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a b s t r a c t

Pseudomonas aeruginosa is a leading cause of hospital-acquired infections. Treatment of P. aeruginosa in
fections is difficult given its multiple virulence mechanisms, intrinsic antibiotic resistance mechanisms, and 
biofilm-forming ability. Auranofin, an approved oral gold compound for rheumatoid arthritis treatment, was 
recently reported to inhibit the growth of multiple bacterial species. Here, we identify P. aeruginosa’s global 
virulence factor regulator Vfr as one target of auranofin. We report the mechanistic insights into the in
hibitory mechanism of auranofin and gold(I) analogues to Vfr through structural, biophysical, and pheno
typic inhibition studies. This work suggests that auranofin and gold(I) analogues have potential to be 
developed as anti-virulence drugs against P. aeruginosa.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and 
Structural Biotechnology. This is an open access article under the CC BY license (http://creative

commons.org/licenses/by/4.0/).

1. Introduction

Pseudomonas aeruginosa (P. aeruginosa, Pa) is an opportunistic 
Gram-negative pathogen that causes a wide range of infections with 
high morbidity and mortality, particularly among individuals with 
compromised immune systems and those with cystic fibrosis [1]. P. 
aeruginosa’s emergence as a nosocomial pathogen is largely 

attributed to its multiple virulence mechanisms, intrinsic antibiotic 
resistance mechanisms, and biofilm-forming ability. This makes it a 
top priority for the development of novel antimicrobial drugs [2].

The virulence factor regulator (Vfr) has proved to be a promising 
drug target for Pa given its central role in controlling virulence and 
pathogenicity [3]. Vfr is a close homolog of the structurally well- 
characterized cyclic adenosine monophosphate (cAMP) receptor 
protein (CRP) of Escherichia coli (E. coli, Ec) [4]. It is a 24 kDa 
homodimer belonging to the winged-helix family of transcription 
factors. The N-terminal domain of Vfr contains a primary high-affi
nity cAMP binding site, while the C-terminal domain contains a 
secondary low-affinity cAMP binding site adjacent to the helix-turn- 
helix motif that binds to DNA [5]. Structural study of Vfr further 
identified that its N-terminal residues may play a unique role in Pa 
pathogenesis that cannot be recapitulated by the CRP complemented 
Vfr-deficient strain [6]. Vfr regulates approximately 200 genes in Pa 
[7], including those involved in (i) the quorum sensing (QS) [8]
which controls the production of virulence factors such as elastase 
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Fig. 1. Dose-dependent Pa growth inhibition in the presence of (A) auranofin, (B) chloro(triethylphosphine)gold(I) and (C) chloro(trimethylphosphine)gold(I). IC50 was calculated 
and listed in the figures; respectively.
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[9]; (ii) the type III secretion system that can be activated by glu
tathione [10] and mediates bacterial cytotoxicity to host cells [11]; 
and (iii) the type IV pilus (TFP) formation which controls the 
twitching motility [12]. Given the importance of Vfr in regulating 
these key virulence mechanisms, further structural studies of Vfr- 
ligand interactions can help to elucidate its function and validate its 
role as a potential target for development of antimicrobial drugs.

A number of repurposing projects reported that Auranofin, an 
FDA-approved antirheumatic agent, exhibits potent antimicrobial 
activities and can synergize with antibiotics against a broad spec
trum of pathogens [13–16]. Auranofin [2,3,4,6-tetra-o-acetyl-L-thio- 
b-D-glycopyranp-sato-S-(tri-ethyl-phosphine)-gold] is a gold(I) 
compound with phosphine and thiol ligands in a linear arrangement. 
It is a prodrug with the acetylated thiosugar acts as a carrier that is 
hydrolyzed upon transfer across cell membranes, releasing the 
pharmacologically active cationic fragment [Au(PEt3)]+ [17,18]. The 
putative mechanism of action hinges on the release of its mono
valent gold, Au(I), and binding to a protein target via the thiol ligand 
which has a high affinity for thiol and selenol groups, to form stable 
adducts. Interestingly, there are five cysteine residues on Vfr in the 
thiol state that modulate the expression of virulent factors [10]. 
Therefore, we hypothesize that both auranofin and gold(I) analogues 
with varied thiol and/or phosphine ligands may be able to target 
these cysteine residues of Vfr and reduce its ability to regulate key 
virulence mechanisms.

In this study, we examined the inhibitory effects of Vfr by aur
anofin and two simple gold-phosphine compounds, namely Chloro 
(triethylphosphine)gold(I) (Et3PAuCl) and Chloro(trimethylpho
sphine)gold(I) (Me3PAuCl). We further evaluated the crystal struc
tures of Vfr both alone and in complex with these gold(I) analogues. 
Our results demonstrated the following properties of auranofin and 
the two simple gold-phosphine compounds as Vfr inhibitors: [1]
Et3PAuCl and Me3PAuCl, without the thiosugar ligand, are more ef
fective in inhibiting Pa growth than auranofin; [2] Au binding at 
Cys38 of Vfr potentially alters the primary cAMP binding pocket; [3]

Au binding at Cys183 of Vfr clashes with its binding to the DNA 
backbone at the C-terminal domain; [4] Me3PAuCl effectively in
hibits Pa’s QS systems through Vfr. Altogether, this work provides 
important mechanistic insights into Vfr inhibition by gold com
pounds, highlighting their therapeutic potential against Pa infec
tions.

2. Results and discussion

2.1. Antimicrobial activity of gold(I) analogues against Pa growth

We investigated the potential antimicrobial activity of gold(I) 
analogues against Pa by determining their minimal inhibition con
centration (MIC) and minimal bactericidal concentration (MBC) on 
PAO1 strain, and comparing their effects with auranofin (Table S1). 
Our results revealed that the two simple gold compounds, Et3PAuCl 
and Me3PAuCl, demonstrated potent inhibition of PAO1 growth, with 
MIC (defined as IC90) values of 20.57 μM and 3.97 μM, respectively. 
And the IC50 values of Et3PAuCl and Me3PAuCl were 3.47 μM and 
1.00 μM, respectively (Fig. 1). In contrast, the MIC and IC50 value of 
auranofin was approximately 130.3 μM and 10.87 μM, indicating that 
both gold-compounds are 3–10 times more effective at inhibiting Pa 
growth. Notably, Et3PAuCl closely resembles the active form of aur
anofin, while Me3PAuCl exhibits higher reactivity.

The growth inhibition effects by auranofin and Et3PAuCl on both 
Gram-positive and Gram-negative bacteria were tested in previous 
study [19]. Our data is consistent with the reported results, that the 
Et3PAuCl is more effective than auranofin. Besides, it was reported 
that auranofin targets on Vfr, regulating Pa’s quorum sensing sys
tems, type III secretion system (T3SS) and type IV pili (TFP) forma
tion [16]. The active form of Me3PAuCl is [Au(PMe3)]+ which differs 
from the active form of auranofin/ Et3PAuCl, [Au(PEt3)]+, by repla
cing the ethyl-group with methyl-group. We speculated that 
Me3PAuCl may showed higher suppression efficiency in inhibiting 
Vfr-regulated virulence mechanisms.

Fig. 2. Me3PAuCl inhibits Vfr-regulated quorum sensing and virulent factors in PAO1 wild type and Vfr-overexpressed strain. (A) Me3PAuCl inhibits las and rhl systems of PAO1 
with IC50 values of 131 nM and 66.95 nM, respectively. (B) Me3PAuCl inhibits las and rhl systems of PAO1::vfr with IC50 values of 324.0 nM and 254.4 nM; respectively. (C) 
Me3PAuCl (1 μM) inhibits the pyocyanin production in both PAO1 and PAO1::vfr. (D) Me3PAuCl (1 μM) inhibits the elastase activities in both PAO1 and PAO1::vfr.
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2.2. Me3PAuCl suppress Vfr-regulated virulence mechanism

We next examined whether Me3PAuCl could inhibit Vfr-asso
ciated quorum sensing at a relatively low concentration with 
minimal effects on cell growth. We treated PAO1 wild-type strain by 
Me3PAuCl at 0.2 μM (approximately at IC10 values of growth inhibi
tion) and examined the dysregulated proteins by proteomic analysis. 
There were 154 proteins being dysregulated in response to Me3PAuCl 
treatment, with 58 proteins being up-regulated and 96 being down- 
regulated (Table S2). As speculated, proteins involved in quorum 
sensing systems and biofilm formation were found suppressed in the 
presence of Me3PAuCl (Fig. S1). When PAO1 was treated with 
Me3PAuCl, expression of quorum sensing genes lasB, rhlA and rhlB 
were suppressed with fold change ratios of treated to control (FCt/c) 
at 0.47  ±  0.03, 0.50  ±  0.03 and 0.42  ±  0.01, respectively. The Pseu
domonas quinolone signal (PQS) system, pqsBCDE genes, which are 
responsible for the synthesis of PQS precursor, 2-Heptyl-4(1 H)- 

quinolone (HHQ), were also found suppressed in response to 
Me3PAuCl, with FCt/c at 0.6  ±  0.01, 0.47  ±  0.01, 0.58  ±  0.01 and 
0.58  ±  0.02, respectively. However, PqsH which convert HHQ to PQS 
only showed a slight suppression with FCt/c at 0.69  ±  0.02 with no 
statistical significance.

Furthermore, we evaluated QS inhibition efficiency of the 
Me3PAuCl on PAO1 wild-type strain and PAO1 with overexpressed 
Vfr (Fig. 2). Me3PAuCl was found to inhibit the expression of two 
major QS reporters LasB-GFP and RhlA-GFP with IC50 of 0.13 μM and 
0.07 μM, respectively, in PAO1 strain (Fig. 2A). However, the over
expressed Vfr in PAO1 reduced the Me3PAuCl sensitivity of las and 
rhl pathway, with increased IC50 of 0.324 μM and 0.254 μM, respec
tively (Fig. 2B). The QS-controlled virulence factors, elastase and 
pyocyanin, were down-regulated in the presence of a sub-lethal 
concentration of Me3PAuCl (Fig. 2C). These observations are similar 
with the reported effects as auranofin on P. aeruginosa, that both 
auranofin and Me3PAuCl cause reduced activities of QS and related 

Fig. 3. Crystal structure of Vfr. (A) Annotated cartoon representation of Vfr dimer structure with the left monomer (Chain A) coloured in light blue for the ligand-binding N- 
terminal domain, in red for the DNA-binding C-terminal domain, and the cAMP ligand at the primary binding site is shown as sticks. Missing residues 80–84 in the right monomer 
(purple; Chain B) would cross in front of the left monomer. (B) Alignment of chains A and B, close-up insert highlights the difference in the C-terminal domain with a root mean 
square deviation (RMSD) of 2.43 Å over 162 backbone atoms. (C) Superimposition with Vfr bound with two cAMPs at both primary and secondary sites (PDB ID: 2OZ6; grey). 
Close-up insert distinguishes the asymmetric Chain B from its symmetric state in 2OZ6 with a root mean square deviation (RMSD) of 2.66 Å over 167 atoms. (D) Overlay with the 
primary cAMP-binding pocket of 2OZ6 (grey ribbon, including ligand and side chains), RMSD of 0.35 Å over 8 atoms. cAMP and neighboring residues are shown in stick 
representation (C, green; N, blue; O, red; P, orange; S, yellow), and water molecule is shown as a red sphere. Hydrogen bonds are represented by dashed lines and the corre
sponding interatomic distances are indicated.
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Fig. 4. Gold interacting sites of Vfr. Ribbon view of the overall structure (left) and the corresponding gold binding site numbered 1 – 4 with anomalous density peak of gold ions 
displayed as yellow spheres. The anomalous fourier map in the magenta mesh is contoured at a level of 4 σ with a mesh width of 4. Chain A is coloured in sky blue while chain B is 
in deep blue. Close-up cartoon view of potential gold binding sites (right) with the 2Fo-Fc map at a level of 1.0 σ in grey, and the anomalous density peak of gold ions contoured at 
a level of 3 σ. Hydrogen bonds are represented by dashed lines and the corresponding interatomic distances are indicated between the gold sphere and cysteine residue shown as 
stick. The surface view is displayed at 50 % transparency for the buried cysteine 183 site. (A) Auranofin condition which shows a weak anomalous peak at site 4. (B) Chloro 
(triethylphosphine)gold(I) found in all 4 sites except for site 2 of Chain A. (C) Chloro(trimethylphosphine)gold(I) found in all 4 sites.
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phenotypes [16]. The auranofin can inhibits Vfr via its cysteine re
sidues in vitro, though Vfr is not the only cellular target of auranofin. 
Interestingly, in our study, the elastase production was more sensi
tive to Me3PAuCl at 1.0 μM in Vfr-over expressed system (Fig. 2D). 
This confirmed that Me3PAuCl could effectively interact with Vfr, 
affecting its downstream gene expressions and regulations, although 
Vfr may not be the only target of Me3PAuCl.

2.3. Auranofin and gold(I) analogues interact with Pa Vfr

The auranofin can inhibit Vfr via its free surface cysteine re
sidues, as cysteine residue mutated Vfr is less regulated in the pre
sence of auranofin [16]. Since Et3PAuCl and Me3PAuCl were shown to 
have much lower MIC and IC50 values, we hypothesize that these 
two compounds may be effective in interacting with the cysteines in 
Vfr. To test this hypothesis, we determined the crystal structures of 
Pa Vfr dimers bound to cAMP both alone and with the addition of 
gold compounds by means of soaking. We observed that there were 
no redox-active cysteine pairs and that the two monomers were 
bound with a cAMP ligand in the primary site (Fig. 3A). They formed 
an asymmetric dimer with a root mean square deviation (RMSD) of 
2.43 Å over 162 backbone atoms largely due to the C-terminal do
main (Fig. 3B). This differs from the prior Vfr structure with cAMP 
bound in both sites (PDB ID: 2OZ6) by Cordes et al. [5], where Vfr 
forms a symmetric dimer. Fig. 3C shows the overlay of 2OZ6 with our 
native structure, and the close-up insert highlights a similar sig
nificant conformational shift in the C-terminal domain with a RMSD 
of 2.66 Å over 167 atoms. 2OZ6 resembles the activated CRP-DNA 
(PDB ID: 2CGP) [20] as well as cAMP-bound CRP in both sites (PDB 
ID: 4R9H) [21], while our structures resemble the cAMP-bound CRP 
in the primary site (PDB ID: 1G6N) [22]. Hence our study suggests 
that the induced fit for DNA-binding by Vfr is similar to CRP. As 

expected, there is no difference for the primary cAMP binding pocket 
within the monomer (RMSD = 0.35 Å over 8 α-carbon pairs), and are 
formed by the same residues as shown in the superposed structures 
(Fig. 3D).

Au(I) binding is found in a linear-coordination at up to four of five 
available cysteine sites (Cys20, 38, 97, 156, and 183) within a dis
tance of 2.8 Å. For auranofin, only one monomer (Chain A) was found 
bound to Au strongly at Cys183 (Site 4 A, Fig. 4A). While it would be 
expected for the two molecules to be the same in solution, the 
asymmetric Chain B Cys183 side chain is buried and inaccessible to 
bind to Au (Site 4B, Fig. 4A). This could be a crystal packing artifact 
that is not biologically meaningful. It is also possible that auranofin 
may bind to Chain B Cys183 and other Cys sites in solution (Table 
S3). In the case of Et3PAuCl (Fig. 4B), the compounds were found to 
bound to cysteine sites 1 (Cys20), 3 (Cys156), and 4 (Cys183) in both 
chains. Similarly, in the case of Me3PAuCl (Fig. 4C), a compound 
binding site was observed at 2 (Cys38), in addition to the sites 
identified for Et3PAuCl. No significant conformational changes were 
observed with Au binding.

When compared with Vfr bound to two cAMP (PDB ID: 2OZ6), or 
in CRP bound to one cAMP (PDB ID: 1G6N), two cAMP (PDB ID: 
4R8H), or with DNA (PDB ID: 2CGP), the sulfur group in Cys183 
(Cys179 in CRP; Fig. 5A) is found buried and facing away from the 
secondary cAMP binding pocket (Fig. 5B). The sequence alignment 
between Vfr and CRP from E. coli, Salmonella typhimurium, and the 
distant Mycobacterium tuberculosis (Mt), showed that only Cys20 
(site 1), Cys97 (inaccessible), and Cys183 (site 4) are the most con
served, except for MtCRP and MtCMR, and further emphasized the 
importance of site 4 (Fig. 5A). The inhibition by gold interferes with 
DNA binding at the C-terminal domain (Fig. 6, Left), where gold at 
site 4 would clash with the DNA backbone binding at positions 9 and 
10 of the primary kink (PDB ID: 1ZRC) [23] and site 3 would affect 

Fig. 5. Multiple sequence alignment of Vfr homologues and the corresponding superposition of the Cys183 site. (A) Multiple sequence alignment, red box with white 
characters represents strict identity, characters in red with blue frame represents 70 % similarity or higher across the group. Acc in the last row represents the relative accessibility 
of each residue with red as undetermined, blue for accessible, cyan for intermediate, and white as buried. (B) Ribbon view of backbone structure at Cys183 (gold binding site 4) 
with cAMP at secondary site displayed as lines. Vfr soaked with Et3PAuCl (this study) is coloured in blue, Vfr bound to two cAMP (PDB ID: 2OZ6) in orange, EcCRP bound to one 
cAMP (PDB ID: 1G6N) in purple, two cAMP (PDB ID: 4R8H) in teal, or with DNA (PDB ID: 2CGP) in yellow. Hydrogen bonds are represented by dashed lines and the gold atom as a 
sphere, with the corresponding cysteine residue shown as stick. Surface view is displayed at 50 % transparency.
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domain reorientation from asymmetric to symmetric state. Fur
thermore, another gold binding at site 2 would alter the primary 
cAMP binding pocket (Fig. 6, right). The presence of the gold com
pound at site 4 (C-terminal domain of Chain A) clashes with the DNA 
backbone, suggesting a mechanism of transcription inhibition (Fig. 6, 
left). Furthermore, the C-terminal domain of Chain B is also in
compatible with conformation for DNA-binding. The gold at site 3 
would also interfere with the shift required to the symmetric form. 
We also show that the gold binding causes the cysteine sulphur 
residue to face outwards, away from the cAMP ligand as indicated by 
the yellow arrow of the original location, hence altering the binding 
site (Fig. 6, right). Overall, the number of sites with gold compound 
binding found in the structural study correlates with the IC50 (Fig. 1) 
whereby Me3PAuCl (4 sites) is the most potent followed by Et3PAuCl 
(3 sites) and Auranofin (1 site), respectively.

3. Conclusion

Gold therapy, also known as Chryso- or aurotherapy, has been of 
interest since its discovery in traditional to modern medicine, with 
growing insights into their molecular targets, applications, and 
know-how towards more targeted delivery [24,25]. While auranofin 
has declined in its original use for rheumatoid arthritis due to new 
alternatives with fewer side effects from long-term usage, the wide- 
ranging repurposed applications as an anti-cancer drug and a broad- 
spectrum antibiotic underscore the importance of our study herein. 
We have provided mechanistic insights of Vfr inhibition by auranofin 
and related gold compounds. Our findings reveal that the cysteine 
residues of cAMP transcription factors are free to rotate, which 
supports the model of the biphasic cAMP concentration dependence 
activity [20].

Auranofin has low resistance potential due to the multiple tar
gets of gold compounds, making it a candidate for use in combina
tion with antibiotics such as colistin which is a last resort treatment 
for Pa and other gram negatives [14,16]. However, auranofin’s lim
itation include accumulation in cells and decreased effectiveness 
compared to Et3PAuCl and Me3PAuCl, as demonstrated in our study 
by 3- to10-fold difference. This not only limits its clinical use but also 

raises concerns about its toxicity. The use of simpler and more po
tent gold-phosphine compound, Me3PAuCl, with similar biological 
and pharmacological properties may overcome these limitations. 
Given that they lead to more severe bowel irritation [24], recent 
work on encapsulating these active ingredients in biocompatible 
nanoparticles [26] points an approach forward to expedite their 
clinical use for Pa infections.

4. Experimental procedures

4.1. Chemicals and bacterial strains

Auranofin, Et3PAuCl, and Me3PAuCl were purchased from Sigma 
(product codes A6733, 404217, and 288225, respectively). Stock so
lutions of 100 mM were prepared in DMSO (Sigma, D8418). P. aeru
ginosa PAO1 was used as model organism for all experiments. Luria- 
Bertani (LB) broth (1 % tryptone and 0.5 % yeast extract), Mueller 
Hinton broth (MHB), and ABTGC [27] (AB minimal medium sup
plemented with 0.2 % glucose and 0.2 % casamino acids) and agar 
were used to grow bacterial cultures and/or biological assays.

4.2. Expression and purification of Vfr

Coding sequence with 5N-terminal amino acid truncation of Vfr 
(Vfr-Ndel5) from PAO1 was inserted into pSUMO-LIC vector flanked 
by an N-terminus His6-SUMO affinity tag and protease site via li
gation-independent cloning (LIC) cloning (NTU Protein Production 
Platform; PPP). Vfr was overexpressed from pSUMO-LIC-vfr in 
Escherichia coli strain Rosetta T1R (DE3) cells when OD600 reaches 
0.8–1.0 in LB and induced with 1 mM IPTG overnight at 18 °C. The 
harvested cell pellet was resuspended in Buffer A1 (300 mM NaCl, 
50 mM Tris-HCL pH 7.5, 20 mM imidazole, 4 mM 2-Mercaptoethanol, 
10 % Glycerol), lysed using a homogenizer and the cell debris re
moved via centrifugation at 40,000 x g. The supernatant was loaded 
to a HisFF HP column (Cytiva, Marlborough, MA, USA) and eluted 
with a 20–300 mM imidazole linear gradient. The eluted proteins 
were further diluted to a salt concentration of 100 mM before the 
addition of SUMO protease and 2 mM cAMP (Sigma, A6885) and 

Fig. 6. The influence of gold binding sites on Vfr structure. (Left) Ribbon model overlay of the DNA-bound CRP structure (PDB ID: 1ZRC; in grey for all atoms) on Me3PAuCl- 
bound Vfr (blue for Chain A, and purple for Chain B), with gold and chloride ions displayed as gold and green spheres respectively, and cAMP ligands as stick (C, green; N, blue; O, 
red; P, orange; S, yellow). The C-terminal domain of Chain B is shown in the cartoon (purple) to highlight its incompatible conformation for DNA-binding. (Right) Close-up of the 
primary cAMP binding pocket overlay between Me3PAuCl-bound Vfr (same colour scheme as in Left panel) with the symmetric Vfr structure (PDB ID: 2OZ6) in grey where the 
gold binding site 2 is found. There are two gold spheres with both having 0.5 occupancies. The yellow dashed arrow highlights the sulphur group of C38 in the Vfr structure (grey).
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dialysed against Buffer A2 (100 mM NaCl, 50 mM Tris-HCL pH 7.5, 
4 mM 2-Mercaptoethanol, 5 % Glycerol) for 3 h. This was then ap
plied to a HiTrap Heparin FF (Cytiva) and eluted with a 
100–1000 mM gradient of NaCl linear gradient. The Vfr-containing 
fractions were then concentrated using a 10 kDa MWCO spin con
centrator (Vivaspin; Sartorius, Göttingen, Germany) before loading 
on a HiLoad 26/60 Superdex 200 pg (Cytiva) column equilibrated 
with Buffer A3 (300 mM NaCl, 25 mM HEPES pH 7.5, 1 mM TCEP, 5 % 
Glycerol). Pooled peak fractions were concentrated to 23 mg/mL, 
flash frozen in liquid nitrogen, and stored at −80 °C until their use. 
Protein concentrations were determined by using Protein Assay Dye 
(Bio-Rad, California, USA).

4.3. Crystallization, data collection, and structure determination

Prior to crystallization, Vfr was first diluted to 10 mg/mL in 
300 mM NaCl, 25 mM HEPES pH 7.5, 5 % glycerol and 2 mM cAMP. 
Crystals were grown by vapor diffusion from hanging drops con
taining a 1:1 ratio of Vfr at 6 mg/mL and a good solution of 2.6 M 
Ammonium Sulphate and 0.1 M Bicine pH 9.0 in 24-well plates. 
Crystals were dehydrated overnight and flash frozen in liquid ni
trogen in the same crystallization condition supplemented with 19 % 
glycerol before mounting. For vfr-inhibitor cocrystals, vfr crystals 
were soaked with 1.25 mM inhibitor dissolved in 2.5 % DMSO, 2.6 M 
Ammonium Sulphate, 0.1 M Bicine pH 9.0 supplemented with 18 % 
glycerol. Diffraction data were collected at home source (Rigaku FR- 
X and Dectris Pilatus3R 300 K detector), and at beamlines TPS05A 
and BL15A1 of National Synchrotron Radiation Research Center 
(Hsinchu, Taiwan; proposal no. 2019–1–135–2), and the MX1 of the 
Australian Synchrotron, ANSTO (Victoria, Australia; proposal no. 
14981b). Data indexing and integration were done using either 
iMOSFLM [28] or HKL-3000 [29]. Scaling and merging of the in
tensities were carried out using POINTLESS and AIMLESS from CCP4 
suite [30]. The crystals belong to space group C 1 2 1, except crystals 
soaked in Chloro(trimethylphosphine)gold(I) which resulted in the 
space group P1 instead. Initial phases were determined by molecular 
replacement using Vfr structure (PDB ID 2OZ6) as the search model 
using either Molrep [31] or Phaser [32]. Subsequent iterative rounds 
of refinement were done using the Phenix.refine program [33,34]
and manual rebuilding using Coot [35]. The twin law (h,h-k,h-l) was 
applied for Vfr crystals soaked with Chloro(trimethylphosphine)gold 
(I) during Phenix refinement to correct for twining effects. Dis
ordered regions in the N-terminal, between residues 80 – 84, and the 
C-terminal were excluded in the final models. The locations of gold 
atoms were defined using the anomalous Fourier maps. Atomic co
ordinates and structure factors of Vfr with cAMP only, auranofin, 
Et3PAuCl, and Me3PAuCl, have been deposited in the Protein Data 
Bank with the accession codes 7FEW, 7FF0, 7FF8, and 7FF9 respec
tively. Figures were generated using Pymol [36]. Data collection and 
refinement statistics are summarized in Table S2.

4.4. Sequence alignment and analysis

Vfr (Uniprot ID P55222) and related homologous sequences, 
EcCRP (Uniprot ID P0ACJ8), StCRP (Uniprot ID P0A2T6), MtCRP 
(Uniprot ID: P9WMH3), and MtCMR (EcCRP (Uniprot ID P9WMH5), 
were curated from the non-redundant sequence database and lit
erature review. The alignment was carried out using MUSCLE pro
gram [37] in MEGA X [38] and visualized using ESPript3.0 on 
ENDscript server (ESPript - https://espript.ibcp.fr) [39] for structural 
feature annotation and the residue relative accessibility.

4.5. Elastase assay

P. aeruginosa PAO1 wild type and PAO1::vfr were cultivated in LB 
medium overnight at 37 °C with shaking, and were adjusted to the 

concentration of OD600 at 1.0; respectively. The bacterial suspension 
was inoculated into ABTGC containing 1 μM Me3PAuCl or DMSO at a 
ratio of 1:1000 v:v and was cultivated at 37 °C with shaking for 18 h. 
The gold-compound treated cultures and control were diluted to 
approximately 1 × 106 CFU/mL, and 3 μL diluted suspension was 
doted in Skim Milk Medium for overnight cultivation at 37 °C. Plate 
images were visualized by G-BOX Chemi XT 4 (Genesys version 
1.3.4.0, Syngene).

4.6. Pyocyanin assay

Pyocyanin production by PAO1 and PAO1::vfr was measured as 
described previously [40]. In brief, overnight bacterial culture was 
diluted to 1 × 106 CFU/mL in ABTGC containing 1 μM Me3PAuCl or 
DMSO, and cultivated at 37 °C with shaking for 24 h. The bacterial 
culture was centrifuged at 8000 g for 10 min to collect the super
natant. Chloroform (1.2 mL) was added to the supernatant and was 
vortexed vigorously. The chloroform layer was carefully collected, 
followed by re-extraction with 400 μL of 0.2 M HCl. The HCl layer 
was carefully after centrifugation at 4500 rpm for 10 min at 4 ℃ with 
absorbance measured at OD380 against 0.2 M HCl.

4.7. Growth inhibition assay

The minimum inhibitory concentration (MIC) of gold compounds 
against P. aeruginosa PAO1 was determined in a standard broth di
lution assay. PAO1was grown overnight (∼18 h) in LB at 37 °C with 
orbital shaking (180 rpm), which was adjusted to a concentration of 
OD600 at 1 before inoculation. Serial two-fold dilutions of gold 
compounds were prepared from DMSO stock solutions in ABTGC 
medium. The bacterial suspension was inoculated into ABTGC 
medium containing gold compounds/DMSO at a concentration of 
OD600 at 0.01 and was cultivated at 37 °C with shaking for 18 h. 
Assays were repeated three times with triplicate each batch on 
different days. Growth curve was plotted for each compound’s each 
dosing concentration. Here we utilize IC90 to represent the MIC for 
each compound. The media turbidity of bacterial culture at early 
stationary growth stage (10 h) under the treatment of each con
centration for each gold compound were plotted. IC90 and IC50 values 
for each compound were calculated by nonlinear regression curve 
fitting. The MIC of gold compounds against PAO1 in MHB medium 
was assessed using the same protocol, with the substitution of 
ABTGC with MHB.

4.8. Proteomics analysis

The proteomics analysis was conducted following the reported 
procedures [16]. In brief, PAO1was grown overnight (∼18 h) in LB at 
37 °C with orbital shaking (180 rpm), which was adjusted to a con
centration of OD600 at 1 before inoculation. The bacterial suspension 
was inoculated into ABTGC medium containing gold compounds/ 
DMSO at a concentration of OD600 at 0.01 and was cultivated at 37 °C 
with shaking for 10 h. Then, bacterial cells were harvested and the 
cell pellets were washed twice with 1x PBS buffer, followed by being 
resuspended in 2 mL lysis buffer containing 0.5 M triethylammo
nium bicarbonate (TEAB), 0.1 M SDS and protease inhibitor cocktail 
(Sigma-Aldrich, USA). The cells were lysed using probe sonication at 
30 % amplitude for 5 min (10 s intervals for each 10 s sonication). The 
soluble proteins were collected by centrifugation at 4 °C at 16,000 g 
for 20 min to discard the cell debris. 200 μg proteins for each sample 
were denatured and concentrated using 2D-SDS-PAGE. Gel frag
ments were submitted for TMT proteomics analysis by QL Bio (www. 
qinglianbio.com, Beijing, China).
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4.9. Statistical analysis

All statistical tests were performed with GraphPad Prism (V9, 
GraphPad, USA). P-values of <  0.05 were considered significant. 
The student’s t-test was used to evaluate the growth and QS 
inhibition of gold compounds on PAO1, motility and other phe
notypic assays.
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