introduces disulfides bonds in a broad range of
virulence factors and is therefore a central mediator of
bacterial virulence.”) Compounds that inhibit DsbB in
biochemical assays have been reported, although their
activity as antivirulence agents is unknown.®! Genetic evi-
dence has shown that Gram-negative bacteria lacking a func-
tional DsbA are avirulent in animal infection models.”’ For
example, mice infected with Burkholderia pseudomallei, the
causative agent of melioidosis, all died when infected with
a wild-type organism, but all survived when infected with
a dsbA-deficient mutant.'” Similarly, deletion of dshA in
uropathogenic Escherichia coli severely attenuated coloniza-
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tion of the mouse bladder."! The loss of virulence in dsbA-
deficient mutants is attributed to misfolding and loss of
function of DsbA substrates.

The central role of DsbA in bacterial virulence and our
understanding of its catalytic mechanism make this enzyme
an attractive target for the development of inhibitors. Crystal
structures of DsbA have shown its mode of binding to
substratesl!” and DsbB,” suggesting that it is amenable to
structure-based approaches to the design of small-molecule
inhibitors. However, inhibiting protein—protein interactions is
often challenging."™ In this context, the substrate-binding site
of DsbA comprises a large hydrophobic groove rather than
a well-defined binding pocket. Herein we report our approach
to overcome these challenges by developing functional small-
molecule inhibitors of E. coli DsbA (EcDsbA), which to the
best of our knowledge are the first reported nonpeptide
inhibitors of DsbA.

We screened a library of 1132 fragments sourced from the
Maybridge Ro3 collection to identify compounds that bind to
oxidized EcDsbA. The primary screen used saturation trans-
fer difference (STD) NMR spectra with mixtures of three to
five fragments.'! Fragments with observable signals in STD-
NMR spectra of the mixtures were retested as single
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Figure 1. ldentification of fragments that bind EcDsbA. a) STD-NMR
showed that phenylthiazole 1 binds to EcDsbA. b) (Top) 'H NMR
spectrum of EcDsbA; (middle) Off-resonance "H NMR spectrum of
EcDsbA plus 1; (bottom) STD-NMR spectrum of EcDsbA plus 1. STD
signals from 1 are indicated (*); buffer peaks (B) and impurities (1)
are labeled. c) Overlay of "N HSQC spectra of EcDsbA in the presence
(red) and absence (blue) of 1 (1 mm). d) Residues with

CSP>0.01 ppm in the HSQC spectrum are colored red on the
structure of EcDsbA (PDB ID: 1FVK). Also indicated are the active site
(yellow sphere) and hydrophobic groove (blue).
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compounds, as shown for phenylthiazole 1 (Figure 1a and
b). In this way, 171 fragments were identified as hits from the
STD-NMR screen.

Hits were validated by measuring chemical shift pertur-
bations (CSP) for backbone amide resonances in °N hetero-
nuclear single quantum coherence (HSQC) spectra of “N-
labelled EcDsbA upon addition of single fragments (1 mm).
Under these conditions, 37 fragments produced CSP >
0.01 ppm and were retained for further characterization.
Each of the fragments caused CSP for residues in a hydro-
phobic groove of EcDsbA (Figure 1c¢ and d) that is adjacent
to the active site and is implicated in the binding of EcDsbA
to both substrates and EcDsbB. CSP analysis showed that
none of the fragments had achieved saturation at the highest
concentration tested (1 mm) indicating weak binding. There-
fore, a preliminary fragment scoring system was devised
based on the magnitude of CSP observed for residues in the
hydrophobic groove of EcDsbA that were unaffected by
changes in DMSO concentration (Figure 2, see also Figur-
es S1 and S2 in the Supporting Information).
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Figure 2. Scoring of ligand binding to EcDsbA. Left: Histogram of CSP
per residue for unambiguously assigned residues of EcDsbA induced
by the compound shown. Hydrophobic groove residues are colored
red. Right: Expansion of HSQC spectra highlighting perturbation of
GIn164 and Ser169. The magnitude of CSP was used to score ligand
binding as a) ligand 2 score=1, b) ligand 3 score=2, and c) ligand 4
score=3.

The 37 fragments could be clustered into 8 distinct
chemical classes and 11 singletons based on linear fingerprints
(Figure 3 and S3). To expedite the initial evaluation of
structure—activity relationships (SAR), singletons were set
aside, and classes 1-5 were examined based on the obvious
scaffold similarities within the clusters. Class 5 was depriori-
tized as an examination of other anilines in the library
generated no clear SAR. Classes 1-4 were evaluated through
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Figure 3. Structures and HSQC score for the 26 fragment hits clus-
tered using linear fingerprints into the 8 chemical classes shown.

purchase and synthesis of analogues. Analysis of the binding
of thiophenes in class 1 suggested multiple modes of binding
to EcDsbA, while analogues of the benzothiophenes of class 3
showed little improvement in binding as measured from their
HSQC score, suggesting that progression of these classes was
challenging. In contrast, the diphenyl ethers (class4) and
phenylthiazoles (class 2) both showed interpretable SAR, and
are under development. The phenylthiazoles were prioritized
because crystal structures of complexes were obtained for
analogues in this class (see below) and the progression from
phenylthiazole 1 is reported here.

Initially, 22 analogues of this scaffold were purchased and
the HSQC score of each was determined (Figure 4 and S4).
This produced initial SAR for the phenylthiazoles with the
following trends. 2-Phenylthiazoles, in particular with halogen
substituents on the aryl ring, were strongly favored (for
example, fragments 4 and 36). In contrast, replacing the
phenyl ring with pyridine (2 vs. 30), led to a loss of detectable
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Figure 4. Chemical structures and HSQC score for phenylthiazole
analogues.

2

binding. Substitution of the thiazole 2 for either imidazole 31
or oxazole 32 had a detrimental effect on binding, as did
inverting the methyl and acid substituents on the thiazole ring
(33). Replacing the acid with the corresponding hydroxy-
methyl group (35 vs. 34) reduced solubility in some cases and
thus gave conflicting SAR.

The phenylthiazole analogues (4, 36, 37, 38) with the
highest HSQC score were soaked into crystals of EcDsbA,
which resulted in one structure of the complex with com-
pound 4 at 1.45 A resolution. However, it was observed that
two molecules of 4 were stacked in the hydrophobic groove of
EcDsbA (Figure S5; PDB ID: 4WF5). Therefore co-crystal-
lization of 4 with EcDsbA was undertaken, resulting in
a structure with the expected 1:1 stoichiometry (Figure 5;
PDB ID: 4WF4). In this structure, the thiazole formed a -
stacking interaction with His32 and the aromatic ring was
located in a hydrophobic pocket. The carboxy group at
position 5 was orientated toward the more hydrophilic, water-
filled portion of the hydrophobic groove.

Given the strong CSP in the HSQC spectrum and the
available structural information, compound 4 was selected for
further elaboration. A growth vector attached to the carboxy
group of 4 was identified to enable extension along the
hydrophobic groove of EcDsbA. Preliminary studies into
simple esters or amides identified these as poor analogues
because of their lack of solubility in the aqueous buffer used
for screening. Thus we chose to synthesize a series of amino
acid derivatives to extend from the carboxy group at

www.angewandte.org
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Figure 5. Co-crystal structure of 4 bound to EcDsbA. a) CSP observed
in HSQC spectra upon addition of 4 are mapped onto the structure of
EcDsbA using a color gradient from white (< 0.001 ppm) to dark blue
(>0.15 ppm). Active-site residues Cys30—Cys33 are yellow. b) Phenyl-
thiazole 4 (depicted as green sticks) binds within the hydrophobic
groove of EcDsbA. A m—m stacking interaction with His32 is indicated.
Residues of EcDsbA within 4 A of 4 are shown as purple sticks and
labeled. Water molecules are shown as blue spheres and the sulfur
atoms of Cys30 and Cys33 are shown as yellow spheres. c) Simulated
annealing omit o,-weighted mFo-DFc electron density maps contoured
at 2.50 are shown as grey mesh.

position 5, in order to explore chemical space while main-
taining the solubilizing carboxylic acid group.

The binding affinity of these derivatives for EcDsbA was
evaluated using SPR. As shown in Figure 6 and Table S1, the
Ky, values measured by SPR correlated well with the prelimi-
nary HSQC scores. The majority of compounds identified as
strong hits by HSQC were observed by SPR to bind with
Kp values in the 200-400 um range, while weaker HSQC hits
gave Ky values above 1 mMm. The strongest binder was the
phenylalanine derivative 39 with a Ky value of 196 pum.
Preliminary SAR suggested that aromatic (39 and 40) or

www.angewandte.org
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Figure 6. HSQC score, binding affinity, and inhibitory concentration of
selected amino acid derived ligands. Kj, and |Gy values were deter-
mined by SPR and POA, respectively.

short polar substituents (41 and 42) are more favorable,
whereas lysine 43 proved detrimental to binding.

Inhibition of EcDsbA activity was measured using
a previously described peptide oxidation assay (POA).™!
Figures 6 and 7, Figures S7-S17, and Table S1 show that the
inhibitory concentrations correlated well with the K, values
determined by SPR.

The structure of 40 in complex with EcDsbA at 1.63 A
resolution was determined from crystals prepared by co-
crystallization (Figure 7d; PDB ID: 4WET). Unexpectedly,
the tyrosine of 40 orientated perpendicular to the phenyl-
thiazole core as opposed to extending along the hydrophobic
groove. This structure showed two hydrogen-bond interac-
tions from 40 to His32 and GIn164 of EcDsbA (Figure 7¢).

Compound 40 was tested for its ability to inhibit EcDsbA
in a bacterial motility assay.'"? As DsbA is not required for
growth in rich media, but is essential for effective folding of
the Flgl component of the bacterial flagella, the expected
phenotype for an active EcDsbA inhibitor is inhibition of
E. coli motility, but no effect on growth. Addition of 40
(600 um) in soft agar plates caused a 59 % reduction in the
zone of E. coli swarming motility compared to DMSO-
containing control plates (Figure 7g), yet it had no effect on
bacterial growth in liquid culture at 1 mm concentration
(Figure 7h). Thus 40 was capable of inhibiting EcDsbA in an
isolated enzyme assay invitro. In cell-based assays, 40
inhibited E. coli motility in soft agar, but had no effect on
growth of E. coli in liquid media, which is consistent with
selective inhibition of DsbA.

In conclusion, through a combination of fragment-based
screening, biophysical assays, and X-ray structure determi-
nation, we have identified fragments that bind noncovalently
to EcDsbA and inhibit its activity. The fragments show
concentration-dependent effects on EcDsbA in biochemical
(activity) and biophysical (binding) assays. Structural data
indicate that the fragments occupy a hydrophobic groove
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