
The Alkylquinolone Repertoire of Pseudomonas
aeruginosa is Linked to Structural Flexibility
of the FabH-like 2-Heptyl-3-hydroxy-4(1H)-
quinolone (PQS) Biosynthesis Enzyme PqsBC.

Item Type Article

Authors Witzgall, Florian; Depke, Tobias; Hoffmann, Michael; Empting,
Martin; Brönstrup, Mark; Müller, Rolf; Blankenfeldt, Wulf

Citation Chembiochem. 2018 Jul 16;19(14):1531-1544. doi: 10.1002/
cbic.201800153. Epub 2018 Jun 22.

DOI 10.1002/cbic.201800153

Publisher Wiley-VCH

Journal ChemBioChem

Rights Attribution-NonCommercial-ShareAlike 4.0 International

Download date 24/05/2023 08:27:57

Item License http://creativecommons.org/licenses/by-nc-sa/4.0/

Link to Item http://hdl.handle.net/10033/622114

http://dx.doi.org/10.1002/cbic.201800153
http://creativecommons.org/licenses/by-nc-sa/4.0/
http://hdl.handle.net/10033/622114


Contents of the Supporting Information 

1. Supporting Experimental Section ................................................................................ 2 

2. Supporting Tables ....................................................................................................... 9 

3. Supporting Figures .................................................................................................... 14 

4. Supporting References .............................................................................................. 26 

 

 



-S2- 
 

1. Supporting Experimental Section 

Metabolomic analysis of Pseudomonas aeruginosa 

Bacteria were pre-cultured overnight in lysogeny broth (LB) at 37 °C and 160 rpm in a shaking 

incubator. The cells were pelleted by centrifugation (4 °C, 9000 g, 5 min) and used to inoculate 

BM2 minimal medium consisting of (NH4)2SO4 (2 mM), K2HPO4 (40 mM), KH2PO4 (22 mM), 

MgSO4 (2 mM), FeSO4 (10 μM), glucose (0.4%, w/v) and casein hydrolysate (0.01%, w/v). The 

starting OD600 was adjusted to 0.05 and the cultures were harvested after 8 h at an OD600 of 1.5 

± 0.1. For the analysis of cellular AQs/AQNOs, the cells were pelleted by centrifugation (4 °C, 

9000 g, 5 min) and the pellet was snap frozen in liquid nitrogen while the supernatant was 

discarded. For the combined analysis of cellular and extracellular AQs/AQNOs, the collected 

volume of culture broth was dried overnight in a centrifugal evaporator (Refrigerated CentriVap 

Concentrator with -50 °C CentriVap Cold Trap, Labconco) at 20 °C.  

Fatty acid feeding experiments were conducted by supplementing the minimal medium with final 

concentrations of 2 mM fatty acid. As the fatty acids were dissolved in ethanol (100%, v/v), the 

respective amount of ethanol was added to the control samples. For the fatty acid feeding 

experiments, all members of the homologous series from acetic acid to tetradecanoic acid as 

well as 2-octenoic acid (mixture of cis and trans) and the perdeuterated octanoic-d15 acid were 

tested. All experiments were performed in triplicates. 

Cell pellets and dried culture broth samples were reconstituted to the original concentration in 

methanol (100%, v/v) by two rounds of vigorous shaking for 1 min and subsequent 10 min 

sonication in an ice cold ultrasonic bath (Sonorex Digiplus, BANDELIN electronic). After 

centrifugation (4 °C, 9000 g, 5 min), a defined volume of the supernatant was collected and 

dried in a centrifugal evaporator overnight at 20 °C. The sample was then reconstituted in half 

the volume of acetonitrile (50%, v/v) with formic acid (0.1%, v/v) by shaking for 5 s, followed by 

sonication for 5 min and again shaking for 5 s. 

The analytical procedure was essentially conducted as described by Depke et al.[1] In short, the 

extracts were separated on a 150 mm Kinetex C18 reversed-phase column with 1.7 µm particle 

size and 2.1 mm inner diameter (Phenomenex) using a gradient of water with formic acid (0.1%, 

v/v) as eluent A and acetonitrile with formic acid (0.1%, v/v) as eluent B. The gradient elution 

was performed as follows: hold 1% B for 2 min, proceed with a linear gradient from 1% B to 

100% B over 18 min, remain at 100% B for 5 min and return to 1% B with a linear gradient over 

5 min. The samples were analysed on a quadrupole time-of-flight mass spectrometer (maXis HD 

QTOF, Bruker) using positive mode electrospray ionization. Full scan data (50–1500 Da) were 



-S3- 
 

recorded and collision-induced dissociation was used to collect data-dependent MS/MS data for 

feature annotation. Signal quantification was based on the calculation of peak areas in extracted 

ion chromatograms of the respective analytes. AQs and AQNOs were annotated as described 

by Depke et al.[1] The nomenclature used in this study is CX:n-HQ for 2-alkyl-4(1H)-quinolones 

(HHQ series) and CX:n-QNO for 2-alkyl-4-hydroxyquinoline N-oxides (HQNO series) with X 

representing the number of carbons in the aliphatic chain and n the number of double bonds in 

the chain, i.e. C7-HQ is equivalent to HHQ (2-heptyl-4(1H)-quinolone).  

 

Acyl-CoA loading assays and LC-MS measurements of intact proteins 

Acyl-CoA loading assays were performed with PqsBC (5 µM) and acyl-CoAs (50 µM) in Tris/HCl 

(50 mM, pH 7.6) at 30 °C. After incubation for 30 min, the samples (20 µL) were directly 

submitted for intact protein analyses. All ESI-MS measurements of intact protein samples were 

performed on a Dionex Ultimate 3000 RSLC system using a ProSwift RP-4H (monolithic PS-

DVB), 250 x 1 mm column (Thermo Fisher Scientific). Separation of the samples (1.0 µL) was 

achieved by a multistep gradient from (A) H2O + formic acid (0.1%, v/v) + dimethyl sulfoxide 

(DMSO, 1%, v/v) to (B) acetonitrile + formic acid (0.1%, v/v) + DMSO (1%, v/v) at a flow rate of 

200 µL min-1 at 45 °C. The gradient was initiated by a 0.5 min isocratic step at 5% (B), followed 

by an increase to 65% (B) in 18 min, followed by an increase to 98% in 0.5 min to end up with a 

3 min step at 98% (B) before reequilibration to the initial conditions. UV spectra were recorded 

with a diode array detector in the range from 200 to 600 nm. The LC flow was split to 75 µL min-1 

before entering a maXis 4G hr-ToF mass spectrometer (Bruker Daltonics) using the standard 

Bruker ESI source. In the source region, the temperature was set to 180 °C, the capillary voltage 

was 4000 V, the dry-gas flow was 6.0 L min- 1 and the nebulizer was set to 1.1 bar. Mass spectra 

were acquired in positive ionization mode ranging from 600 – 1800 m/z at 2.5 Hz scan rate. 

Protein masses were deconvoluted by using the Maximum Entropy algorithm (Spectrum Square 

Associates, Inc.). 

 

Cloning and site-directed mutagenesis 

The pqsB (PA0997) and pqsC (PA0998) genes from Pseudomonas aeruginosa PAO1 were 

amplified from chromosomal DNA by PCR with sequence specific primers (Table S4). To 

generate an untagged construct of PqsB, the PCR product of pqsB was cloned into pET26b 

(Merck Millipore) using the restriction enzymes NdeI (NEB) and BamHI (NEB). The amplicon 

coding for PqsC was cloned into NdeI/XhoI-digested pET19m and p10$,[2] which are engineered 

plasmids based on the pET19b vector (Merck Millipore). The resulting plasmid pET19m-pqsC 
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produces PqsC with a N-terminal His6 tag followed by a recognition motif for TEV (tobacco etch 

virus) protease (MGHHHHHHA-ENLYFQGH-PqsC; recognition sequence of TEV protease is 

underlined), while p10$-pqsC encodes PqsC with a N-terminal His6-tagged T7 lysozyme (T7L) 

(MGHHHHHHAENLYFQGH-T7L-LEVLFQGH-PqsC; recognition sequences for TEV protease 

and 3C protease are indicated by underlined and italics characters, respectively), which can be 

removed by human rhinovirus 3C protease. The active site cysteine C129 of PqsC was mutated 

to alanine (PqsCC129A) or serine (PqsCC129S) in pET19mod-pqsC and p10$-pqsC by site-directed 

mutagenesis via PCR using KAPA HiFi DNA Polymerase (Kapa Biosystems) with primers listed 

in Table S4. Parental template DNA was digested with DpnI (NEB). 

 

Expression and purification of (His6-)PqsBC, (His6-)PqsBCC129A and PqsBCC129S 

The expression plasmids pET26b-pqsB/pET19m-pqsC or pET26b-pqsB/p10$-pqsC were co-

transformed into chemically competent E. coli BL21(DE3)pLysS (Promega) or BL21-

CodonPlus(DE3)-RIL cells (Agilent Technologies), respectively. An overnight pre-culture grown 

from a single colony in lysogeny broth (LB) medium containing ampicillin (100 mg L-1), 

kanamycin (50 mg L-1) and chloramphenicol (34 mg L-1) at 37 °C was used for inoculation of 

Terrific Broth (TB) medium supplemented with the same antibiotics to an optical density (OD600) 

of 0.05. When this culture reached an OD600 of 0.8-1.0 at 37 °C, the temperature was shifted to 

20 °C and protein expression was induced with isopropyl-β-D-thiogalactopyranoside (IPTG, 

0.5 mM) for 20 h. Cells were centrifuged at 6.800 g for 15 min at 4 °C, the pellet was shock 

frozen in liquid nitrogen and stored at -80 °C. In the following, the general purification 

procedures for His6-tagged and untagged PqsBC are described. For the purification of distinct 

PqsBC variants, slightly different buffers were used (summarized in Table S5). 

The thawed cell pellet was resuspended in buffer A supplemented with MgCl2 (2 mM), DNase I 

(0.6 mg L-1, Roche Life Science) and a cOmplete mini EDTA-free protease inhibitor cocktail 

tablet (Roche Life Science). Resuspended cells were disrupted with an Emulsiflex-C3 

homogenizer (Avestin) and the insoluble fraction was removed by centrifugation (37.000 g for 

45 min at 4 °C). Recombinant His6-PqsC/PqsB (His6-PqsBC) or His6-T7L-PqsC/PqsB (His6-T7L-

PqsBC) was isolated from the supernatant by nickel affinity chromatography using a 5 ml 

HisTrap HP column (GE Healthcare) charged with NiSO4 (100 mM) and equilibrated with 

buffer A. The complex was eluted with an imidazole gradient of 2 – 40% buffer B [buffer A with 

imidazole (500 mM)]. Fractions containing the target proteins were pooled and 1 mg His6-tagged 

TEV protease per 25 mg His6-PqsBC or 1 mg His6-tagged 3C protease per 40 mg His6-T7L-

PqsBC was added to cut off the His6 tag or the His6-T7L tag from the N-terminus of PqsC. The 

mixture was dialyzed against buffer C containing ß-mercaptoethanol (2 mM) in a dialysis bag 
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(Thermo Scientific Snakeskin, 3.5 kDa MWCO) overnight at 4 °C. A second nickel affinity 

chromatography was performed using a 5 ml HisTrap HP column (GE Healthcare) with buffer C 

and buffer D [buffer C with imidazole (500 mM)] to separate cleaved and uncleaved protein 

complex and to remove the protease. Because in the case of His6-PqsBC TEV protease 

cleavage efficiency was low, the majority of PqsC still exhibited the N-terminal hexahistidine tag. 

Therefore, uncleaved His6-PqsBC and cleaved PqsBC fractions were pooled separately. In 

contrast, 3C protease removed the His6-T7L tag from PqsC with high efficiency. Protein fractions 

were concentrated (Sartorius Vivaspin, 30 kDa MWCO), loaded onto a HiLoad 26/60 Superdex 

200 column (GE Healthcare) and eluted with buffer C. Fractions containing pure His6-PqsBC or 

PqsBC were concentrated (Sartorius Vivaspin, 30 kDa MWCO) to 20 – 35 mg mL-1, flash-cooled 

in liquid nitrogen and stored at -80 °C.  

Another batch of His6-tagged PqsBC was purified according to the same protocol, but instead of 

a second nickel affinity chromatography, His6-PqsBC complex was purified by anion exchange 

chromatography (Table S5). For this, His6-PqsBC was applied onto a 5 ml HiTrap Q FF column 

(GE Healthcare) in buffer C after dialysis and eluted with a NaCl gradient of 17 – 22% buffer D 

[buffer C with NaCl (1 M)]. For size-exclusion chromatography buffer E was used. Untagged or 

His6-tagged PqsBC variants (His6-PqsBCC129A, PqsBCC129A, PqsBCC129S) were purified in the 

same manner as described for wildtype His6-PqsBC (pET26b-pqsB/pET19m-pqsC) or untagged 

PqsBC (pET26b-pqsB/p10$-pqsC), respectively.  

 

PqsBC activity assay with 2-ABA and acyl-CoAs with different carbon chain lengths  

The enzymatic activity of PqsBC with 2-ABA and different acyl-CoAs was measured in a 

spectrophotometric assay with 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB, Ellman´s reagent) by 

monitoring the formation of free coenzyme A (CoASH) at 412 nm.[3,4] For the quantification of 

CoASH product, a CoASH standard curve was prepared by mixing DTNB (200 mM, 1 µL) with 

different concentrations of CoASH in the range of 0.01-0.2 mM in a total sample volume of 

100 µL in inactivation buffer [HEPES (20 mM), NaCl (150 mM), SDS (0.5%, w/v), pH 7.5].  

Acyl-CoA or DTNB stock solutions were freshly prepared in MilliQ water (adjusted to pH 5.0 with 

HCl) or in DMSO, respectively. The concentration of each acyl-CoA stock ([acyl-CoA]total) was 

measured at 259 nm (ε259= 15000 M-1 cm-1)[5] and the concentration of free CoASH ([CoASH]free) 

already present in the respective acyl-CoA stock was calculated from the CoASH standard curve 

in the presence of DTNB. The concentration of intact, non-hydrolyzed acyl-CoA ([acyl-CoA]intact) 

was obtained by subtracting [CoASH]free from [acyl-CoA]total.  
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For the enzyme activity assay, PqsBC (1 µM) was mixed with acyl-CoA (500 µM) and 2-ABA 

(1 mM) in assay buffer [HEPES (20 mM), NaCl (150 mM), pH 7.5] and the samples were 

incubated at room temperature for 20 min in a total volume of 25 µL. The reaction was stopped 

by adding 24.5 µL of termination buffer [HEPES (20 mM), NaCl (150 mM), SDS (1%, w/v), 

pH 7.5]. Free thiols of released CoASH were reacted with DTNB (200 mM, 0.5 µL) to the yellow 

2-nitro-5-thiobenzoate (TNB2-) and its absorbance at 412 nm (A412) was measured with a 

NanoDrop 2000 UV-Vis spectrophotometer (Thermo Fisher Scientific). As a negative control, the 

C129A active site mutant PqsBCC129A was incubated with octanoyl-CoA and 2-ABA. The 

background signal at 412 nm, determined from blank samples in which PqsBC was inactivated 

with inactivation buffer [HEPES (20 mM), NaCl (150 mM), SDS (0.5%, w/v), pH 7.5] prior to the 

addition of 2-ABA and acyl-CoA substrates, was subtracted from the A412 value of the respective 

sample. Blank samples were treated in the same manner described above, but the reaction was 

terminated with inactivation buffer. The concentration of free CoASH produced in the enzymatic 

reaction was calculated from the CoASH standard curve. All acyl-CoAs were purchased from 

Larodan with the exception of acetyl-CoA, which was acquired from Sigma-Aldrich. DTNB was 

obtained from Thermo Fisher Scientific and CoASH was purchased from AppliChem. 

 

Crystallization, data collection, phasing and refinement 

Initial crystallization conditions were identified by mixing His6-PqsBC, His6-PqsBCC129A, PqsBC, 

PqsBCC129A or PqsBCC129S solution (0.2 µL, 2.5 to 25 mg mL-1) with precipitant (0.2 µL), using a 

Honeybee 961 dispensing robot (Digilab Genomic Solutions) at 20°C or an OryxNano robot 

(Douglas Instruments) at 4°C in 96 well sitting drop INTELLI crystallization plates (Art Robbins 

Instruments) charged with precipitant reservoirs (60 µL). Several hits for His6-PqsBC, His6-

PqsBCC129A and PqsBCC129S were identified at 20 °C within 3-13 days. Crystals were optimized 

with random and grid screens dispensed by the Formulator liquid handling system (Formulatrix), 

either with the same setup as described for initial crystallization screening, or in 24 well hanging 

drop VDX plates (Hampton Research) by mixing protein solution (1 µL) with precipitant (1 µL) 

equilibrated against precipitant reservoir (500 µL) at 20 °C. Information about cryoprotectants, 

final crystallization conditions and unit cell dimensions are summarized in Table S1. Crystal 

morphologies are shown in Figure S2. X-ray diffraction data were collected at 100 K on 

beamlines X06DA/X10SA at the Swiss Light Source (Paul Scherrer Institute, Villigen, 

Switzerland) and on PETRA III beamline P11 at DESY (Hamburg, Germany). Diffraction data 

were indexed and integrated with XDS[6] or XDSAPP[7], and scaled with Aimless[8] of the CCP4 
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program suite.[9] Data quality and correct space group assignment of the processed data was 

assessed with Xtriage[10] of the Phenix software suite.[11] 

Since the PqsBC crystal structure by Drees et al.[12] was not available at the outset of these 

studies, initial phases were derived by a combination of molecular replacement and heavy atom 

derivatization. First, the molecular replacement pipeline BALBES[13] selected a crystal structure 

of the homodimeric FabH from Aquifex aeolicus VF5 (PDB ID: 2EBD; 18% and 25% sequence 

identity to PqsB and PqsC, respectively) to locate three out of four expected PqsBC 

heterodimers in a native dataset of crystal form 2 (C121, a= 151.5 Å, b= 230.9 Å, c= 134.3 Å, α= 

90.0°, β= 113.9° and γ= 90°). These initial phases were then used to calculate a single-

wavelength anomalous diffraction (SAD) difference density map from a dataset obtained at 

1.0077 Å from a crystal in the same space group but soaked with HgCl2 (1 mM) for 16 h. The 

SAD difference map revealed the presence of four anomalous scatterers, three located close to 

the active site cysteine residues of the dimers positioned by BALBES and one lying in 

unoccupied space, hinting at the position of the missing PqsBC molecule. By feeding these four 

positions as mercury atoms into the phenix.autosol routine of the Phenix software suite,[11,14] it 

was possible to obtain protein fragments that allowed rough pre-positioning of a fourth A. 

aeolicus VF5 FabH homodimer, which was then correctly oriented by phased molecular 

replacement in MOLREP[15] from the CCP4 software package.[9] After several rounds of density 

modification with DM[16], automated iterative model building and refinement with the ARP/wARP 

web service (http://arpwarp.embl-hamburg.de)[17] and with Buccaneer[18], the model was finalized 

by alternating steps of manual model building in COOT[19] and maximum-likelihood refinement 

cycles in phenix.refine.[20] In the last few refinement cycles, water molecules and ligands were 

included, and TLS (translation, liberation, screw) refinement[21] was enabled after automatically 

dividing the model into TLS groups in phenix.refine.[20] The final model was used to determine 

the structures of PqsBC variants belonging to other space groups by molecular replacement 

using Phaser[22] or by rigid body refinement implemented in phenix.refine.[20] The overall quality 

of model geometries was evaluated with MolProbity (http://molprobity.biochem.duke.edu/).[23] 

Data collection and refinement statistics are listed in Table S2. Final atomic coordinates and 

structure factor amplitudes have been deposited in the Protein Data Bank (www.rscb.org)[24] with 

accession codes 6ESZ, 6ET0, 6ET1, 6ET2 and 6ET3.  

All figures showing PqsBC crystal structures were prepared with PyMOL (Schrödinger)[25], 

secondary structure elements were assigned with DSSP[26], interactions between PqsBC and 

ligands were analyzed with Discovery Studio Visualizer 4.5 (Biovia)[27] and protein cavities were 

calculated with the KVFinder PyMOL plugin (default settings).[28] 
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Structural comparison of PqsBC in five different crystal forms 

The crystal structures of the PqsBC variants His6-PqsBC, His6-PqsBCC129A, PqsBCC129S in crystal 

forms 1-4 determined in this study and of crystal form 5 determined by Drees et al.[12] contain 2, 

4 or 8 copies of the PqsBC heterodimer in their asymmetric units (22 copies in total). For 

structural comparison, the single PqsBC chains were extracted from the PDB files, ligands and 

water molecules were removed. The individual heterodimers were analyzed with the Protein 

Structural Statistics Web Server (PSSweb; http://pssweb.org).[29,30] The N-terminal purification 

tag of PqsC was excluded from analysis. Prior to the calculation of Cartesian coordinate 

statistics from the ensemble of PDB files, a multiple sequence alignment was performed with 

Clustal Omega[31] and structures were superposed with Theseus[32] implemented in the PSSweb 

workflow.[29,30] Finally, the individual PqsBC heterodimers were manually clustered into open, 

intermediate and closed states based on the locations of helix α1 and loop A/elongated helix α5 

(Table S3). 

 

Modeling of PqsBCC129A-acyl-CoA complexes 

PqsBCC129A-acyl-CoA complexes were modeled with the structure of His6-PqsBCC129A 

determined in this study (chains IJ of crystal form 3, PDB ID: 6ET2) and the X-ray coordinates of 

the related enzyme FabH from Mycobacterium tuberculosis (mtFabH) in complex with 

dodecanoyl-CoA (PDB ID: 1U6S[33]) using Molecular Operating Environment (MOE, Chemical 

Computing Group).[34] In detail, protein and ligand coordinates of chain A of PDB ID 1U6S were 

superimposed on His6-PqsCC129A to reveal structural similarities between both proteins and to 

obtain a putative binding pose of acyl-CoA ligands in PqsC. Starting from this, the His6-

PqsBCC129A-acyl-CoA complexes were generated and geometrically optimized after removal of 

the co-crystalized MOPS buffer component. Initially, pronounced steric clashes between His6-

PqsBCC129A and the adenosyl-diphosphate moiety as well as the terminal hydrocarbon units of 

the dodecanoyl moiety were observed. Hence, the dodecanoyl-CoA ligand was truncated to 

octanoyl-CoA and the conformation of the diphosphate linker was adjusted to minimize 

unfavourable contacts. Then, the built-in QuickPrep function was applied using the 

AMBER10:EHT force field and default parameters. Subsequently, the restraints were removed 

and the structure was energy-minimized with the same force field. The dodecanoyl-CoA 

complexes was modeled based on this structure via addition of terminal hydrocarbon units 

followed by the same QuickPrep and energy minimization steps.  
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2. Supporting Tables 

Table S1. Final crystallization conditions and cryoprotectants for different PqsBC variants. 

PqsBC variant 
[Protein] 
(mg/ml) 

Crystal 
form 

Space 
group 

Cell dimensions Crystallization condition Cryoprotectant 

His6-PqsBC 
(batch 2) 

10 1 P212121 
a, b, c (Å): 62, 142, 172 
α, β, γ (°): 90, 90, 90 

0.1 M Bis-Tris (pH 6.6), 0.2 M Lithium sulfate,      
16% (w/v) PEG 3350, 5% (v/v) MPD 

15% (v/v) MPD 

His6-PqsBCC129A 15 1 P212121 
a, b, c (Å): 62, 141, 171 
α, β, γ (°): 90, 90, 90 

0.1 M Bis-Tris (pH 6.7), 0.2 M Lithium sulfate,      
14% (w/v) PEG 3350, 5% (v/v) MPD 

5% (v/v) (2R,3R)- 
(-)-2,3-Butanediol 

His6-PqsBC 
(batch 1) 

20 2 C121 
a, b, c (Å): 152, 231, 134 
α, β, γ (°): 90, 114, 90 

0.1 M HEPES (pH 8.0), 0.2 M Ammonium sulfate, 
30% (w/v) Poly(acrylic acid sodium salt) 2100 

- 

His6-PqsBCC129A 10 3 P1211 
a, b, c (Å): 121, 170, 148 
α, β, γ (°): 90, 101, 90 

0.1 M MOPS (pH 7.7), 0.1 M Magnesium acetate, 
15% (w/v) PEG 6000 

20% (v/v) Glycerol 

PqsBCC129S 5 4 C121 
a, b, c (Å): 205, 64, 119 
α, β, γ (°): 90, 121, 90 

0.1 M Bis-Tris (pH 6.5), 2 M Ammonium sulfate 
10% (v/v) (2R,3R)- 
(-)-2,3-Butanediol 

Crystal form 1 was optimized in a 24 well hanging drop setup, while all other crystals (crystal form 2-4) were improved in 96 well crystallization plates. MPD: 2-methyl-

2,4-pentanediol; MOPS: 3-morpholinopropane-1-sulfonic acid; Bis-Tris: Bis(2-hydroxyethyl)amino-tris(hydroxymethyl)methane. Different preparations (batch 1/batch 2) 

of His6-PqsBC were used for crystallization setup (purification details can be found in Table S5). 
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Table S2. Crystallographic data collection and refinement statistics for different PqsBC variants. 

Data set His6-WT His6-C129A His6-WT His6-WT (HgCl2) His6-C129A C129S 
Crystal form 1 1 2 2 3 4 
Data collection 

      X-ray source[a] SLS SLS SLS SLS PETRA III SLS 
Beamline X06DA X06DA X06DA X06DA P11 X10SA 
Detector Pilatus 2MF Pilatus 2MF Pilatus 2MF Pilatus 2MF Pilatus 6MF Pilatus 6MF 
Wavelength (Å) 1.0000 1.0000 1.0000 1.0077 1.0332 1.0000 
Space group P212121 P212121 C121 C121 P1211 C121 

Resolution range (Å) 
47.46-1.84 47.12-1.53 48.11-2.65 48.18-3.30 49.61-2.60 48.21-2.25 
(1.87-1.84) (1.56-1.53) (2.70-2.65) (3.39-3.30) (2.64-2.60) (2.31-2.25) 

Unit-cell parameters 
      a (Å) 62.0 61.7 151.5 146.3 121.4 205.2 

b (Å) 142.4 141.4 230.9 231.9 170.2 63.8 
c (Å) 171.1 170.7 134.3 134.2 148.4 119.1 
α (°) 90.0 90.0 90.0 90.0 90.0 90.0 
β (°) 90.0 90.0 113.9 114.1 101.0 120.8 
γ (°) 90.0 90.0 90.0 90.0 90.0 90.0 
Mosaicity (°) 0.10 0.10 0.37 0.19 0.08 0.11 

Total No. of reflections 
1087443 1655372 470948 2616517 1255674 430035 
(51635) (83877) (23877) (182592) (63696) (28204) 

Unique reflections 
132059 224695 121019 61995 181283 63167 
(6539) (11031) (5927) (4570) (8998) (4410) 

Multiplicity 8.2 (7.9) 7.4 (7.6) 3.9 (4.0) 42.2 (40.0) 6.9 (7.1) 6.8 (6.4) 
Completeness (%) 100.0 (100.0) 100.0 (99.8) 99.4 (99.0) 100.0 (100.0) 99.9 (99.9) 100.0 (100.0) 
Mean I/σ(I) 14.1 (2.0) 14.1 (2.0) 10.7 (1.6) 13.0 (1.6) 12.0 (2.0) 11.9 (1.7) 
Rmeas (%)[b] 12.8 (114.2) 8.1 (121.9) 13.1 (111.4) 36.4 (315.4) 14.4 (109.4) 12.7 (113.4) 
Rp.i.m.

 (%)[c] 4.4 (40.4) 2.9 (43.6) 6.5 (54.9) 5.6 (50.1) 5.4 (40.9) 4.8 (44.5) 
CC1/2 (%)[d] 99.8 (80.6) 99.0 (74.1) 99.5 (60.3) 99.8 (79.1) 99.6 (68.6) 99.8 (70.0) 
Solvent content (%) 53 52 67 67 52 48 
       

Refinement 
      

Resolution range (Å) 
47.34-1.84 
(1.86-1.84) 

47.12-1.53 
(1.55-1.53) 

48.11-2.65 
(2.68-2.65) 

 48.98-2.60 
(2.63-2.60) 

48.21-2.25 
(2.29-2.25) 

 
Rwork

 (%)[e] 15.0 (26.4) 14.0 (24.6) 18.1 (31.2) 
 

18.4 (28.4) 16.9 (26.0) 
Rfree

 (%)[e] 17.9 (32.3) 15.8 (28.0) 20.3 (34.0) 
 

22.0 (32.8) 20.1 (28.8) 
R.m.s. deviations 

      Bonds (Å) 0.007 0.005 0.002 
 

0.003 0.002 
Angles (°) 0.829 0.902 0.547 

 
0.596 0.546 

No. of non H-atoms 
      Protein 10970 11184 21000 

 
42197 10176 

Ligands 102 142 - 
 

104 43 
Water 1212 1518 719 

 
825 512 

Average B factors (Å2) 
      Protein 30 26 64 

 
53 51 

Ligands 61 50 - 
 

67 85 
Water 40 40 48 

 
36 46 

Ramachandran plot (%) 
      Favored regions 97.6 97.6 97.0 

 
97.6 97.8 

Outliers 0.2 0.2 0.2 
 

0.2 0.2 
MolProbity score[f] 1.17 1.27 1.08 

 
0.99 0.96 

PDB ID 6ESZ 6ET0 6ET1   6ET2 6ET3 
Values in parentheses are for the highest resolution shell.  
[a] SLS: Swiss Light Source (Paul Scherrer Institute, Villigen, Switzerland); PETRA III: Positron-Electron Tandem Ring Accelerator 
(DESY, Hamburg, Germany).  
[b] Rmeas= Σhkl [N(hkl)/(N(hkl) - 1)]1/2 Σi |Ii(hkl) - <I(hkl)>| / Σhkl Σi Ii(hkl), where N(hkl) is the number of observations of the reflection with 
the index hkl, Ii(hkl) is the intensity of the ith measurement of the reflection hkl and <I(hkl)> is the mean intensity of multiple 
observations of the reflection hkl.[35] 
[c] Rp.i.m.= Σhkl [1/(N(hkl) - 1)]1/2 Σi |Ii(hkl) - <I(hkl)>| / Σhkl Σi Ii(hkl).[36] 
[d] CC1/2 is the Pearson correlation coefficient between the intensities of two random half-data sets.[37] 
[e] Rwork/free= Σhkl |Fobs(hkl) – Fcalc(hkl)| / Σhkl Fobs(hkl), where Fobs(hkl) and Fcalc(hkl) are the observed and the calculated structure factor 
amplitudes, respectively. Rfree is calculated for 5% of reflections that are excluded from structure refinement.[38] 
[f] MolProbity score: quality criterion including the clash score, the Ramachandran and rotamer statistics.[23] 
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Table S3. Clustering of PqsBC heterodimers into open, closed and intermediate states. 

Number 
PqsBC 
variant 

Space 
group 

Crystal 
form 

Chains Conformation 

1 Wildtype P212121  1 AB intermediate 

2 Wildtype P212121  1 CD intermediate 

3 Wildtype C2  2 AB intermediate 

4 Wildtype C2  2 CD intermediate 

5 Wildtype C2  2 EF intermediate 

6 Wildtype C2  2 GH intermediate 

7 C129A P212121  1 AB intermediate 

8 C129A P212121  1 CD intermediate 

9 C129A P212121  5 AD open   

10 C129A P212121  5 BC open  

11 C129A P212121  5 EF open 

12 C129A P212121  5 GH open  

13 C129A P21  3 AB intermediate 

14 C129A P21  3 CD intermediate 

15 C129A P21  3 EF intermediate 

16 C129A P21  3 GH intermediate 

17 C129A P21  3 IJ closed 

18 C129A P21  3 KL intermediate 

19 C129A P21  3 MN intermediate 

20 C129A P21  3 OP intermediate 

21 C129S C2  4 AB disordered 

22 C129S C2  4 CD closed 

Structures of PqsBC variants belonging to crystal form 1-4 were solved in this study, while the structure of PqsBCC129A 

in crystal form 5 was determined by Drees et al.[12] (PDB ID: 5DWZ). Classification of chains AB of PqsBCC129S was 

not possible because the mobile flap of PqsCC129S (chain A) was completely disordered in this heterodimer. 
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Table S4. Oligonucleotides for amplification of pqsB and pqsC and for site-directed mutagenesis of pqsC. 

Primer Sequence (5’→3’) Final plasmid(s) 

pqsB_NdeI_for GTA TTA CAT ATG TTG ATT CAG GCT GTG GGG 

pET26b-pqsB 
pqsB_BamHI_rev TTA TTC GGA TCC TTA TGC ATG AGC TTC TCC 

pqsC_NdeI_for GTG TCG CAT ATG CAT AAG GTC AAA CTG GC 

pET19m-pqsC, p10$-pqsC 
pqsC_XhoI_rev TAC TTA CTC GAG TCA GCA CAC CAG CAC CTC 

pqsC_C129A_for CCA TTG GAT TCG CAG ATG GAG GCG GCC AGC TTC CTG CTC AAC CTG 

pET19m-pqsCC129A, p10$-pqsCC129A 
pqsC_C129A_rev CAG GTT GAG CAG GAA GCT GGC CGC CTC CAT CTG CGA ATC CAA TGG 

pqsC_C129S_for CCA TTG GAT TCG CAG ATG GAG TCT GCC AGC TTC CTG CTC AAC CTG 

pET19m-pqsCC129S, p10$-pqsCC129S 
pqsC_C129S_rev CAG GTT GAG CAG GAA GCT GGC AGA CTC CAT CTG CGA ATC CAA TGG 

Restriction sites (NdeI, BamHI, XhoI) are written as bold characters and stop codons are underlined. The mutations (C129A or C129S) that were introduced by site-

directed mutagenesis are highlighted in yellow. 
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Table S5. PqsBC variants purified in this study. 

Plasmids 
Expressed 

 protein 
Purification steps Purification buffers 

Purified  
protein 

pET26b-pqsB  
pET19m-pqsC 

His6-PqsBC  

1st Ni2+-IMAC,      
TEV cleavage,     

2nd Ni2+-IMAC, SEC 

Buffer A (150 mM NaH2PO4/Na2HPO4, 300 mM NaCl; pH 7.5)   
Buffer B (buffer A with 500 mM imidazole) 
Buffer C (20 mM HEPES, 150 mM NaCl; pH 7.5) 
Buffer D (buffer C with 500 mM imidazole) 

His6-PqsBC  
and  

PqsBC (batch 1) 

1st Ni2+-IMAC,      
anion exchange, 

SEC 

Buffer A (150 mM NaH2PO4/Na2HPO4, 300 mM NaCl; 2 mM TCEP; pH 7.8)   
Buffer B (buffer A with 500 mM imidazole) 
Buffer C (15 mM Tris-HCl, 20 mM NaCl, 2 mM TCEP; pH 8.0) 
Buffer D (buffer C with 1 M NaCl) 
Buffer E (20 mM HEPES, 150 mM NaCl, 1 mM TCEP; pH 7.8) 

His6-PqsBC 
 (batch 2)  

pET26b-pqsB  
p10$-pqsC 

His6-T7L-PqsBC 
1st Ni2+-IMAC,       
3C cleavage,        

2nd Ni2+-IMAC, SEC 

Buffer A (150 mM NaH2PO4/Na2HPO4, 300 mM NaCl, 2 mM TCEP; pH 7.8)   
Buffer B (buffer A with 500 mM imidazole) 
Buffer C (20 mM HEPES, 150 mM NaCl, 1 mM TCEP; pH 7.8) 
Buffer D (buffer C with 500 mM imidazole) 

PqsBC  
(batch 2) 

pET26b-pqsB  
pET19m-pqsCC129A 

His6-PqsBCC129A 
1st Ni2+-IMAC,     
TEV cleavage,     

2nd Ni2+-IMAC, SEC 

Buffer A (150 mM NaH2PO4/Na2HPO4, 300 mM NaCl, 1 mM DTT; pH 7.5)   
Buffer B (buffer A with 500 mM imidazole) 
Buffer C (20 mM HEPES, 150 mM NaCl, 1 mM DTT; pH 7.5) 
Buffer D (buffer C with 500 mM imidazole) 

His6-PqsBCC129A  
and  

PqsBCC129A 

pET26b-pqsB  
p10$-pqsCC129S 

His6-T7L-
PqsBCC129S 

1st Ni2+-IMAC,       
3C cleavage,        

2nd Ni2+-IMAC, SEC 

Buffer A (150 mM NaH2PO4/Na2HPO4, 300 mM NaCl, 2 mM TCEP; pH 7.8)   
Buffer B (buffer A with 500 mM imidazole) 
Buffer C (20 mM HEPES, 150 mM NaCl, 0.5 mM TCEP; pH 7.8) 
Buffer D (buffer C with 500 mM imidazole) 

PqsBCC129S 

IMAC: immobilized metal ion affinity chromatography; SEC: size exclusion chromatography; DTT: dithiothreitol; TCEP: tris(2-carboxyethyl)phosphine. Different 

preparations (batch 1/batch 2) of His6-PqsBC were used for crystallization setup (Table S1). 
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3. Supporting Figures 

 

Figure S1. Deconvoluted mass spectra of PqsBC competitive acyl-CoA loading experiments. (A) C8- vs. C6-CoA 

(octanoyl- vs. hexanoyl-CoA). (B) C8- vs. C10-CoA (octanoyl- vs. decanoyl-CoA). (C) C8- vs. C12-CoA (octanoyl- vs. 

dodecanoyl-CoA). (D) C8- vs. C14-CoA (octanoyl- vs. tetradecanoyl-CoA). For each combination, an experiment with 

equimolar quantities of the two acyl-CoAs was performed as well as an experiment with 10-fold higher concentrations 

of hexanoyl-, decanoyl-, dodecanoyl- or tetradecanoyl-CoA over octanoyl-CoA. 
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Figure S2. Crystal morphologies of different PqsBC variants. (A) His6-PqsBCC129A crystals (crystal form 1). (B) His6-

PqsBC crystals (crystal form 2). (C) His6-PqsBCC129A crystal (crystal form 3). (D) PqsBCC129S crystal (crystal form 4). 

Crystals in A-D grew within 3 to 13 days. Crystallization conditions and cell dimensions of the different crystal forms 

are reported in Table S1. 
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Figure S3. Crystal packing of different PqsBC variants. Unit cell representations of (A) crystal form 1 with two His6-

PqsBC heterodimers in the asymmetric unit (ASU), (B) crystal form 2 with four His6-PqsBC/ASU, (C) crystal form 3 

with eight His6-PqsBCC129A/ASU and of (D) crystal form 4 with two PqsBCC129S/ASU. PqsB (light magenta/cyan) and 

PqsC (silver/yellow) are shown in cartoon representation. PqsBC heterodimers in the ASUs are colored in light 

magenta and silver. Details about the unit cell dimensions of crystal forms 1-4 are reported in Table S1. 
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Figure S4. Crystal contacts of the TEV-protease cleavable His6-tag at the N-terminus of PqsC with symmetry related 

molecules in crystal form 1. (A) The overall structures of three PqsBC heterodimers (PqsBC1, PqsBC2 and PqsBC3) 

in the crystal lattice are shown. PqsC and PqsB monomers are colored in gray and light magenta, respectively. The 

His6-tags followed by TEV-protease recognition sites at the N-termini of the PqsC monomers are highlighted in yellow. 

The close-up view (right) depicts the purification tag of PqsC1 that interacts with neighboring PqsB2 and PqsC3 

molecules in the crystal lattice. Hydrogen bonds (dashed lines) are formed between the backbone and side-chains of 

A-8C1 ↔ N51C3 and L-5C1 ↔ R224B2, between side-chains of Y-4C1 ↔ D253B2 and between main-chain carbonyl and 

amide groups of F-3C1 ↔ W222B2. In addition, the purification tag forms a cation-π contact with the guanidinium group 

of R224B2 via F-3C1. Further hydrogen bonds between the side-chains of E-7C1 ↔ Q-2C1 and N-6C1 ↔ Q-2C1 stabilize 

the tag. (B) Stereo view of the 2mFo-DFc electron density map (blue mesh) of the purification tag at the N-terminus of 

PqsC (yellow) contoured at 0.7σ. 
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Figure S5. Ligands bound to the active site of PqsC. Stereo view of the active sites of (A) His6-PqsBC (crystal form 1) 

in complex with (4S)-2-methylpentane-2,4-diol (MPD) and of (B) His6-PqsBCC129A (crystal form 3) bound to MOPS. 

MPD and MOPS are components of the respective precipitant. Hydrogen bonds are depicted with dashed black lines. 

CSD129 in (A) is a sulfinic acid resulting from oxidation of C129. (C) Stereo plot of an unknown modification at C129 

in the active site of His6-PqsBC (crystal form 2). PqsB (light magenta) and PqsC (silver) are shown in cartoon 

representations. Unbiased difference electron density mFo-DFc maps (green meshes) of bound ligands are displayed 

at 3σ. 
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Figure S6. Multiple sequence alignment of PqsC (Uniprot ID: Q9I4X1), PqsB (Uniprot ID: Q9I4X2) and FabH 

enzymes from Mycobacterium tuberculosis (mtFabH; Uniprot ID: P9WNG3), Escherichia coli (ecFabH; Uniprot ID: 

P0A6R0) and from Staphylococcus aureus (saFabH; Uniprot ID: Q8NXE2). The alignment was performed with Clustal 

Omega[31] and processed using ESpript3.0 (http://espript.ibcp.fr)[39]. Secondary structure elements (α: α-helix; β: β-

strand; η: 310 helix) of PqsC crystal structures in the open (PqsC_o) and in the closed form (PqsC_c) are drawn at the 

top and at the bottom of the alignment, respectively. Strictly conserved residues (arginine, tryptophan) involved in 

acyl-CoA binding are highlighted in green, the catalytic triad is displayed in yellow (cysteine and histidine) and gray 

(asparagine; absent in PqsC). The mobile flap suggested to undergo large conformational rearrangements during the 

catalytic cycle of mtFabH is indicated in cyan.[40] The V241-P242 prolyl peptide bond, which adopts cis and trans 

configurations in PqsC_o and PqsC_c, respectively, is colored in orange. In PqsC_o, helix α5 is notably shorter than 

in PqsC_c. PqsB lacks all conserved residues of FabH enzymes. Identical residues are in white letters boxed in black 

and similar residues are in black bold letters.  
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Figure S7. Conformational states of PqsBC. (A) Cartoon, (B) surface and (C) B-factor putty representations of open 

(red; PDB ID: 5DWZ[12]), intermediate (yellow; PDB ID: 6ET1; this article) and closed (green; PDB ID: 6ET2; this 

article) conformations of PqsBC. PqsB in (A) and (B) is colored in gray. Structural elements of PqsC undergoing large 

conformational changes between the open and the closed forms are highlighted in light blue. (C) The backbone atoms 

of these mobile regions have also higher B-factors (thick red tubes) compared to rigid areas (thin dark blue tubes). 
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Figure S8. Stereo plots of the V241-P242 peptide bond in cis (A, open PqsBC) and trans configuration (B, closed 

PqsBC) with 2mFo-DFc electron density maps (blue mesh) contoured at 1σ. 
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Figure S9. Effect of exogenous fatty acid addition on the AQ profile of P. aeruginosa. Mean peak areas of AQs are in 

arbitrary units (A.U.). Exponentially growing wildtype P. aeruginosa PA14 were fed with EtOH (control), octanoic, 

undecanoic or dodecanoic acid (2 mM) and both cellular and extracellular metabolites were extracted. The error bars 

are the standard deviations from three independent measurements. The scaling of the y-axis is the same as in Figure 

7A of the main text. In contrast to medium-chain fatty acids such as octanoic acid (C8), fatty acids longer than 

decanoic acid (C10) are not directly incorporated into the respective one carbon shorter AQ, but they are successively 

degraded in C2 units (most probably via β-oxidation) until they reach a length that can be used by PqsBC.  
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Figure S10. Mono-unsaturated AQs/AQNOs in combined cell and supernatant extracts of exponentially growing 

wildtype P. aeruginosa PA14. Mean peak areas of cis/trans mono-unsaturated AQs (white bars) or AQNOs (gray 

bars) are in in arbitrary units (A.U.). The error bars are the standard deviations from three independent 

measurements. The scaling of the y-axis scaling is the same as shown in main text Figure 1B for the respective 

saturated AQs/AQNOs. 
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Figure S11. Addition of octanoic acid increased the levels of C7:1-HQ in P. aeruginosa PA14. Extracted ion 

chromatograms of m/z= 242.1539 (mass-to-charge ratio for C7:1-HQ) of cell extracts of exponentially growing 

wildtype P. aeruginosa PA14 (first panel, PA14 WT), ED117 (second panel, pqsB‾) and ED218 (third panel, pqsC‾) 

mutant strains supplemented with EtOH (control, black) or octanoic acid (2 mM, blue). Each condition was measured 

in triplicates. The two peaks in the extracted ion diagram of PA14 WT derive from the cis and trans isomers of C7:1-

HQ. PA14 WT cultures supplemented with octanoic acid exhibit higher levels of C7:1-HQ compared to the EtOH 

controls, while C7:1-HQ is not produced in the pqsB‾ and pqsC‾ mutant strains. 
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Figure S12. Addition of fully deuterated octanoic-d15 acid led to deuterated C7-HQ/C7-QNO and C7:1-HQ/C7:1-QNO 

species. Total ion chromatogram with full scan mass spectrum of the chromatogram region where C7-HQ, C7-QNO 

and C7:1-HQ co-elute (first panel) and extracted ion chromatograms of deuterated C7-HQ (second panel), C7:1-HQ 

(third panel), C7-QNO (fourth panel) and C7:1-QNO (fifth panel) of cell extracts of exponentially growing wildtype P. 

aeruginosa PA14 (PA14 WT) supplemented with octanoic-d15 acid (2 mM). The three most abundant ions in the full 

scan mass spectrum (first panel) represent C7-HQ (m/z= 259.2635), C7-QNO (m/z= 275.2581) and C7:1-HQ (m/z= 

255.2353) exhibit mass shifts of 15 Da (saturated congeners) or 13 Da (mono-unsaturated congeners), showing that 

octanoic-d15 acid was incorporated. Theoretical m/z values are indicated in the respective panel for each AQ/AQNO 

species; extracted ion chromatograms were constructed with ±0.002 Da tolerance from the theoretical m/z. 
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