
Bioorg. Med. Chem. 45 (2021) 116315

Available online 22 July 2021
0968-0896/Crown Copyright © 2021 Published by Elsevier Ltd. All rights reserved.

Elaboration of a benzofuran scaffold and evaluation of binding affinity and 
inhibition of Escherichia coli DsbA: A fragment-based drug design approach 
to novel antivirulence compounds 

Luke F. Duncan a,1, Geqing Wang b,1, Olga V. Ilyichova c, Rabeb Dhouib d, Makrina Totsika d, 
Martin J. Scanlon c,e, Begoña Heras b,*, Belinda M. Abbott a,* 

a Department of Chemistry and Physics, La Trobe Institute for Molecular Science, La Trobe University, Melbourne, VIC 3086, Australia 
b Department of Biochemistry and Genetics, La Trobe Institute for Molecular Science, La Trobe University, Melbourne, VIC 3086, Australia 
c Medicinal Chemistry, Monash Institute of Pharmaceutical Sciences, Monash University, 381 Royal Parade, Parkville, VIC 3052, Australia 
d Centre for Immunology and Infection Control, School of Biomedical Sciences, Queensland University of Technology, Brisbane, Queensland, Australia 
e ARC Training Centre for Fragment Based Design, Monash Institute of Pharmaceutical Sciences, Monash University, 381 Royal Parade, Parkville, VIC 3052, Australia   

A R T I C L E  I N F O   

Keywords: 
Fragment-based drug discovery 
Benzofuran 
Oxidoreductase 
DsbA 
Enzyme inhibition 
Antivirulence 

A B S T R A C T   

Bacterial thiol-disulfide oxidoreductase DsbA is essential for bacterial virulence factor assembly and has been 
identified as a viable antivirulence target. Herein, we report a structure-based elaboration of a benzofuran hit 
that bound to the active site groove of Escherichia coli DsbA. Substituted phenyl groups were installed at the 5- 
and 6-position of the benzofuran using Suzuki-Miyaura coupling. HSQC NMR titration experiments showed 
dissociation constants of this series in the high µM to low mM range and X-ray crystallography produced three co- 
structures, showing binding in the hydrophobic groove, comparable with that of the previously reported ben-
zofurans. The 6-(m-methoxy)phenyl analogue (2b), which showed a promising binding pose, was chosen for 
elaboration from the C-2 position. The 2,6-disubstituted analogues bound to the hydrophobic region of the 
binding groove and the C-2 groups extended into the more polar, previously un-probed, region of the binding 
groove. Biochemical analysis of the 2,6-disubsituted analogues showed they inhibited DsbA oxidation activity in 
vitro. The results indicate the potential to develop the elaborated benzofuran series into a novel class of anti-
virulence compounds.   

1. Introduction 

Bacterial infections are becoming a serious threat to global health. 
The rapid emergence and spread of antibiotic resistant bacteria coupled 
with a drying pipeline of new antibiotics is threatening our ability to 
control drug resistant infections. If no action is taken, we are heading for 
a post-antibiotic era where common infections are no longer treatable.1 

In the US alone, 2.8 million people acquire antibiotic-resistant infections 
annually with more than 35,000 deaths claimed.2 With the reduction in 
efficacy of current therapeutics, new classes of antibiotics with novel 
mechanisms of action are urgently needed. One strategy to prevent or 
reduce bacterial resistance is to develop antimicrobials that target 
virulence rather than viability.3− 5 This new paradigm for targeting 
bacterial infections offers a number of advantages over conventional 

antibiotics, including a large repertoire of unexplored virulence targets, 
a reduced selective pressure on pathogenic bacteria to develop resis-
tance and preservation of the host microbiota.3 

Pathogenic bacteria rely on virulence factors to colonize the host, 
establish infections and cause disease.6 Examples of virulence factors 
include proteins that make up fimbrial and non-fimbrial adhesins, 
secreted toxins, secretion systems and motility organelles.4 Common 
among many of these virulence proteins is the requirement of enzymatic 
oxidative folding to achieve their functional conformation.7,8 This task is 
undertaken by the thiol-disulfide oxidoreductase DsbA, a thioredoxin- 
like protein with a redox active CXXC motif that introduces disulfide 
bonds to cysteine pairs in unfolded substrates.7,9 As DsbA folds a broad 
range of virulence factors, lack of functional DsbA has pleiotropic effects 
on multiple virulence-associated phenotypes and therefore represents an 
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attractive approach to inhibit bacterial virulence.10 The prototypical 
Escherichia coli (Ec) DsbA, the best characterised DsbA enzyme, consists 
of a thioredoxin domain and an inserted α-helical domain. A notable 
feature of EcDsbA is the presence of a hydrophobic groove adjacent to 
the CXXC active site, which serves as the binding site for redox partner 
DsbB and substrates (Fig.  1A).11,12 During the disulfide bond catalysis, 
the active site cysteines of DsbA become reduced when the substrate is 
oxidised and the membrane-bound partner enzyme DsbB restores DsbA 
to its oxidised state. As the hydrophobic groove is critical for redox in-
teractions, a range of peptide and small molecule inhibitors have been 
developed to disrupt DsbA activity by targeting the hydrophobic 
groove.13− 16 

In recent decades fragment-based drug discovery (FBDD) has 
emerged as a powerful alternative method to conventional high- 
throughput screening approaches for drug lead discovery and develop-
ment.17 Due to the small size (<300 Da) and lack of complexity of the 
compounds typically found in fragment screening libraries, their struc-
tures are less likely to contain motifs that will sterically hinder target 
binding, considerably increasing the likelihood of hit identification.18 A 
fragment-based screening approach combining X-ray crystallography 
and NMR, was previously used to identify the first non-peptide EcDsbA 
inhibitors.14 This work underscores the utility of FBDD to tackle chal-
lenging targets like DsbA, where the active site comprises a shallow and 
extended hydrophobic groove involved in protein-protein interactions. 
More recently, we reported a new class of EcDsbA inhibitors identified 
from a fragment library.19 Using X-ray crystallography we were able to 
show that benzofuran derivatives bound to the hydrophobic groove of 
EcDsbA (Fig. 1B). Furthermore, using HSQC NMR titration we deter-
mined that 6-phenoxy and 6-benzyl analogues were the strongest 
binders.19 Herein we report the chemical synthesis of 2-, 5- and 6-subsi-
tuted benzofuran derivatives and their biophysical characterisation and 
in vitro analysis of EcDsbA inhibition. We have generated, guided by X- 
ray crystallography and NMR spectroscopy, benzofurans exhibiting 
improved in vitro inhibition of EcDsbA. 

2. Results and discussion 

2.1. Chemical synthesis 

For optimisation of the binding capacity of the previously identified 
benzofuran hits, we explored substitutions at the 5- and 6-position as 
possible sites for elaboration (Fig. 1B). Precursors 1a-c, which were 
synthesised as previously described,19 were substituted at C-5 and C-6 
via Suzuki-Miyaura coupling with boronic acids (Scheme 1). Com-
pounds 2a-c were isolated in low to moderate yields after a difficult 
purification using chromatography and recrystallisation. Similarly, C-5 
substituted 2d was isolated in low yield after purification by RP-HPLC. 
Phenylboronic acid was also coupled to 1a but the cross-coupled 

product could not be isolated from the crude reaction mixture. To aid 
purification, an alternate two-step synthetic route using methyl ester 3a 
or 3b was employed (Scheme 2). 

Aryl bromide 3a was coupled to phenylboronic acid via Suzuki- 
Miyaura coupling and the cross-coupled product 4a was able to be 

Fig. 1. Crystal structures of EcDsbA in apo and 
compound-bound forms. (A) Crystal structure of 
oxidised EcDsbA (PDB ID: 1FVK). The Cys30-Pro31- 
His32-Cys33 motif and cis-Pro loop (Val150-cis- 
Pro151) of the active site are presented as orange 
sticks. The hydrophobic groove adjacent to the active 
site is shaded in yellow. (B) Crystal structure of 
EcDsbA in complex with the best benzofuran analogue 
from the previous series (PDB ID: 6POI).19 Growth 
vectors used for compound elaboration in this study 
are indicated by dashed arrows of the 2-,5- and 6-po-
sitions of the benzofuran core. The active site is 
shaded in orange.   

Scheme 1. C-5 and C-6 substitution of acids 1a-c via Suzuki-Miyaura cross- 
coupling (isolated yields shown in brackets). Reagents and conditions: (a) R-B 
(OH)2, CsF, Pd(dppf)Cl2, CH3CN:H2O (4:1), 90 ◦C, 16–24 h. 

Scheme 2. C-6 substitution of methyl esters 3a and 3b via Suzuki-Miyaura 
cross-coupling (isolated yields shown in brackets). Reagents and conditions: (a) 
R-Ph(BOH)2, CsF, Pd(dppf)Cl2, CH3CN:H2O (4:1), 90–120 ◦C, 0.25–28 h. (b) 2 
M NaOH, CH3OH:CH2Cl2 (9:1), r.t, 16 h. 
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isolated via chromatography albeit in low yield. Following this, 4a was 
hydrolysed to the desired acid 5a. Similarly, m-carboxyphenylboronic 
acid was coupled to 3a, however chromatography could not separate the 
homo-coupled boronic acid by-product from cross-coupled 4b. Subse-
quent ester hydrolysis of impure 4b allowed for isolation of the desired 
acid 5b by chromatography in 14% yield over two steps. The 6-iodoben-
zofuran 3b was used for synthesis of the p-methoxyphenyl and m-tri-
fluoromethylphenyl derivatives 5c and 5d. The increased reactivity of 
the aryl iodide coupling partner resulted in superior yields and, 
furthermore, reaction times were dramatically reduced by heating the 
reaction by microwave irradiation. 

With the aim to elaborate the benzofuran scaffold from the 2-position 
(Fig. 1B), compound 3a was brominated using bromine in acetic acid 
(Scheme 3). The desired 2,6-dibromo 6a formed in a favourable 1:0.4 
ratio with regioisomer 6b according to 1H NMR. The regioisomers were 
inseparable by chromatography but recrystallisation from isopropanol 
exclusively afforded the desired 2,6-dibromo isomer 6a in a 52% yield. 
To investigate the reactivity of the 2-position versus the 6-position, 6a 
was coupled to an equimolar amount of phenylboronic acid via Suzuki- 
Miyaura coupling which resulted in a mixture of regioisomers 7a and 7b 
as well as di-substituted 7c. These compounds were separated via RP- 
HPLC. While the preferred formation of 7b indicated there was 
slightly higher reactivity at the 2-position, it was not significant enough 
to exploit. The 2-phenyl-6-bromo isomer was hydrolysed to acid 8a in 
quantitative yield. 

To improve selectivity of the coupling reaction, the bromination and 
subsequent substitution was repeated on the more reactive 6-iodobenzo-
furan 3b (Scheme 4). As with compound 3a, bromination afforded a 
mixture of regioisomers 9a and 9b which required recrystallisation from 
isopropanol to isolate the desired isomer 9a in a 57% yield. With the 
appropriate coupling partner in hand, the increased reactivity of the aryl 
iodide over the bromide could be exploited to selectively install an ar-
omatic group at C-6. Compound 9a was coupled with one equivalent of 
m-methoxyphenylboronic acid in an attempt to avoid di-substitution. 
The reaction was heated to 80 ◦C under microwave irradiation, which 
allowed a shorter reaction time of 1 h. The cross-coupling proceeded 
with far superior selectivity at the more reactive 6-iodo position and 

only a minor amount of a 2,6-disubstituted by-product was observed, 
which could be separated via chromatography to afford 10a in a 55% 
yield. Repeating the reaction using four equivalents of m-methox-
yphenyl boronic acid led to the disubstituted product 10b in good yield, 
which was hydrolysed to acid 11. The 2-bromo position of 10a was then 
substituted with p-methoxyphenylboronic acid and m-carbox-
yphenylboronic acid by Suzuki-Miyaura coupling to afford 12a and 12b 
in fair to high yields. The reactions were heated to 120 ◦C under mi-
crowave irradiation for 15 min. The methyl esters of 12a and 12b were 
hydrolysed using sodium hydroxide in methanol:DCM (1:9) to give acids 
13a and 13b respectively in good to high yields. 

2.2. Structure-guided elaboration of benzofuran as DsbA inhibitors 

To guide chemical elaboration of the benzofuran series as DsbA in-
hibitors, we developed a fast and robust crystallography protocol for 
compound soaking, data acquisition and structure determination.14 

Synthesised compounds were tested for their ability to bind DsbA by 
three ligand-detected 1D NMR methods: saturation-transfer difference 
(STD)20, Carr-Purcell-Meiboom-Gill (CPMG)21 and water-ligand 
observed via gradient spectroscopy (waterLOGSY)22 (Table 1, assess-
ment criteria has been detailed in section 4.5). We and others have 
shown that compounds validated using multiple ligand-detected NMR 
experiments, have a higher likelihood of yielding the co-crystal struc-
tures.14,23 Therefore, these experiments provided a benchmark to pri-
oritise compounds for crystal soaking and binding affinity 
determination. As exemplified in Fig. 2A, the binding of 5a to DsbA was 
validated in all three ligand-detected NMR experiments. Comparison of 
the 1D 1H NMR spectrum of 5a and the STD spectrum of 5a + DsbA 
showed magnetization transfer from DsbA to the aromatic resonances of 
5a. The waterLOGSY NMR spectrum showed that the aromatic reso-
nances of 5a became less negative in the presence of DsbA compared to 
5a alone. The CPMG NMR spectrum (τ = 350 ms) of 5a showed atten-
uation of its aromatic resonances in the presence of DsbA. 

In previous work we introduced various aryl and alkyl groups with 
methylene, ether and amino bridges at C-6 of the benzofuran scaffold.19 

X-ray crystallography and NMR spectroscopy showed that the binding 
mode and affinity were dependent on the size and substitution of the 
group. Noteworthy was the installation of a p-anisidine moiety which 
resulted in the flipping and shift of the benzofuran core which inter-
rupted the important π-π stacking interactions with His32 of DsbA and 
compromised binding affinity.19 This outcome suggests that a large 

Scheme 3. Suzuki-Miyaura coupling of phenylboronic acid to 2,6-dibromo 
compound 6a and subsequent ester hydrolysis (isolated yields shown in 
brackets). Reagents and conditions: (a) Br2, CH3COOH, r.t, 3 h; (b) R-PhB(OH)2, 
CsF, Pd(dppf)Cl2, CH3CN:H2O (4:1), 90 ◦C, 24 h. (c) 2 M NaOH, CH3OH:CH2Cl2 
(9:1), r.t, 16 h. 

Scheme 4. Formation of 2,6-disubsituted benzofurans via Suzuki-Miyaura 
cross-coupling (isolated yields shown in brackets). Reagents and conditions: (a) 
Br2, CH3COOH, r.t, 3 h; (b) R-PhB(OH)2, CsF, Pd(dppf)Cl2, CH3CN:H2O (4:1), 
80–120 ◦C MW, 15–60 m; (c) 2 M NaOH, CH2Cl2:CH3OH (9:1), r.t, 16 h. 
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Table 1 
Biophysical and biochemical characterisation of benzofuran analogues.  

I.D Structure Crystal Structure 
obtained 

wLOGSY CPMG STD Dose response HSQC KD 

(µM) 
Ligand efficiency (kcal mol− 1 

HAC− 1) 

2a Yes Pass Pass Pass 830 ± 250  0.21 

2b Yes Pass Pass Pass 1100 ± 300  0.19 

2c No Pass Pass Pass 2300 ± 800  0.17 

2d No Pass Pass Pass 820 ± 140  0.22 

5a Yes Pass Pass Pass 1137 ± 178  0.21 

5b No Fail Pass Fail ≫ 1000  ≫0.19 

5c No Pass Pass Fail 460 ± 70  0.22 

5d No Pass Pass Pass 403 ± 69  0.20 

11 Yes Pass Pass Fail 531 ± 281  0.15 

13a Yes Fail Fail Pass 274 ± 34  0.17 

(continued on next page) 
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moiety cannot be accommodated in the right-hand-side (RHS) pocket of 
the hydrophobic groove lined by residues Gln35, Leu40, Thr168, 
Met171 and Phe174 (Fig. 1C). In this work, to further optimise the in-
teractions in the RHS pocket, we substituted the benzofuran moiety with 
a phenyl group to generate compound 5a. A crystal structure of EcDsbA 
in complex with 5a was determined at 1.83 Å resolution. Data collection 
and refinement statistics are listed in the supplementary Table S1. 2Fo-Fc 
electron density maps and omit maps of these compounds are shown in 

supplementary Fig. S2. The co-structure revealed that the benzofuran 
core formed π-stacking interactions with His32 and the carboxylic acid 
was oriented towards the more polar region of the binding groove, 
which resembles previously reported co-structure of aniline ana-
logues.19 Due to the reduced size of the phenyl group relative to aniline 
at C-6 of the benzofuran, the RHS pocket of the hydrophobic binding 
groove was only partially occupied (Fig. 2B). Based on this observation, 
a series of functional groups were introduced in the meta and para po-
sitions of 6-phenyl in 2a-c and 5b-d to occupy this pocket. Most of these 
compounds passed all three ligand-detected NMR experiments, except 
5b only showed binding in the CPMG experiment and 5c exhibited 
binding in both wLOGSY and CPMG experiments but not in the STD 
experiment (Table 1). Among these analogues, only 2a and 2b produced 
good electron density in the resulting crystal structures. The co-structure 
(i.e. crystal structure of the protein-compound complex) of 2b confirmed 
the design strategy and uncovered the high complementarity between 
the 6-(m-methoxy)phenyl group and the pocket (Fig. 3A). It is inter-
esting to note that the side chain of M171, which defines one end of the 
hydrophobic groove, could re-orientate to accommodate the bound 
molecules. The m-hydroxy 2a analogue produced a co-structure 
comprising two ligands bound to the hydrophobic groove in a head-to- 
tail manner (Supplementary Fig. S3). This is possibly a crystallography 
artefact due to the high concentration of ligands used on soaking and has 
been observed in other reported DsbA-compound complexes.14 To 
interrogate the 5-position of the benzofuran a phenyl group was intro-
duced in 2d. Although 2d passed all three ligand-detected NMR exper-
iments, no co-crystal structure was obtained to support further 
elaboration from this position. 

In an attempt to expand into the left-hand-side (LHS) of the hydro-
phobic groove, a phenyl group was installed at the C-2 position of the 
benzofuran core in compound 7b. The lack of an aromatic substituent at 
C-6 resulted in a shift of the benzofuran scaffold further into the hy-
drophobic end of the binding groove, possibly weakening the π-stacking 
interaction with His32 (Fig. 3A). Nevertheless, the co-structure vali-
dated the 2-position as an appropriate vector to grow the scaffold into 
more polar region of the binding groove. As shown earlier, the co- 
structure of 2b highlighted the favourable binding pose of the com-
pound and favourable interactions of the (m-methoxy)phenyl group at 
the C6-position of the benzofuran, therefore we decided to use this 
pharmacophore in the next round of elaboration. To further explore the 
polar region in the LHS of the groove, methoxy and carboxy groups were 
introduced in the meta and para positions of the 2-phenyl group in 
compounds 11, 13a and 13b. EcDsbA crystals soaked with these com-
pounds all diffracted between 1.99 and 2.30 Å resolution. Data collec-
tion and refinement statistics are listed in the supplementary Table S1. 
2Fo-Fc electron density maps and omit maps of these compounds are 
shown in supplementary Fig. S2. The co-crystal structures of 11, 13a and 
13b bound to EcDsbA (Fig. 3B-D) showed that these compounds adopted 

Table 1 (continued ) 

I.D Structure Crystal Structure 
obtained 

wLOGSY CPMG STD Dose response HSQC KD 

(µM) 
Ligand efficiency (kcal mol− 1 

HAC− 1) 

13b Yes Pass Pass Pass 978 ± 99  0.14  

Fig. 2. Overview of biophysical and structural characterisation of 
benzofuran analogues. (A) Binding of 5a to EcDsbA was evaluated by a series 
of ligand-detected NMR spectroscopy including STD, waterLOGSY and CPMG. 
(B) Crystal structure of 5a bound to EcDsbA. Simulated annealing omit σA- 
weighted mFo-DFc electron density map for 5a is contoured at 2.5σ and shown 
as blue mesh. Residues within 4 Å of 5a are presented as grey sticks. Residues 
that were perturbed in the HSQC spectra but not within 4 Å of 5a are presented 
as green sticks. (C) A portion of the 1H-15N HSQC spectra of 15N-labelled 
EcDsbA showing chemical shift perturbation (CSP) upon the titration of 
increasing concentrations of 5a (0, 0.0625, 0.125, 0.25, 0.5 and 1 mM). The 
direction of the CSP is indicated by black arrows. Insert shows the equilibrium 
dissociation constant (KD) determination of 5a by measurement of CSP as a 
function of compound concentration. Full HSQC spectra are shown in supple-
mentary Fig. S1. 
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a similar binding pose in the hydrophobic groove with the benzofuran 
core forming π-stacking interactions with His32 and Phe174 of DsbA. As 
intended, the 2-(m-methoxy)phenyl group of 11, 2-(p-methoxy)phenyl 
group of 13a and the 2-(m-carboxy)phenyl group of 13b were found to 
extend to the more polar region of the binding groove. Although no 
polar interactions formed between the compounds and the protein, the 
derivatised phenyl groups seem to be stabilised by a cluster of hydro-
phobic residues including Pro163, Phe36 and cis-Pro151. Their binding 
modes are in consensus with previously reported DsbA inhibitors such as 
phenylthiazole, diaryl ether and phenylthiophene14,15,19,24 and high-
light that DsbA is highly capable of binding hydrophobic molecules 
without engaging many specific polar interactions. Among these inter-
acting residues, Phe36, His32 and cis-Pro151 are highly conserved 
across DsbA homologues15 and the latter two are also critical for DsbA 
redox activity,25 suggesting that these compounds may exert an inhib-
itory activity on DsbA. 

2.3. Biophysical evalution of benzofuran analogues 

Binding of benzofuran analogues to DsbA was further characterised 
using 2D 1H-15N heteronuclear single quantum coherence (HSQC) 
spectroscopy by monitoring the chemical shift perturbation (CSP) of 
cross peaks upon addition of 1 mM compound. These experiments 
allowed mapping the binding site onto DsbA for compounds like 2c, 5b, 
5c and 5d, for which co-crystal structures could not be determined. The 
CSP patterns showed that for all compounds tested, the most dramatic 
changes were observed for cross peaks assigned to Gln164, Ser169, 
Phe174 and Asn170. (Fig. 4) The majority of the perturbed residues 
were located around the hydrophobic groove, involved in DsbB binding, 

and on the flexible cis-Pro loop, which is required for substrate recog-
nition and binding.12,26 It should be noted that although the co-crystal 
structures showed π-stacking of the benzofuran analogues with His32, 
this residue is not observed in the HSQC spectrum of apo EcDsbA and 
therefore its CSP cannot be measured. 

Ligands that induced appreciable CSP (>0.04 ppm) of at least three 
residues were selected for dose-response titration over a concentration 
gradient to calculate the equilibrium dissociation constant (KD) 
(Table 1). Intriguingly, the additional interactions formed by the m- 
methoxy group of 2b in the hydrophobic pocket did not translate to 
improved binding affinity. 2b and 5a exhibited identical binding affin-
ity, 1100 ± 200 µM and 1100 ± 300 µM, respectively. At the meta po-
sition of the 6-phenyl group, hydroxy (2a) substitution produced similar 
affinity (830 ± 250 µM) as 5a and 2b; trifluoromethyl substitution (5d) 
improved the affinity to 403 ± 69 µM; whilst cyano (2c) and carboxy 
substitution (5b) dramatically reduced the binding affinity to above 2 
mM. At the para position of the 6-phenyl group, methoxy (5c) enhanced 
the binding affinity to 460 ± 70 µM. Elaboration at the C5 position of the 
benzofuran core produced compound 2d, which displayed similar 
binding affinity as C6-substituted 5a. Among these analogues, 6-(p- 
methoxy)phenyl derivative 5c and 6-(m-trifluoro)phenyl derivative 5d 
showed the highest affinities but unfortunately failed to produce inter-
pretable electron density in the crystal structures. For this reason, 6-(m- 
methoxy)phenyl derivative 2b, which had a KD of 1100 ± 300 µM but 
displayed clear electron density in the co-structure, was chosen for 
elaboration from the C-2 position. 

Among the three 2,6-disubstituted analogues, 13a produced the 
highest binding affinity of 274 ± 34 µM, while 11 and 13b produced the 
binding affinity of 531 ± 281 µM and 978 ± 99 µM, respectively. (Fig. 4) 

Fig. 3. Crystal structure-guided elaboration of benzofuran analogues as EcDsbA inhibitors. (A) Structure overlay of the 2b(yellow)-EcDsbA complex and the 
7b (blue) -EcDsbA complex. Residues within 4 Å of 2b are presented as purple sticks and residues within 4 Å of 7b are presented as grey sticks. (B-D) Crystal 
structures of 11 (B), 13a (C) and 13b (D) bound to EcDsbA. Residues within 4 Å of the binders are presented as grey sticks. The sulfur atoms of the active site disulfide 
bond are presented as orange spheres. Residues within 4 Å of compounds are shown as grey sticks. Chemical structures of compounds are shown in the upper right 
part of each figure. 
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It should be noted, precipitation of 11 was observed at 0.5 and 1 mM, 
therefore only CSP at concentrations < 0.5 mM were used for KD 
determination. Similarly, 13a was not soluble at 1 mM, therefore only 
CSP at concentrations < 1 mM were used for KD determination. The 
affinity difference of these compounds was supported by LIGPLOT 
analysis of their co-structures, which showed that 13a makes the highest 
number (n = 47) of interactions with DsbA while 13b makes the lowest 
number (n = 34) of contacts with DsbA. The LIGPLOT analysis of the 
three compounds is shown in supplementary Fig. S4, lists of detailed 
interactions are presented in Table S2. 

2.4. Biological evalution of benzofuran analogues 

The binding of 2,6-disubtituted benzofuran analogues to the DsbA 
hydrophobic groove and their improved binding affinities relative to the 
parent compounds14 prompted us to investigate the ability of com-
pounds 13a, 13b and 11 to inhibit DsbA redox activity using a standard 
peptide oxidation assay (POA). As illustrated in Fig. 5, compound 13a 
inhibited DsbA activity in vitro in a concentration-dependent manner, 
producing an IC50 of 140 ± 13 µM. Its inhibitory activity correlates well 
with its NMR KD value (274 ± 34 µM). Compounds 11 and 13b however 
were found to quench fluorescence signals in the assay. As fluorescence 
signal correlates with DsbA activity, this quenching effect resulted in 
artificially enhanced inhibition (Supplementary Fig. S5) and therefore it 
was not possible to reliably determine IC50 for these two compounds. It 
is likely that 11 and 13b formed assay interfering aggregates.42 The 

Fig. 4. NMR characterisation of elaborated benzofuran analogues 11 (A), 13a (B) and 13b (C) binding to DsbA. Panel (A-C): Left: A portion of the 1H-15N HSQC 
spectra of 15N-labelled EcDsbA showing chemical shift perturbation (CSP) upon the titration of increasing concentration of 11, 13a and 13b (0 (red), 0.0625 mM 
(blue), 0.125 mM (green), 0.25 mM (yellow), 0.5 mM (red) and 1 mM (blue)). Right: the equilibrium dissociation constant (KD) determination of 11, 13a and 13b by 
measurement of CSP as a function of compound concentration. The KD value is shown as KD ± error of fit. 

Fig. 5. Concentration-dependent inhibition of EcDsbA oxidation activity 
by 13a determined using a peptide oxidation assay. IC50 is shown as mean 
± standard error of mean (SEM). 
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limited solubility and IC50 of these compounds also prevented the 
detection of in vivo activity in E. coli swimming motility assays, which 
only used 0.6% DMSO (Supplementary Fig. S6). Further medicinal 
chemistry effort should focus on improving both binding affinity and 
solubility of elaborated compounds. Nevertheless, these results indicate 
that benzofuran analogues can inhibit DsbA oxidase activity by dis-
rupting the binding of the substrate peptide to the hydrophobic groove 
of DsbA. It also highlights the significant challenge of developing in-
hibitors to target a protein site that favours hydrophobic interactions 
and the importance of evaluating biological activities at the early stage 
of drug discovery.27 

3. Conclusions 

The dependence of bacterial virulence proteins on DsbA-mediated 
disulfide bond formation makes this thiol-disulfide oxidoreductase an 
attractive target for the development of antivirulence therapeutics. For 
the development of novel inhibitors of EcDsbA, a structure-based ligand 
design strategy was undertaken starting from 2-(6-bromobenozfuran-3- 
yl)acetic acid. The fragment hit was first elaborated from the 5- and 6- 
position using Suzuki-Miyaura coupling to install a small series of 
phenyl groups. A combination of ligand detected NMR methods and X- 
ray crystallography identified 2b as an ideal analogue for further elab-
oration from C-2 to access a more polar region of the binding groove. X- 
ray crystal structures of 11, 13a and 13b confirmed C-2 as a valid 
growth vector to access this region of the binding pocket. Further 
evaluation by HSQC revealed improved KD values for C-2 analogues 
relative to the parent compounds (274 ± 34 µM (13b)). Importantly, 
biochemical assays showed inhibitory activity of C-2 analogues against 
DsbA and suggest the potential to develop benzofuran analogues into 
antivirulence compounds. 

4. Materials and methods 

4.1. General 

All commercial materials were used as received without further 
purification, unless otherwise specified. Purification of solvents and 
reagents, if required, was carried out by procedures described by Chai 
and Armarego.28 Boronic acids were sourced commercially from 
Advanced Molecular Technology. Moisture sensitive reactions were 
performed under an atmosphere of nitrogen with all reactions carried 
out at room temperature, unless otherwise noted. Glassware was oven- 
dried and cooled under nitrogen prior to use. Analytical Thin Layer 
Chromatography (TLC) was performed on Merck Kieselgel 60 F254 
aluminium backed plates and visualised using a 254 nm UV lamp. Flash 
chromatography was performed on silica gel (Davisil® LC60Å 40–63 
µm). Melting points were determined on a Reichert ‘Thermopan’ mi-
croscope hot stage apparatus and values were corrected by a 12% in-
crease after calibration against known reference samples. Low- 
resolution electrospray ionisation (ESI) mass spectra were recorded on 
a Bruker Daltronics Esquire 6000 Ion Trap mass spectrometer in meth-
anol or acetonitrile (0.1% formic acid for positive mode) at 300 ◦C, a 40 
eV cone voltage, with a scan rate of 5500 m/z/s. High-resolution elec-
trospray ionisation (ESI) mass spectrometry was carried out using an 
Agilent Technologies Accurate Mass Q-TOF LC-MS 6530 using Auto-
sampler 1260 Infinity II in positive mode. The samples were analysed 
using a flow rate of 1 mL/min, a mass range of 100–1000 m/z and a scan 
rate of 10,000 m/z/second. Analytical RP-HPLC was performed on a 
Shimadzu LC-20AB Prominence Liquid Chromatography system fitted 
with a Phenomenex® Jupiter C18 300 Å column (250 mm × 4.6 mm, 10 
μm), using a buffered binary system; solvent A: 0.1% trifluoroacetic 
acid; solvent B: acetonitrile. Gradient elution was performed using a 
gradient of 90% solvent A to 90% solvent B over 20 min with a flow rate 
of 1 mL/min, monitored at 254 nm. Semi-preparative RP-HPLC was 
performed using a Phenomenex Jupiter C18 column with the same 

binary buffer system described for RP-HPLC over 60 min with a flow rate 
of 2 mL/min, unless otherwise stated. The purity of biologically tested 
compounds was > 95% in all cases, unless specified otherwise. Micro-
wave assisted reactions were performed using a Milestone StartSYNTH 
system. NMR spectra were recorded on Bruker AV-400 and AV-500 
spectrometers at 400.13 and 500.02 MHz respectively, for 1H nuclei 
and at 100.62 and 125.74 MHz respectively, for 13C nuclei at 300 K. For 
1H NMR the residual CDCl3 peak (7.26 ppm) or DMSO‑d6 peak (2.50 
ppm) were used as internal standards. Similarly, 13C NMR spectra were 
referenced to the residual solvent; the central peak of the CDCl3 ‘triplet’ 
(77.0 ppm) or DMSO‑d6 ‘heptet’ (40.0 ppm). Chemical shifts were re-
ported as δ values in parts per million (ppm). All coupling constants J are 
measured in Hertz. The following abbreviations have been used for 
reporting spectral data: s, singlet; d, doublet; dd, doublet of doublets; t, 
triplet; q, quartet; m, multiplet; and br, broad. 

4.2. Chemical syntheses 

4.2.1. General procedures 
General Procedure A1: Preparation of 5- and 6-aryl analogues 

via Suzuki-Miyaura cross-coupling. A solution of acetonitrile:water 
(4:1) was degassed by bubbling a stream of nitrogen through the solu-
tion for one hour. The aryl halide, boronic acid (6 eq.), caesium fluoride 
(3 eq.) and Pd(dppf)Cl2 (5 mol%) were added to the degassed solution 
(25 mL/mmol) and the suspension was heated to 90 ◦C under an at-
mosphere of nitrogen. After 16–24 h the reaction mixture was parti-
tioned between ethyl acetate and brine. The organic layer was washed 
with brine (x2), dried over magnesium sulfate then concentrated to the 
crude residue. In cases where the aryl halide or boronic acid contained a 
carboxylic acid the organic phase was washed with a saturated solution 
of sodium hydrogen carbonate (x3). The combined aqueous phases were 
acidified with concentrated HCl to pH 2, extracted with ethyl acetate 
(x3) then worked up as above to afford the crude compound. 

General Procedure A2: Microwave assisted Suzuki-Miyaura 
cross-coupling. Aryl halide (1 eq.), boronic acid (1.2–6 eq.) and 
caesium fluoride (3 eq.) were dissolved in degassed acetonitrile:water 
(4:1) (20 mL/mmol) in a Milestone microwave vessel. Pd(dppf)Cl2 was 
added then the vessel was flushed with nitrogen and quickly sealed. The 
reaction was irradiated at 90–120 ◦C for 15–60 min. The reaction was 
cooled to room temperature then partitioned between ethyl acetate and 
brine. The organic layer was washed with brine (x2), dried over mag-
nesium sulfate then concentrated under reduce pressure. 

General Procedure B: Base mediated ester hydrolysis. Esters 
were hydrolysed according to the method of Theodorou and co- 
workers.29 Esters were dissolved in a mixture of methanol:dichloro-
methane (1:9) and treated with a 2 M methanolic solution of sodium 
hydroxide (1–5 eq.) to give a final 0.1 M concentration of ester. The 
solution was stirred for 3–20 h at which time a cloudy suspension had 
formed. The suspension was concentrated under reduced pressure and 
the residue was dissolved in water. The solution was acidified with 
concentrated HCl to pH 1 then the carboxylic acids were extracted with 
dichloromethane or ethyl acetate (×3). The combined organic layers 
were dried over magnesium sulfate then concentrated under reduced 
pressure. Unless otherwise stated, no purification was required. 

4.2.2. 2-(6-(3-Hydroxyphenyl)benzofuran-3-yl)acetic acid (2a) 
Compound 1a (100 mg, 0.392 mmol) was coupled to m-hydrox-

yphenylboronic acid (325 mg, 2.35 mmol) according to General Pro-
cedure A1 for 24 h. The crude residue was purified by flash 
chromatography (20% ethyl acetate, 1% acetic acid in hexanes) to afford 
the product as a beige solid (55.1 mg, 52%), mp 181–184 ◦C. δH (500 
MHz, DMSO‑d6) 9.51 (1H, br s, COOH), 7.89 (1H, s, ArH), 7.73 (1H, s, 
ArH), 7.63 (1H, d, J 8.0, ArH), 7.48 (1H, d, J 8.5, ArH), 7.24 (1H, t, J 7.8, 
ArH), 7.12 (1H, d, J 7.0, ArH), 7.05 (1H, s, ArH), 7.05 (1H, d, J 8.0, 
ArH), 3.67 (2H, s, CH2). δC (100 MHz, DMSO‑d6) 172.4, 158.3, 155.6, 
144.4, 142.2, 137.6, 130.4, 127.6, 122.1, 120.9, 118.2, 114.8, 114.7, 
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114.3, 109.6, 29.7. LRMS (ESI): m/z found 266.9 (M− H)− , HRMS (ESI) 
did not ionise, C16H11O4

− required 267.0663. 

4.2.3. 2-(6-(3-Methoxyphenyl)benzofuran-3-yl)acetic acid (2b) 
Compound 1a (100 mg, 0.392 mmol) was coupled to m-methox-

yphenylboronic acid (358 mg, 2.35 mmol) were coupled according to 
General Procedure A at 90 ◦C for 24 h. The crude oil was purified by 
flash chromatography (1–20% ethyl acetate, 1% acetic acid in hexanes) 
to afford the titled compound as a light brown solid (47.8 mg, 43%), mp 
132–133 ◦C. δH (400 MHz, CDCl3) 7.69 (1H, s, ArH), 7.66 (1H, s, ArH), 
7.61 (1H, d, J 10, ArH), 7.51 (1H, d, J 10, ArH), 7.37 (1H, t, J 9.8, ArH), 
7.21(1H, d, J 9.8, ArH), 7.16 (1H, s, ArH), 6.91 (1H, d, J 10.5, ArH), 3.88 
(3H, s, OCH3), 3.78 (2H, br s, CH2). δC (100 MHz, CDCl3) 160.0, 155.8, 
143.7, 142.7, 138.3, 129.8, 126.8, 122.5, 119.9, 119.7, 113.2, 112.7, 
112.4, 110.2, 107.6, 55.3, 29.7. One quaternary carbon not observed. 
LRMS (ESI): m/z found 280.9 (M− H)− . HRMS (ESI): m/z found 
281.0850 (M− H)− , C17H13O4

− required 281.0819. 

4.2.4. 2-(6-(3-Cyanophenyl)benzofuran-3-yl)acetic acid (2c) 
Compound 2b (300 mg, 0.949 mmol) was coupled to m-cyanophe-

nylboronic acid (837 mg, 5.69 mmol) according to General Procedure 
A1 at 90 ◦C for 16 h. The crude material was purified by flash chro-
matography (2.5% methanol in dichloromethane). The fractions con-
taining the product were concentrated under reduced pressure and 
recrystallised from toluene then from aqueous isopropanol to afford the 
titled compound as white needles (37.1 mg, 14%), mp 159–161 ◦C. δH 
(500 MHz, CDCl3) 7.90 (1H, s, ArH), 7.85 (1H, d, J 7.9, ArH) 7.71 (1H, s, 
ArH), 7.68 (1H, s, ArH), 7.66 (1H, d, J 8.2, ArH), 7.64 (1H, d, J 7.8, 
ArH), 7.56 (1H, t, J 9.7, ArH), 7.47 (1H, d, J 8.1, ArH), 3.80 (2H, s, CH2). 
δC (100 MHz, CDCl3) 175.6, 155.8, 144.2, 142.4, 135.9, 131.7, 130.9, 
130.6, 129.7, 127.6, 122.2, 120.3, 118.8, 113.1, 112.4, 110.3, 29.3. 
LRMS (ESI): m/z found 300.1 (M + Na)+. HRMS (ESI): m/z found 
276.0689 (M− H)− , C17H10NO3

− required 276.0666. 

4.2.5. 2-(5-Phenylbenzofuran-3-yl)acetic acid (2d) 
Compound 1c (100 mg, 0.392 mmol) was coupled to phenylboronic 

acid (287 mg) according to General Procedure A1 at 90 ◦C for 16 h. 
Purification by flash chromatography (20% ethyl acetate, 1% acetic acid 
in hexanes) gave a crude brown solid. Further purification by semi- 
preparative RP-HPLC isolated the titled compound as a white solid 
(5.0 mg, 5%), mp 123–125 ◦C. δH (400 MHz, CDCl3) 7.73 (1H, s, ArH), 
7.68 (1H, s, ArH), 7.62–7.59 (2H, m, ArH), 7.54 (2H, d, J 1.2, ArH), 7.5 
(2H, t, J 7.6 ArH), 7.35 (1H, t, ArH), 3.80 (2H, s, CH2). δC (100 MHz, 
CDCl3) 176.0 (Cq), 154.8 (Cq), 143.7, 141.5 (Cq), 136.6 (Cq), 128.7, 
127.9 (Cq),127.5, 127.0, 124.4, 118.1, 112.6 (Cq), 111.7, 29.3 (CH2). 
LRMS (ESI): m/z found 251.0 (M− H)− . HRMS (ESI): m/z found 
251.0770 (M− H)− , C16H11O3

− required 251.0714. 

4.2.6. Methyl 2-(6-phenylbenzofuran-3-yl)acetate (4a) 
Compound 3a (200 mg, 0.743 mmol) was coupled to phenylboronic 

acid (136 mg, 1.12 mmol) according to General Procedure A1 at 60 ◦C 
for 28 h. The crude compound was purified by flash chromatography 
(1–10% ethyl acetate in hexanes) which isolated the starting material 
along with the cross-coupled compound. The two compounds were 
separated by semi-preparatory RP-HPLC to afford the titled compound 
as a white powder (40 mg, 20%), mp 106–108 ◦C. δH (500 MHz, CDCl3) 
7.70 (1H, s, ArH), 7.66 (1H, s, ArH), 7.65–7.61 (3H, m, ArH), 7.25 (1H, 
dd, J 8.5, 1.5, ArH), 7.47–7.44 (2H, m, ArH), 7.36 (1H, t, J 5.5, ArH), 
3.75 (3H, s, OCH3), 3.74 (2H, s, CH2). δC (125 MHz, CDCl3) 171.1 (Cq), 
155.9 (Cq), 143.4, 141.2 (Cq), 138.3 (Cq), 128.8, 127.4, 127.2, 126.8 
(Cq), 122.3, 119.8, 113.0 (Cq), 110.1, 52.2 (OCH3), 29.6 (CH2). LRMS 
(ESI): m/z found 267.1 (M+H)+, C17H15O3

+ required 267.1. 

4.2.7. Methyl 2-(6-(4-methoxyphenyl)benzofuran-3-yl)acetate (4c) 
Compound 3b (100 mg, 317 µmol) was coupled to p-methox-

yphenylboronic acid (1.90 mmol) according to General Procedure A2 at 

80 ◦C for one hour. The crude brown solid was purified by flash chro-
matography (2.5% ethyl acetate in hexanes) to afford the titled com-
pound as an off white solid (60.9 mg, 65%), mp 154–156 ◦C. δH (500 
MHz, CDCl3) 7.65 (1H, s, ArH), 7.64 (1H, s, ArH), 7.59 (1H, d, J 8.1, 
ArH), 7.57 (2H, d, J 8.9, ArH), 7.47 (1H, d, J 8.1, ArH), 7.00 (2H, d, J 
8.9, ArH), 3.86 (3H, s, OCH3), 3.75 (3H, s, OCH3), 3.73 (2H, s, CH2). δC 
(125 MHz, CDCl3) 171.1, 159.1, 155.9, 143.1, 138.0, 133.8, 128.4, 
126.3, 122.0, 119.7, 114.3, 113.0, 109.6, 55.3, 52.1, 29.6. LRMS (ESI): 
m/z found 297.2 (M+H)+, C18H17O4

+ required 297.1121. 

4.2.8. Methyl 2-(6-(3-(trifluoromethyl)phenyl)benzofuran-3-yl)acetate 
(4d) 

Compound 3b (200 mg, 0.633 mmol) was coupled to m-fluo-
rophenylboronic acid (132 mg) according to General Procedure A2 at 
120 ◦C for 15 min. The crude brown oil was purified by flash chroma-
tography (2.5–5% ethyl acetate in hexanes) which afforded the titled 
compound as a white solid (153 mg, 72%), mp 75–77 ◦C. δH (500 MHz, 
CDCl3) 7.88 (1H, s, ArH), 7.80 (1H, d, J 7.6, ArH), 7.70 (1H, s, ArH), 
7.69 (1H, s, ArH), 7.65 (1H, d, J 8.1, ArH), 6.61 (1H, d, J 7.8, ArH), 7.57 
(1H, t, J 7.7, ArH), 7.51 (1H, d, J 8.1, ArH), 3.76 (3H, s, OCH3), 3.75 
(2H, s, CH2). δC (125 MHz, CDCl3) 171.0 (Cq), 155.8 (Cq), 143.8, 142.0, 
136.7, 131.2 (Cq, q, J 32.0), 130.6, 129.3, 127.5 (Cq), 124.2 (Cq, d, J 
272.4), 124.1 (q, J 3.8), 123.8 (q, J 3.7), 122.2, 120.1, 113.1 (Cq), 110.2, 
52.2 (OCH3), 29.5 (CH2). δF (376 MHz, CDCl3) − 62.6. LRMS (ESI): m/z 
found 335.2 (M+H)+, C18H14F3O3

+ required 335.1. 

4.2.9. 2-(6-Phenylbenzofuran-3-yl)acetic acid (5a) 
Ester 4a (20.0 mg, 75.1 µM) was hydrolysed using 2 M methanolic 

sodium hydroxide (1.5 eq, 57.8 µL) according to General Procedure B. 
The resulting suspension was worked up after 20 h to afford the titled 
product as a white solid (13.2 mg, 80%), mp 166–167 ◦C. δH (500 MHz, 
CDCl3) 7.70 (1H, s, ArH), 7.68 (1H, s, ArH), 7.64–7.62 (3H, m, ArH), 
7.52 (1H, dd, J 8.0, 1.5, ArH), 7.47–7.44 (2H, m, ArH), 7.36 (1H, t, J 7.5, 
ArH), 3.79 (1H, s, CH2). δC (100 MHz, CDCl3) 175.7 (Cq), 155.9 (Cq), 
143.6, 141.2 (Cq), 138.5 (Cq), 128.8, 127.4, 127.2, 126.6 (Cq), 122.4, 
199.7, 112.4 (Cq), 110.1, 29.4 (CH2). LRMS (ESI): m/z found 250.9 
(M− H)− . HRMS (ESI): m/z found 251.0732 (M− H)− , C16H11O3

−

required 251.0714. 

4.2.10. 2-(6-(3-Carboxyphenyl)benzofuran-3-yl)acetic acid (5b) 
Compound 3a (200 mg, 0.743 mmol) was coupled to m-carbox-

yphenylboronic (185 mg, 1.11 mmol) as per General Procedure A1 at 
90 ◦C for 24 h. Flash chromatography (1.25% methanol in dichloro-
methane) isolated a mixture of the coupled product and an inseparable 
by-product in a 1:1 ratio. Semi-preparative RP-HPLC improved the ratio 
of cross-coupled product and a by-product to a ratio of 2:1. The mixture 
was hydrolysed according to General Procedure B to give the crude acid. 
Purification by flash chromatography (1.25–2.5% methanol, 1% acetic 
acid in dichloromethane) afforded the titled compound as a white solid 
(30 mg, 14%), mp 129–132 ◦C. δH (400 MHz, DMSO‑d6) 8.22 (1H, s, 
ArH), 7.98–7.89 (4H, m, ArH), 7.69 (1H, d, J 8.0, ArH), 7.61–7.57 (2H, 
m, ArH), 3.72 (2H, s, CH2). δC (100 MHz, DMSO‑d6) 172.4 (Cq), 167.8 
(Cq), 155.8 (Cq), 144.9, 141.11 (Cq), 136.5 (Cq), 132.0 (Cq), 132.0, 
129.9, 128.6, 128.1 (Cq), 128.0, 122.3, 121.3, 114.6 (Cq), 110.1, 29.5 
(CH2). LRMS (ESI): m/z found 295.3 (M− H)− . HRMS m/z found 
295.0643 (M− H)− , C17H11O5

− required 295.0612. 

4.2.11. 2-(6-(4-Methoxyphenyl)benzofuran-3-yl)acetic acid (5c) 
Ester 4c (57.4 mg, 194 µmol) was hydrolysed using 2 M methanolic 

sodium hydroxide (3 eq., 29.1 µL) according to General Procedure B. 
The resulting turbid solution was worked up after 16 h to afford the 
titled compound as an off white solid (49.2 mg, 90%), mp 220–222 ◦C. 
δH (400 MHz, DMSO‑d6) 7.90 (1H, s, ArH), 7.79 (1H, s, ArH), 7.68–7.62 
(3H, m, ArH), 7.53 (1H, d, J 8.2, ArH), 7.03 (2H, d, J 8.7, ArH), 3.80 (3H, 
s, OCH3), 3.71 (2H, s, CH2). δC (100 MHz, DMSO‑d6) 172.4, 159.3, 
155.8, 144.2, 137.2, 133.1, 128.5, 127.0, 121.8, 120.9, 114.9, 114.5, 
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109.2, 55.7, 29.5. LRMS (ESI): m/z found 280.93 (M− H)− . HRMS (ESI): 
m/z found 281.0846 (M− H)− , C17H13O4

− required 281.0819. 

4.2.12. 2-(6-(3-(Trifluoromethyl)phenyl)benzofuran-3-yl)acetic acid (5d) 
Ester 4d (152 mg, 0.455 mmol) was hydrolysed using 2 M meth-

anolic sodium hydroxide (3 eq., 682 µL) according General Procedure B 
to afford the titled compound as a white solid (132 mg, 91%), mp 
123–125 ◦C. δH (400 MHz, CDCl3) 7.87 (1H, s, ArH), 7.80 (1H, d, J 7.5, 
ArH), 7.71 (1H, s, ArH), 7.69 (1H, s, ArH), 7.65 (1H, d, J 8.1, ArH), 7.61 
(1H, d, J 7.9, ArH), 7.57 (1H, t, J 7.6, ArH), 7.51 (1H, d, J 8.1, ArH), 3.80 
(2H, s, CH2). δC (100 MHz, CDCl3) 176.6 (Cq), 155.8 (Cq), 144.0, 141.9 
(Cq), 136.8 (Cq), 131.2 (Cq, q, J 32.0), 130.6, 129.3, 127.3, 124.2 (Cq, d, 
J 270.4), 124.1 (q, 3.7), 123.9 (q, J 3.7), 122.3, 120.1, 112.3 (Cq), 110.3, 
29.4 (CH2). δF (376 MHz, CDCl3) − 63.6. LRMS (ESI): m/z found 318.9 
(M− H)− . HRMS (ESI): m/z found 319.0617 (M− H)− , C17H10F3O3

−

required 319.0588. 

4.2.13. Methyl 2-(2,6-dimbromobenzofuran-3-yl)acetate (6a) 
A solution of 3a (100 mg, 0.371 mmol) in acetic acid (3.23 mL) was 

treated with a solution of bromine (19.0 µL) in acetic acid (808 µL) and 
the brown solution stirred at room temperature for 3 h. The solution was 
poured onto cracked ice and the solid that precipitated was collected by 
vacuum filtration. The crude off white solid was recrystallised from 
isopropanol to afford the titled compound as a white solid (67.2 mg, 
52%), mp 120–122 ◦C. δH (500 MHz, CDCl3) 7.62 (1H, s, ArH), 7.39 (1H, 
d, J 8.0, ArH), 7.37 (1H, d, J 8.5, ArH), 3.72 (3H, s, OCH3), 3.65 (2H, s, 
CH2). δC (125 MHz, CDCl3) 175.2 (Cq), 155.5 (Cq), 132.5, 129.2 (Cq), 
127.6 (Cq), 120.5, 120.3, 112.5 (Cq), 88.2 (Cq), 30.0, 25.2. LRMS (ESI): 
m/z found 368.52 (M[79Br,79Br] + Na)+, 370.93 (M[79Br,81Br] + Na)+, 
372.92 (M[81Br,81Br] + Na)+. HRMS (ESI): m/z found 368.8744 (M 
[79Br,79Br] + Na)+, 370.8725 (M[79Br,81Br] + Na)+, 372.8700 (M 
[81Br,81Br] + Na)+, C11H8[79,79Br]2NaO3

+ required 368.8732, 
C11H8[79,81Br]2NaO3

+ required 370.8712, C11H8[81,81Br]2NaO3
+

required 372.8691. 

4.2.14. Suzuki coupling of 6a to phenylboronic acid to give 7a-c 
Dibromo 6a (43 mg, 0.1224 mmol) was coupled to phenylboronic 

acid according to General Procedure A1 at 90 ◦C for 24 h, after which 
time analytical RP-HPLC indicated unreacted starting material and three 
new products. The reaction mixture was cooled to room temperature 
and treated with brine then extracted with ethyl acetate (x3). The 
combined organic phase was dried (MgSO4) then concentrated under 
reduced pressure to a brown residue. The crude material, which 
comprised of starting material and three products, was separated by 
semi-preparative RP-HPLC. The fractions containing 6a and 7a-c were 
lyophilised. Unreacted starting material 6a eluted at 19.7 min (10 mg, 
23% recovery). Methyl 2-(2-bromo-6-phenylbenzofuran-3-yl)acetate (7a) 
eluted at 21.2 min (2.0 mg, 1%). δH (500 MHz, CDCl3) 7.65 (1H, dd, J 
1.4, 0.6, ArH), 7.62–7.61 (1H, m, ArH), 6.61–7.60 (1H, m, ArH), 7.55 
(1H, dd, J 8.13, 0.6, ArH), 7.51 (1H, dd, J 8.2, 1.5, ArH), 7.46 (2H, m, 
ArH), 7.36 (1H, tt, 7.4, 1.2, ArH), 3.74 (3H, s, OCH3), 3.70 (2H, s, CH2). 
Methyl 2-(6-bromo-2-phenylbenzofuran-3-yl)acetate (7b) eluted at 22.1 
min (6.4 mg, 15%). δH (500 MHz, CDCl3) 7.82–7.80 (2H, m, ArH), 7.68 
(1H, dd, J 1.6, 0.4, ArH), 7.52–7.49 (2H, m, ArH), 7.48 (1H, dd, J 8.4, 
0.35, ArH), 7.43 (1H, tt, J 7.4, 1.29, ArH), 7.40 (1H, dd, J 8.29, 1.65, 
ArH), 3.86 (2H, s, CH2), 3.75 (3H, s, OCH3). Regioisomers 7a and 7b 
were distinguishable from on another due to the chemical shift of the 
methylene singlet (see supplementary Fig. S5). Methyl 2-(2,6-diphe-
nylbenzofuran-3-yl)acetate (7c) eluted at 23.1 min (2.6 mg, 1%). δH (500 
MHz, CDCl3) 7.87–7.85 (2H, m, ArH), 7.74 (1H, d, J 0.9, ArH), 
7.68–7.65 (3H, m, ArH), 7.55–7.50 (3H, m, ArH), 7.49–7.45 (2H, m, 
ArH), 7.43 (1H, tt, J 7.4, 1.2, ArH), 7.36 (1H, tt, J 7.3, 1.2, ArH), 3.92 
(2H, s, CH2), 3.77 (3H, s, OCH3). 

4.2.15. 2-(6-Bromo-2-phenylbenzofuran-3-yl)acetic acid (8a) 
Compound 7b (6.4 mg, 0.019 mmol) was hydrolysed using 2 M 

methanolic sodium hydroxide (3 eq., 46 µL) according to General Pro-
cedure B to afford the titled compound as a white solid (6.1 mg, 100%). 
δH (400 MHz, CDCl3) 7.79 (2H, s, ArH), 7.68 (1H, s, ArH), 7.52–7.38 
(5H, m, ArH), 3.88 (2H, s, CH2), 2.17 (3H, s, OCH3). δC (100 MHz, 
CDCl3) 175.8 (Cq), 154.2 (Cq), 153.8 (Cq), 129.7 (Cq), 129.2, 128.9, 
128.8, 127.4, 126.3, 129.7, 118.0 (Cq), 114.7, 107.9 (Cq), 30.91 (CH2). 

4.2.16. 2-(2,6-Diphenylbenzofuran-3-yl)acetic acid (8b) 
Compound 7c (2.6 mg, 0.0076 mmol) was hydrolysed using 2 M 

methanolic sodium hydroxide (5 eq., 16 µL) according General Pro-
cedure B to afford the titled compound as a white solid (2.5 mg, 100%). 
δH (400 MHz, CDCl3) 7.84 (2H, d, J 1.4, ArH), 7.74 (1H, s, ArH), 
7.68–7.64 (3H, m, ArH), 7.55–7.41 (6H, m, ArH), 7.36 (1H, t, J 7.4, 
ArH), 3.95 (2H, s, CH2). δC (100 MHz, CDCl3) 175.3 (Cq), 154.6 (Cq), 
153.7 (Cq), 141.3 (Cq), 138.6 (Cq), 130.2 (Cq), 128.93, 128.91, 128.88, 
128.84, 127.40, 127.39, 127.2, 122.6 (Cq), 199.8, 109.7, 107.9 (Cq), 
53.4, 29.7 (CH2). 

4.2.17. Methyl 2-(2-bromo-6-iodobenzofuran-3-yl)acetate (9a) 
Compound 3b (1.06 g, 3.35 mmol) was dissolved in acetic acid (20 

mL) and treated with bromine (189 µL, 3.68 mmol). The reaction stirred 
for three hours then was poured onto ice. The resulting precipitate was 
collected by vacuum filtration then recrystallised from isopropanol to 
give the titled compound as an off white solid (751 mg, 57%), mp 
131–133 ◦C. δH (400 MHz, CDCl3) 7.80 (1H, s, ArH), 7.56 (1H, d J, J 8.2, 
ArH), 7.25 (1H, d J, J 8.3, ArH), 3.72 (3H, s, OCH3), 3.64 (2H, s, CH2). δC 
(100 MHz, CDCl3) 169.8 (Cq), 155.5 (Cq), 132.5, 128.8 (Cq), 127.8 (Cq), 
120.6, 120.2, 113.1 (Cq), 88.0 (Cq), 52.3 (OCH3), 30.2 (CH2). LRMS 
(ESI): m/z found 394.92 (M[79Br] + H)+, 396.92 (M[81Br] + H)+. HRMS 
m/z found 394.8798 (M[79Br] + H)+, 396.8760 (M[81Br] + H)+, 
C11H9[79Br]IO3

+ required 394.8774, C11H9[81Br]IO3
+ required 

396.8754. 

4.2.18. Methyl 2-(2-bromo-6-(3-methoxyphenyl)benzofuran-3-yl)acetate 
(10a) 

Compound 9a (600 mg, 0.506 mmol) was coupled to m-methox-
yphenylboronic acid (254 mg) according to General Procedure A2 at 
80 ◦C for 1 h. Purification by flash chromatography (2.5% ethyl acetate 
in hexanes) afforded the titled compound as an oily light brown semi 
solid which was lyophilised to a white powder (315 mg, 55%), mp 
50–52 ◦C. δH (500 MHz, CDCl3) 7.65 (1H, s, ArH). 7.55 (1H, d, J 8.2, 
ArH), 7.50 (1H, d, J 8.2, ArH), 7.37 (1H, t, J 8.0, ArH), 7.20 (1H, d, J 7.7, 
ArH), 7.14 (1H, s, ArH), 7.92 (1H, d, J 8.2, ArH), 6.90 (3H, s, OCH3), 
3.74 (3H, s, OCH3), 3.70 (2H, s, CH2). δC (100 MHz, CDCl3) 170.1, 
160.0, 155.8, 142.4, 138.2, 129.9, 128.6, 127.4, 123.0, 119.8, 119.2, 
113.1, 113.0, 112.7, 109.6, 55.3, 52.3, 30.3. LRMS (ESI): m/z found 
375.1 (M[79Br] + H)+, 377.0 (M[81Br] + H)+, C18H16[79Br]O4

+ required 
375.0, C18H16[81Br]O4

+ required 377.0. 

4.2.19. Methyl 2-(2,6-bis(3-methoxyphenyl)benzofuran-3-yl)acetate 
(10b) 

Compound 9a (100 mg, 0.253 mmol) was coupled to m-methox-
yphenylboronic acid (156 mg) according to General Procedure A2 at 
80 ◦C for 50 min. Purification by flash chromatography (5–10% ethyl 
acetate in hexanes) afforded the titled compound as a light brown oil 
(77.6 mg, 76%), mp 91–91 ◦C. δH (400 MHz, CDCl3) 7.73 (1H, s, ArH), 
6.67 (1H, d, J 8.1, ArH), 7.54 (1H, d, J 8.1, ArH), 7.45–7.37 (4H, m, 
ArH), 7.26–7.24 (1H, m, ArH), 7.20 (1H, s, ArH), 7.00–6.97 (1H, m, 
ArH), 6.92 (1H, d, J 8.2), 3.92 (2H, s, CH2), 3.91 (3H, s, OCH3), 3.76 
(3H, s, OCH3). δC (100 MHz, CDCl3) 171.3, 156.0, 159.9, 154.5, 153.4, 
142.8, 138.3, 131.5, 129.9, 129.8, 129.2, 122.5, 119.9, 119.8, 119.8, 
115.1, 113.1, 112.6, 112.4, 109.7, 108.8, 55.4, 55.3, 52.3, 30.7. LRMS 
(ESI): m/z found 425.1 (M + Na)+, C25H22NaO5

+ required 425.1. 

4.2.20. 2-(2,6-Bis(3-methoxyphenyl)benzofuran-3-yl)acetic acid (11) 
Ester 10b (77.0 mg, 0.191 mmol) was hydrolysed using 2 M 
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methanolic sodium hydroxide (3 eq., 287 µL) according to General 
Procedure B. Purification by flash chromatography (5% methanol in 
dichloromethane) afforded the titled compound as an off-white semi- 
solid (40.4 mg, 54%), 137–139 ◦C. δH (500 MHz, CDCl3) 7.73 (1H, s, 
ArH), 7.66 (1H, d, J 8.1, ArH), 7.53 (1H, d, J 8.1, ArH), 7.42–7.41 (3H, 
m, ArH), 7.38 (1H, t, J 7.9, ArH), 7.25 (1H, d, J 7.6, ArH), 7.19 (1H, s, 
ArH), 7.00–6.96 (1H, m, ArH), 6.92 (1H, d, J 8.2, ArH), 3.94 (2H, s, 
CH2), 3.89 (6H, s, OCH3). δC (125 MHz, CDCl3) 176.8 (Cq), 160.0 (Cq), 
159.9 (Cq), 154.4 (Cq), 153.6 (Cq), 142.8 (Cq), 138.4 (Cq), 131.3 (Cq), 
129.9, 129.8, 129.0, 122.6, 119.9, 119.8, 119.8, 115.1, 113.1, 1126, 
112.5, 109.8, 108.1 (Cq), 55.4 (OCH3), 55.3 (OCH3), 30.6 (CH2). LRMS 
(ESI): m/z found 389.2 (M+H)+. HRMS (ESI) did not ionise, C24H21O5

+

required 389.1. 

4.2.21. Methyl 2-(6-(3-methoxyphenyl)-2-(4-methoxyphenyl)benzofuran- 
3-yl)acetate (12a) 

Compound 10a (94.0 mg, 0.251 mmol) was coupled to m-methox-
yphenylboronic acid (76.1 mg) according to General Procedure A2 at 
80 ◦C for 50 min. Purification by flash chromatography (5–10% ethyl 
acetate in hexanes) afforded the titled compound as an oily light brown 
semi-solid which was lyophilised to an off-white solid (60.8 mg, 60%), 
mp 109–111 ◦C. δH (400 MHz, CDCl3) 7.81 (2H, d, J 9.0, ArH), 7.72 (1H, 
s, ArH), 7.64 (1H, d, J 8.1, ArH), 7.52 (1H, d, J 8.1, ArH), 7.38 (1H, t, J 
7.9, ArH), 7.26–7.24 (1H, m, ArH), 7.20 (1H, s, ArH), 7.05 (2H, d, J 8.9, 
ArH), 6.91 (1H, d, J 8.2, ArH), 3.89 (3H, s, OCH3), 3.88 (3H, s, OCH3), 
3.88 (2H, s, CH2), 3.76 (3H, s, OCH3). δC (100 MHz, CDCl3) 171.4, 
160.1, 160.0, 154.3, 153.6, 142.9, 137.8, 129.8, 129.4, 128.8, 122.9, 
122.4, 119.8, 119.5, 114.3, 113.1, 112.5, 109.5, 107.2, 55.3, 55.3, 52.3, 
30.6. LRMS (ESI): m/z found 403.2 (M+H)+, C25H23O5

+ required 403.2. 

4.2.22. 3-(3-(2-Methoxy-2-oxoethyl)-6-(3-methoxyphenyl)benzofuran-2- 
yl)benzoic acid (12b) 

Compound 10a (44 mg, 0.267 mmol) was coupled to m-carbox-
yphenylboronic acid (66.3 mg) according to General Procedure A2 at 
120 ◦C for 15 min. Purification by flash chromatography (2.5% meth-
anol in dichloromethane) afforded the titled compound as an off-white 
solid (87.4 mg, 79%), mp 60–62 ◦C. δH (400 MHz, CDCl3) 8.65 (1H, s, 
ArH), 8.18 (1H, d, J 7.8, ArH), 8.13 (1H, d, J 7.8, ArH), 7.76 (1H, s, 
ArH), 7.69 (1H, d, J 8.1, ArH), 7.65 (1H, t, J 7.8, ArH), 7.56 (1H, d, J 8.1, 
ArH), 7.39 (1H, t, J 7.9, ArH), 7.26 (1H, d, J 7.6, ArH), 7.20 (1H, s, ArH), 
6.93 (1H, d, J 8.2, ArH), 3.95 (2H, s, CH2), 3.90 (3H, s, OCH3), 3.80 (3H, 
s, OCH3). δC (100 MHz, CDCl3) 171.4 (Cq), 171.0 (Cq), 160.0 (Cq), 154.6 
(Cq), 152.0 (Cq), 142.7 (Cq), 138.7 (Cq), 132.2, 130.9 (Cq), 130.2, 130.0 
(Cq), 129.8, 129.1, 129.0 (Cq), 128.9, 122.8, 120.0, 119.9, 113.1, 112.7, 
109.8, 109.6 (Cq), 55.3 (OCH3), 52.4 (OCH3), 30.6 (CH2). LRMS (ESI): 
m/z found 417.1 (M+H)+, C25H21O6

+ required 417.1. 

4.2.23. 2-(6-(3-Methoxyphenyl)-2-(4-methoxyphenyl)benzofuran-3-yl) 
acetic acid (13a) 

Compound 12a (60 mg, 0.149 mmol) was hydrolysed using 2 M 
methanolic sodium hydroxide (3 eq., 224. µL) according to General 
Procedure B. The titled compound was afforded as a pale brown oil that 
solidified under reduced pressure to a light brown solid (30.4 mg, 53%), 
mp 150–153 ◦C. δH (500 MHz, CDCl3) 7.79 (2H, d, J 8.9, ArH), 7.71 (1H, 
s, ArH), 7.64 (1H, d, J 8.1, ArH), 7.52 (1H, d, J 8.1, ArH), 7.38 (1H, t, J 
7.9, ArH), 7.24 (1H, d, J 7.6, ArH), 7.19 (1H, s, ArH), 7.04 (2H, d, J 8.9, 
ArH), 6.91 (1H, d, J 8.2, ArH), 3.90 (2H, s, CH2), 3.89 (3H, s, OCH3), 
3.87 (3H, s, OCH3). δC (125 MHz, CDCl3) 199.1 (Cq), 160.2 (Cq), 160.0 
(Cq), 154.3 (Cq), 153.9 (Cq), 142.9 (Cq), 137.9 (Cq), 129.8, 129.2 (Cq), 
128.8, 122.7 (Cq), 122.5, 119.9, 119.5, 114.3, 113.1, 112.6, 109.6, 
106.5 (Cq), 55.4 (OCH3), 55.3 (OCH3), 30.5 (CH2). LRMS (ESI): m/z 
found 411.1 (M + Na)+. HRMS (ESI) did not ionise, C24H20NaO5

+

required 411.1. 

4.2.24. 3-(3-(Carboxymethyl)-6-(3-methoxyphenyl)benzofuran-2-yl) 
benzoic acid (13b) 

Ester 12b (87.2 mg, 0.209 mmol) was hydrolysed using 2 M meth-
anolic sodium hydroxide (5 eq., 524 µL) according to General Procedure 
B. The reaction was worked up after 16 h to afford the titled compound 
as a white solid (76.6 mg, 91%), mp 244–246 ◦C. δH (400 MHz, 
DMSO‑d6) 8.39 (1H, s, ArH), 8.06 (1H, d, J 7.7, ArH), 8.01 (1H, d, J 8.0, 
ArH), 7.99 (1H, s, ArH), 7.75 (1H, d, J, 8.3, ArH), 7.70 (1H, t, J 7.8, 
ArH), 7.65 (1H, d, J 8.2, ArH), 7.39 (1H, t, J 7.8, ArH), 7.32 (1H, d, J 7.7, 
ArH), 7.29 (1H, s, ArH), 6.94 (1H, d, J 7.9, ArH), 3.94 (2H, s, CH2), 3.84 
(3H, s, OCH3). δC (100 MHz, DMSO‑d6) 172.1 (Cq), 167.3 (Cq), 160.3 
(Cq), 154.4 (Cq), 151.6 (Cq), 142.1 (Cq), 138.1 (Cq), 132.1 (Cq), 131.0, 
130.7 (Cq), 130.5, 130.0, 129.9, 129.7 (Cq), 127.7 122.8, 121.0, 119.8, 
113.6, 112.9, 111.3 (Cq), 109.7, 55.6 (OCH3), 30.5 (CH2). LRMS (ESI): 
m/z found 400.9 (M− H)− . HRMS (ESI): m/z found 401.1077 (M− H)− , 
C24H17O6

− required 401.1031. 

4.3. Expression and Purification of Unlabelled and 15N-Labelled EcDsbA 

Unlabelled and 15N-labelled EcDsbA were prepared as previously 
described.14 Briefly, both unlabelled and 15N-labelled EcDsbA were 
expressed by autoinduction using appropriate media. After harvesting 
the cells, periplasmic proteins were extracted by resuspending cell pellet 
with lysis buffer (20 mM Tris-HCl, pH 8.0, 25 mM NaCl, 4 mg/mL 
colistin sulfate) and incubating for 18–24 h with gentle stirring at 4 ◦C. 
After centrifugation, EcDsbA was purified from the supernatant using a 
three-step purification method, including hydrophobic interaction 
chromatography, anion exchange chromatography, and size exclusion 
chromatography. DsbA was oxidised with copper-phenanthroline and 
buffer exchanged to the final storage buffer (20 mM HEPES, pH 7.0). 

4.4. Protein crystallisation and structure determination 

EcDsbA was crystallised as previously described.14 Briefly, 1 µL of 30 
mg/mL EcDsbA was mixed with an equal volume of crystallisation buffer 
(11–13% PEG8000, 5–7.5% glycerol, 1 mM CuCl2, 100 mM, sodium 
cacodylate pH 6.1) and equilibrated against 500 µL of reservoir buffer at 
20 ◦C using hanging drop vapour diffusion. For compound soaking, 
crystals were transferred into 2 µL drops of 24% PEG8000, 22% glycerol, 
and 100 mM sodium cacodylate (pH 6.1) containing a compound of 
interest at the final concentration of 10 mM (5% DMSO) and were 
incubated for 3–6 h. Crystals were mounted on loops and flash-cooled in 
liquid nitrogen. 

Datasets were collected at the Australian synchrotron on MX1 and 
MX2 beamlines using the Blue-Ice software (CA, USA).30 MX1 beamline 
was equipped with an ADSC Quantum 210r detector and MX2 with an 
ADSC Quantum 315r detector. All datasets were indexed and integrated 
with iMOSFLM31 or XDS32 and scaled using AIMLESS.33,34 Phasing was 
performed by molecular replacement with Phaser35 using the previously 
solved structure of EcDsbA as a search model (PDB code 1FVK).36 The 
final structure was obtained after several rounds of manual model 
building using Coot37 and refinement in phenix.refine.38 Data collection 
and refinement statistics are summarised in Table S1. Structures, factors 
and coordinates have been deposited in the Protein Data Bank (PDB; 
http://www.pdb.org) under the accession codes of 7L76, 7L7C, 7LHP, 
6XSP, 6XSQ and 6XT3. 

4.5. NMR spectroscopy 

For ligand-detected NMR spectroscopy, two samples (compound 
alone and compound + protein) were prepared for each compound. 
Unlabelled EcDsbA was prepared at 10 µM in a buffer of 50 mM sodium 
phosphate, pH 6.8, 25 mM NaCl, 100 µM 4,4-dimethyl 4-silapentane-1- 
sulfonic acid (DSS), and 10% 2H2O. Compound was added to the protein 
sample to achieve final concentration of 500 µM (2% 2H6-DMSO). 1H 1D 
spectrum was acquired for each compound at 500 µM as a reference 
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spectrum. All ligand-detected NMR experiments (STD, CPMG, and 
waterLOGSY) were acquired at 298 K on a Bruker Avance III 600 MHz 
NMR spectrometer equipped with a 5 mm TXI CryoProbe. STD spectra 
were acquired with 3 s of saturation at − 1 ppm (on-resonance) and 33.3 
ppm (off-resonance). Compounds that gave an average difference in 
signal intensity > 3% between the on- and off-resonance were identified 
as hits. WaterLOGSY spectra were acquired for compound alone and 
compound + protein with a 0.52 s acquisition time, 3 s relaxation delay, 
and 3 s NOE (Nuclear Overhauser Effect) mixing time. Compounds that 
gave an average difference in signal intensity > 70% between compound 
alone and compound + protein were identified as hits. CPMG spectra for 
compound alone and compound + protein were acquired with a con-
stant spin echo delay of 1 ms and spin-lock period of 350 ms. Com-
pounds that gave an average difference in signal intensity > 30% 
between compound alone and compound + protein were identified as 
hits. The data was analysed using Topspin3.5 (Bruker) and DSS was used 
to reference the spectra. 

For the 2D 1H-15N-HSQC titration experiment, 100 µM of 15N- 
labelled EcDsbA in a buffer of 50 mM HEPES, pH 6.8, 50 mM NaCl, 2% 
2H6-DMSO, and 10% 2H2O, was titrated with increasing concentrations 
of compounds (0, 0.625, 0.125, 0.25, 0.5, and 1 mM). Data were ac-
quired on a Bruker 600 MHz spectrometer equipped with a 5 mm TXI 
CryoProbe and a Bruker 700 MHz spectrometer equipped with a 5 mm 
TXI CryoProbe. Data was processed by Topspin3.5 (Bruker) and ana-
lysed by Sparky (T. D. Goddard and D. G. Kneller, SPARKY 3, University 
of California, San Francisco (UCSF)). Weighted chemical shift pertur-
bations (CSP) that were observed upon addition of compounds to 
EcDsbA were calculated using equation 1 39: 

CSP =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ΔδH
2 + (0.2 × ΔδN)

2
√

,

where ΔδH and ΔδN denote the change in chemical shift of amide proton 
and nitrogen resonances upon addition of the compound. Equilibrium 
dissociation constants (KD) were determined by fitting the plot of CSP 
against compound concentrations using one site with ligand depletion 
model (equation 2): 

CSP =

CSPmax ×

[

(KD + Pt + Lt) −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
(KD + Pt + Lt)

2
− 4 × Pt × Lt

)√ ]

2 × Pt
,

where CSP is the measured CSP at a given concentration, CSPmax is the 
CSP observed at the saturating concentration of compound, and Pt and Lt 
are the total protein and compound concentrations. The ligand effi-
ciency (LE) is calculated using equation 3 40: 

LE = −
ΔG

HAC
= −

RTln(KD)

HAC  

where R is gas constant (1.9858775 cal K− 1 mol− 1), T is temperature 
(298 K), KD is equilibrium dissociation constant, and HAC is the number 
of heavy (non-hydrogen) atoms. 

4.6. Peptide oxidation assay 

The ability of compounds to inhibit the activity of EcDsbA was 
evaluated using a peptide oxidation assay as previously described.40 

Inhibition of DsbA activity is assessed as a reduction in the rate of 
fluorescence signal increase in the presence of compounds. A standard 
50 μL reaction mixture consists of 0.5 μM EcDsbA, 1 mM oxidised 
glutathione, 16 μM substrate peptide (DOTA/Eu(III)- 
CQQGFDGTQNSCK-MCA) and compounds in a buffer of 50 mM MES, pH 
5.5, 50 mM NaCl, 2 mM EDTA, 2% DMSO. Assays were performed in a 
PerkinElmer 384-well white opaque microplate (OptiPlate-384). The 
time-resolved fluorescence of substrate peptide oxidation (excitation λ 
= 340 nm and emission λ = 615 nm) was measured using a CLARIOstar 
plate reader (BMG Labtech) fitted with TR-FRET module. Data was 

analysed and plotted using GraphPad Prism 8. 

4.7. Motility assays 

Swimming motility of E. coli JCB816 was assessed as previously 
described.41 Briefly, 2 µL of four independent liquid overnight JCB816 
cultures were inoculated onto the surface of LB semi-solid (0.3% w/v) 
agar containing 0.6% dimethyl sulfoxide (DMSO) or DsbA inhibitors 11, 
13a or 13b at various concentrations (5 μM – 1 mM). Plates were 
incubated at 37 ◦C, and the diameter of bacterial outward growth was 
measured in millimetres at 6 and 9 h post inoculation. The mean motility 
zone diameter was calculated from four replicates tested under each 
condition, and group means were compared by one-way ANOVA (sta-
tistical significance set at p < 0.05). Bacterial motility in the presence of 
different DsbA inhibitor concentrations was plotted as % motility over 
concentration (M) by measuring the diameter of the motility zone in 
plates containing 0.005, 0.05, 0.1, or 1 mM inhibitors and dividing by 
the diameter of the same strain swimming in DMSO-containing media 
(carrier control). 
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