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Abstract 

Virulence in Pseudomonas aeruginosa (PA) depends on complex regulatory networks, 

involving phophosphorelay systems based on two-component systems (TCSs). The GacS/GacA 

TCS is a master regulator of biofilm formation, swarming motility and virulence. GacS is a 

membrane-associated unorthodox histidine kinase (HK) whose phosphorelay signaling pathway 

is inhibited by the RetS hybrid HK. Here we provide structural and functional insights into the 

interaction of GacS with RetS. The structure of the GacS HAMP-H1 cytoplasmic regions 

reveals an unusually elongated homodimer marked by a 135 Å long helical bundle formed by 

the HAMP, the signaling helix (S-helix) and the DHp subdomain. The HAMP and S-helix 

regions are essential for GacS signaling and contribute to the GacS/RetS binding interface. The 

structure of the GacS D1 domain together with the discovery of an unidentified functional ND 

domain, essential for GacS full autokinase activity, unveils signature motifs in GacS required 

for its atypical autokinase mechanism. 

 

Main Text 

Introduction 

Pseudomonas aeruginosa (PA) is a major opportunistic pathogen that has developed genetic 

traits to thrive in various natural habitats and infect plants, animals, and insects with an 

important arsenal of virulence factors. In the last decades, PA has become a major human 

pathogen as it causes nosocomial infections worldwide and severe infections in patients with 

cystic fibrosis, hospitalized with cancer, severely burned or in intensive care units (Nathwani et 

al., 2014; Winstanley et al., 2016). PA can cause acute or chronic infections, and the choice 

between these two infection modes depends on the ability of PA to switch from a planktonic 

(free-swimming) to a sedentary (biofilm) lifestyle, the latter being difficult to eradicate due to 

the antibiotic-resistant nature of its biofilm (Micek et al., 2015; Sousa and Pereira, 2014). In PA, 

the acute-to-chronic transition is regulated by complex regulatory networks involving two-

component regulatory systems (TCS).  

TCSs are widespread in bacteria. They sense and transduce environmental signals into 

appropriate cellular responses to contribute to bacterial survival, cellular development, and 

pathogenicity (Zschiedrich et al., 2016). TCSs are composed of a histidine kinase (HK) and a 

response regulator (RR), two proteins that function together through a phosphorelay mechanism, 

which functions mainly as a two-step mechanism. First, detection of a stimulus by the 
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periplasmic domain (for transmembrane HKs) triggers HK autophosphorylation on a conserved 

histidine (H) residue from the transmitter H1 domain. The H1 domain comprises two separate 

sub-domains: a DHp domain containing the conserved His residue and an ATP-binding kinase 

domain (CA). The HKs function as dimers and each monomer's ATPase activity catalyzes the 

trans or cis-phosphorylation reaction of the histidine residues (Ashenberg et al., 2013; Casino et 

al., 2010). In a second step, the phosphoryl group on the H1 domain is transferred onto a 

conserved aspartate (D) residue present in the receiver or D domain of the cognate response 

regulator (RR) (Jacob-Dubuisson et al., 2018; Stock et al., 2000). Alternatively, HKs can 

possess additional cytoplasmic domains such as a second receiver domain (D1) often fused to 

the HK or an alternative histidine-phosphotransfer domain (Hpt or H2) which can be either 

fused to the HK (H2) or forms a third independent component named Hpt protein. HK carring 

two additional D1 and H2 domains are called unorthodox HKs (unorthoHKs) while those 

carrying only a D1 domain are called hybrid HK (hybHK) (Stock et al., 2000). 

In PA, the GacS/GacA phosphorelay system is a master regulator for transitioning from 

acute to chronic infection (Gao and Stock, 2010). The complex architecture of the GacS 

unorthoHK comprises an N-terminal transmembrane α-helix followed by a periplasmic sensor 

domain (GacSPD) and tailed with a second transmembrane α-helix, linked to four cytoplasmic 

domains, the HAMP (HK, Adenylyl cyclase, Methyl binding protein, Phosphatase) domain, the 

transmitter H1 domain made of the DHp (Dimerization and Histidine phosphotransfer) and the 

catalytic (CA) subdomains, a receiver (D1) domain and completed by a histidine-

phosphotransfer (H2) domain (Heeb and Haas, 2001) ( Figure 1A). Upon recognition of a yet 

unknown signal by GacSPD, conformational changes should propagate through the two 

transmembrane helices and transduce to the cytoplasmic region via the HAMP domain (Ali-

Ahmad et al., 2017; Lapouge et al., 2008; Zuber et al., 2003). These putative structural 

rearrangements initiate the presumably H1 trans-phosphorylation to trigger a four-step 

phosphorelay from the H1 to the D1 conserved aspartate, then to the H2 conserved histidine 

(Figure 1A), and finally to a conserved aspartate on the GacA RR. Once phosphorylated, GacA 

activates the expression of the two small non-coding RNAs, RsmY and RsmZ. These RNAs 

titrate the translational regulator RsmA, which upregulates genes involved in biofilm formation, 

including those coding for major exopolysaccharides (EPSs) and Type 6 Secretion System 

(T6SS) while downregulating those required for acute infection such as swarming motility and 

Type 3 secretion (Workentine et al., 2009; Gooderham and Hancock, 2009).  

The GacS/GacA TCS is activated during the early stages of biofilm formation, and induces 

chronic infections by down-regulating genes involved in acute infection. Therefore, the 
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GacS/GacA signalling network has received great attention to document the key molecular 

mechanisms of this decision-making machinery (Kitten et al., 1998; Lapouge et al., 2008). The 

GacS/GacA TCS is at the centre of a multikinase signalling network for which three hybrid 

sensors HKs, named LadS, RetS and PA1611, act in concert to either promote GacS signalling 

to favour biofilm formation in chronic infection or to impede GacS signaling to favor production 

of virulence factors in acute infection (Bhagirath et al., 2017; Ventre et al., 2006).  In this 

pathway, RetS inhibits the GacS signalling. RetS is an orphan membrane hybHK devoid of a 

cognate RR, and its cytoplasmic region consists of an H1 domain, made of the DHp and a 

degenerated CA subdomains unable to autophosphorylate (Mancl et al., 2019), followed by two 

receiver D1 and D2 domains (Figure 1A). RetS HK uses three mechanisms to interfere with 

GacS signalling. First, the RetSD2 domain can act as a phosphatase on GacSH1; second, the 

RetSH1 domain has a transmitter phosphatase activity against the GacSD1 domain (Francis et al., 

2018), and third, RetS uses direct interactions through the respective DHp subdomains of the 

two HKs, to impede GacS signaling (Mancl et al., 2019; Ryan Kaler et al., 2021). Upon RetS 

inhibitory activity, the level of the two small RNAs RsmY and RsmZ is reduced, preventing 

biofilm formation, which concomitantly enhances acute infection. 

 Despite a general understanding of the GacS/GacA signaling pathway, it remains elusive 

how GacS regulates its autokinase and phosphorelay mechanisms to trigger the acute/chronic 

switch. Herein, we solved the crystal structures of GacSHH1 (construct a.a 220 to 512), which 

spans from the second helix of the HAMP domain to the end of the H1 domain and the isolated 

GacSD1 domain at 2.65 Å and 1.9 Å resolution, respectively. The GacSHH1 structure shows a 

remarkable rod shape due a 135 Å long continuous N-terminal helix, linking the HAMP domain 

to the DHp through a signaling helix (S-helix). The HAMP/S-helix region is essential for 

modulating GacS signal transduction, as revealed by in vitro studies and an in vivo infection 

model using chromosomal gacS variants. Moreover, the weak autokinase activity of the 

GacSHH1 domain compared to that of the entire GacS cytoplasmic region (GacSCytoFL) allowed us 

to identify an unusual conformation of the ATP lid motif in the CA domain that is not observed 

in other related HKs. Most importantly, a yet uncharacterized domain (ND), inserted between 

the CA and the D1 domains, is essential to restore a full GacS autokinase activity. Structural 

comparison between GacS and other characterized unorthodox and hybrid HKs harboring ND-

like domains, together with a structural analysis of the isolated D1 domain, provides insights 

into the arrangement of the GacS cytoplasmic multiple domains necessary for its autokinase and 

phosphor-signaling activities. Finally, size exclusion chromatography coupled to native MS 

(SEC-nativeMS) analysis reveals the formation of a 1:1 stoichiometric RetS:GacS assembly and 
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highlights the importance of the GacS HAMP region at the binding interface. Altogether, our 

results show an atypical autokinase activity in GacS and reveal specific interactions with RetS, 

which are essential to the decision-making process during PA infection. 

Results  

The GacSHH1 structure shows an elongated coiled-coil  

The 2.65 Å GacSHH1 structure (construct a.a. 220 to 512) shows an elongated, 135 Å long, shape 

which delineates two main regions, a long helical segment that spans the HAMP α2 helix to the 

α3 helix of the DHp domain, and the 4α/5β domain corresponding to the canonical ATP 

kinase/CA domain (Figures 1B and S1A). The sub-helices connecting the HAMP and DHp 

define a signaling helix motif (S-helix) that integrates into the long helical structure. As for 

many HKs, the GacSHH1 structure adopts a homodimeric arrangement, as observed in solution by 

SEC-native MS analysis (Figure S2A), made of a central extended coiled-coil flanked on each 

side by the two CA domains (Figure 1B). The dimeric interface, which spans residues from the 

S-helix and the DHp domain (Figure 1B, 2B, and C), has a large buried surface (~2200 Å
2
 on 

each subunit) dominated by hydrophobic residues (Figure 2B and 2C). Such a biologically 

relevant elongated coiled-coil arrangement highlights a large distance occurring between the 

cytoplasmic membrane and the GacS H1 domain, as observed for the related VicK and NarQ 

HKs (Gushchin et al., 2017; Wang et al., 2013). The GacSHH1 CA domain (residue 355 to 511) 

shows a typical α/β sandwich fold with four helices packed against five anti-parallel β strands, 

as typically observed in other HKs and exemplified by an rmsd of 1.6 Å over 132 Cα residues 

when compared to the corresponding CA domain of HK853 (PDB: 4JAU) (Figure 1B and S3 

and S4) (Podgornaia et al., 2013). Moreover, the conserved nucleotide-binding sequences, 

which comprise critical residues in the N, G1, G2, and F boxes within the ATP binding site, are 

conserved in GacS (Kim and Forst, 2001) (Figure S3A). The DHp region shows a canonical 

four-helix bundle exhibiting a right-handed arrangement, in which the CA domain of one 

subunit can transphosphorylate the catalytic histidine on the adjacent subunit, which confirms 

the data obtained for GacS transphosphorylation (Ryan Kaler et al., 2021) (Figure 1B, S4). 

Therefore, the GacS CA domain adopts an open symmetric conformation away from the 

phosphorylatable H293 on the adjacent monomer (Figure 1B, S4). This is consistent with an 

inactive HK form, as reported for the WalK HK structure, and it is supported by the absence of a 

bound ATP molecule in the GacS structure, even from crystals grew in presence of ATP (data 

not shown) (Cai et al., 2017). 
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In addition to the GacSHH1 structure, we solved the structures of the isolated GacSD1 in the 

absence or presence of the BeF3
- 
phosphate analog. GacSD1 adopts the classical (βα)5 CheY fold 

reminiscent of the OmpR/PhoB-type response regulators (Nguyen et al., 2015). The BeF3-bound 

GacSD1 structure confirms the conserved D715 to act as the phosphor-acceptor in GacS HK 

(Bourret, 2010) (Figure 1C). 

 

A S-helix region is embedded in the coiled coil   

 The GacSHH1 structure contains the α2 helix preceded by a 3-residue extension belonging 

to the α1-α2 connector of the HAMP domain (Figure 1B and 2B). Crystal packing analysis 

indicates that the α2 helix pair from an adjacent subunit in the crystal, mimics a four-helix 

bundle that stabilize the N-terminal region of the structure (Figure S5). In addition to the HAMP 

domain, the GacSHH1 structure unveils a 40-residue helical segment (aa 240-274) that 

corresponds to a signaling helix (S-helix). This module, which was misannotated in GacS, is 

often observed between two signaling domains in other HKs (Anantharaman et al., 2006; 

Stewart and Chen, 2010). The S-helix forms a parallel coiled-coil at the dimeric interface and 

merges contiguously between the HAMP-α2 and the DHp-α3 helices (Figure 1B, 2A, B). The 

HAMP, S-helix, and DHp modules display heptad repeats periodicity, in which the inner heptad 

a and d positions are occupied by hydrophobic residues (McLachlan and Stewart, 1975). 

Noteworthy, two polar residues N259 and Q266 are found at position d in two consecutive 

heptads in the middle of the S-helix (Figure 2A, C). These polar residues establish an hydrogen 

bond with their cognate residues in the adjacent monomer (Figure 2C), a feature known to 

destabilize a coil-coil (Thomas et al., 2017). A detailed structural analysis shows a local increase 

of the coiled-coil radius near the 238-241 segment at the end of the HAMP-α2 helix, 

corresponding to a stutter region at position L238 (referred as a/d residue in Stewart & Chen 

2010 (Stewart and Chen, 2010)) (Figures 2D and S6). This discontinuity, widely conserved in 

the other BarA, NarX, and NarQ HKs, characterizes the hinge region between the HAMP 

domain and the S-helix (Stewart and Chen, 2010; Zhou et al., 2009) (Figure 2A, D). Following 

the same nomenclature, the GacS S-helix is composed of 6 heptad repeats with the first S1 

heptad repeat located within the HAMP-α2 helix to form the stutter. However, the ERT 

signature in the S3 heptad, which is conserved among S-helices, is not conserved in GacS as 

observed for BarA where an A residue occupies position d instead of an R or K (Stewart and 

Chen, 2010) (Figure 2D). 

 

The HAMP and the S-helix domains are regulatory elements of GacS autokinase activity 
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To ascertain the functional role of the two helical HAMP and S-helix regions in GacS, we 

engineered a PAO1 derivative (GacSΔ76)  with a chromosomal mutation, in which the region 

encoding the 79 residues (S190 to I269) that comprises the HAMP and most of the S-helix 

region was replaced with a sequence encoding a 3-residue linker (EAF) (Figure S1A), as 

previously performed in P. fluorescens (Zuber et al., 2003).  

As the GacS network plays a major role in regulating exopolysacchide production 

(associated with biofilm formation and chronic infection) and swarming motility (associated 

with acute infection), behavior of the GacSΔ76 strain was compared with the wild-type strain 

(PAO1), the gacS deletion strain (ΔgacS), and the retS deletion strain (ΔretS) using i) swarming 

assays,  and ii) Congo Red plates to gauge exopolysaccharide production and motility. In the 

swarming assays, the PAO1 and gacS strains formed large swarms, whereas the ΔretS and 

GacSΔ76 strains did not swarm and instead remained at the inoculation point (Figure 3A). The 

lack of swarming in the ΔretS strain is due to high levels of GacS activity as GacS is 

unconstrained by RetS in this mutant (Francis et al., 2018). Consistent with this explanation, a 

ΔretSΔgacS double mutant can swarm albeit at slightly reduced levels compared to PAO1. 

(Figure 3B). The similarity in phenotype between the ΔretS and gacSΔ76 strains supports the 

hypothesis that like the ΔretS strain, GacS activity is elevated in the gacSΔ76 mutant. This 

observation is confirmed on Congo Red plates (Figure 3E), where the gacSΔ76 mutant behaved 

like the ΔretS mutant, forming smaller denser colonies than the PAO1 strain, suggesting they 

both have increased GacS activity. 

To assess the effect of the loss of HAMP and S-helical regions on GacS virulence, we 

used Galleria mellonella larvae as an infection model. The larvae were infected with 20 to 40 

CFUs of the gacSΔ76, ΔgacS, ΔretS, and PAO1 strains. Infection with the PAO1 and ΔgacS 

strains caused all the larvae to die within 20 hours of infection, while the ΔretS mutant showed 

greatly reduced lethality with more than 70% of larvae surviving after 76h. The gacSΔ76 mutant 

showed a similarly reduced virulence phenotype as the ΔretS mutant (Figure 4), which is 

consistent with GacSΔ76 being hyperactive.  

 Altogether, we show that the gacSΔ76 mutant functions as if RetS was inactive and 

unable to inhibit GacSΔ76 i.e. the gacSΔ76 mutant phenocopies the retS deletion mutant. This 

could mean that the constitutively active gacSΔ76 mutant is resistant to the inhibitory effects of 

RetS due to the loss of an interacting region, or it may simply overwhelm the inhibitory effects 

of RetS. 

 

The GacS-HAMP domain is involved in the formation of the GacS:RetS complex 
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We next investigated a possible implication of these two HAMP/S-helix helical regions 

in a direct interaction with RetS. This hypothesis is driven by a topological comparison of the 

GacS and RetS models anchored to the internal membrane that reveals a significant, 90 Å, shift 

in the position of the DHp domains due to the absence of the HAMP and S-helix domains in 

RetS (Figure 5). To characterize the GacS/RetS interaction and their oligomerization states in 

solution, we performed online SEC-native MS experiments. We thus compared the interaction 

behavior between RetSH1 and each of the three GacSCytoFL, GacS252-925 and GacSHH1 cytoplasmic 

constructs (Figure S1). The GacS252-925 construct lacks the HAMP and part of the S-Helix 

region. Online SEC-native MS analysis revealed three major peaks for all equimolar mixtures of 

the GacS variants and RetSH1 (Figure 6): the most intense one (labelled 2, 4 or 6 depicted in 

Figure 6 A-C respectively) corresponds to GacS homodimers with measured molecular masses 

ranging from 60 to 160 kDa depending on the variant (Figure 6G, S2), followed by a second one 

(labelled 3, 5 or 7 depicted in Figure 6 A-C respectively) of varying intensity with masses from 

59 to 107 kDa in agreement with a 1:1 stoichiometric GacS:RetS complex (Figure 6 D-F, S7). 

The third one, at  8 min (labelled 1, Figure 6A) corresponds to the RetSH1 homodimer (55 kDa, 

Figure 6G and S2B).  

In line with SEC-native MS data, and to evaluate the role of the HAMP and S-Helix 

region in the interaction with RetS, we performed microscale thermophoresis (MST) assays 

using RetSH1 and three GacS variants (Figure S1). For the different GacS:RetSH1 complexes, we 

measure dissociation constants of Kd=41±25 nM and 71±36 nM for GacScytoFL and GacSHH1. 

These values are in agreement with the Kd value of 33 nM reported for the GasSHH1 and RetsH1 

complex (Goodman et al., 2009). However, for the two constructs missing the HAMP and S-

helix regions, we obtain Kd values of 433±170 nM for GacS252-925 and 832±250 nM for GacS280-

925 (Figure 7A), indicating the implication of the HAMP domain in the GacS:RetS binding 

interface. Moreover, the Kd values in the µM range for GacS252-925 and GacS280-925
 
variants 

indicate that weaker interactions occur in the GacS:RetS complex, e.g. between RetSH1 and 

GacSD1, as RetSH1 can dephosphorylate GacSD1 (Francis et al., 2018). However, no definitive 

conclusions could be reached for the implication of the S-helix region in the interfacial region, 

as similar Kd values are observed for the two truncated GacS252-925 and GacS280-925 variants. A 

previous study showed the GacS:RetS complex as heterodimers of GacS and RetS homodimers 

(Mancl et al., 2019). In this study, we did not observe higher oligomeric forms besides the 1:1 

stoichiometry using the SEC-MS approach. However, our SEC-native MS data are consistent 

with a recent study that reports  homodimers disruption upon heterodimer formation between 

RetSH1 and GacS-DHp domain (Ryan Kaler et al., 2021). 
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Overall, these results demonstrate that a GacS:RetS complex disassembles the 

homodimeric form required for GacS activity, and unveils the important role of the HAMP 

domain for the GacS:RetS binding interface. 

 

The unusual weak autokinase activity of the GacS CA domain 

 We next investigated the catalytic properties of different GacS constructs using 

radiolabeled γ
32P

ATP. Unexpectedly, almost no autokinase activity could be observed for the 

GacSHH1 construct (Figure 8A, panel 1) compared to the GacSCytoFL construct harboring all 

cytoplasmic domains (Figure 8A, panel 2). This is surprising as the presence of conventional 

DHp and CA domains appears sufficient to confer a significant autophosphorylation activity in 

other HKs (Casino et al., 2014). A GacS190-512 variant harbouring a complete HAMP domain 

showed a similar loss of activity (Figure 8A, panel 3), arguing that an incomplete HAMP 

domain in GacSHH1 is not responsible for the lack of autokinase activity. Although the structure 

of the GacS CA domain is devoid of a bound nucleotide, it reveals an unusual 19-residue helix 

(449-468) in the F box fused to a structured helical ATP lid. To assess the ability of the GacS 

CA domain to bind ATP, we determine the Kd value between GacSHH1 and the ATP analog, 

adenosine 5′-[β,γ-imido]triphosphate (AMPPNP) by MST. The measured Kd value of 2.5±1.8 

μM is closely similar to those previously reported for classical HKs using AMPPNP (Bhate et 

al., 2015) (Figure 7B), suggesting that the atypical helical ATP lid in GacS could undergo 

conformational changes to accommodate ATP. To check the role of the atypical ATP lid in the 

inactive conformation of the GacS catalytic core, we generated a chimera by replacing the GacS 

ATP lid region (Q461-Q469) with the corresponding R430-E438 motif from the HK853, which 

is known to show a high autophosphorylation rate (Marina et al., 2005) (Figure S3C). 

Interestingly, the GacS chimera did not recover a full phosphorylation rate even after a 60 min 

incubation time with γ
32

P-ATP as observed for GacSHH1 at this time point (Figure 8B). 

In contrast to classical HKs with the conventional topology of the DHp and CA modules, the 

autokinase activity of the unorthodox GacS HK may have other levels of regulation. These 

results point to a possible participation of other GacS cytoplasmic regions downstream the CA 

domain, to trigger autokinase activity. 

  

An uncharacterized pseudoreceiver domain is essential for GacS autokinase activity  

 To understand the molecular basis for the lack of autokinase activity of GacSHH1 relative 

to the normal activity of GacSCytoFL, we conducted a bioinformatic analysis of the entire GacS 

sequence that revealed an unannotated 150-residue cytoplasmic domain (524 to 638), denoted 
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ND domain, inserted between the CA and D1 domains (Figure S8A). To check whether this 

uncharacterized ND domain could be involved in the GacS autokinase activity, we generated the 

GacSHH1ND construct comprising the HH1 region followed by the ND domain (Figure S1A). 

Surprisingly, the GacSHH1ND variant restores the autokinase activity to a slightly higher level 

than that of GacSCytoFL, mainly due to its incapacity to perform the concomitant phosphatase 

activity carried out by the D1 domain (Figure 8A, panel 4). A competition-based activity assay 

of GacSHH1ND between γ
32

P-ATP and cold ATP yields a Km value of 92.66 µM, which is in the 

similar 10 to 200 µM range observed for other HKs (Bhate et al., 2015), and a Kcat value of 1.17 

s
-1 

(Figure 8C). To confirm the functional role of the ND domain in the GacS autokinase 

activity, we generated the GacSCytoFL construct lacking the ND domain (GacSCytoFLΔND, Figure 

S1A). Consistent with the activity of GacSHH1ND, deletion of ND reveals a pronounced impact, 

with a residual activity of only 5% compared to the GacSCytoFL activity (Figure 8A panel 2, and 

8B). Moreover, the obtained Kd value of 3.2±1.5 µM between GacSHH1ND and AMPPNP is 

closely similar to that observed with GacSHH1 (2.5µM), suggesting that ND is not involved in 

ATP binding (Figure 7B). 

To test the role of the ND domain in vivo, we generated chromosomal in-frame deletion 

mutants where the ND sequence was removed; these were created in both wild-type (PAO1 

strain) and ΔretS strain backgrounds. We phenotypically characterized these mutants using 

Congo red plates and swarming assays where we compared their behavior with control strains: 

PAO1 (wild-type), ΔgacS (in frame deletion of the entire gacS gene), and gacS(N410D) (a 

chromosomal point mutant where GacS autophosphorylation has been disabled by mutating an 

N-box residue (N410) that is critical for autophosphorylation) (Dutta and Inouye, 1996) - 

N347D of EnvZ corresponds to N410D of GacS; Francis and Porter, unpublished for 

experimental verification that purified GacS(N410D) lacks kinase activity). From the Congo red 

plates, the ΔgacS, gacSΔND and, gacS (N410D) point mutant all formed larger colonies than 

PAO1 (Figure 3F, and G). Significantly, the double mutants, ΔretSΔgacS, ΔretSgacSΔND and 

ΔretSgacS(N410D), all gave larger colonies than PAO1 (Figure 3F, and G), suggesting that 

these gacS mutants suppress the small colony phenotype typically observed with the ΔretS 

mutant. The identical behaviors of the ΔgacS, gacSΔND and gacS(N410D) mutants are 

consistent with a loss of GacS function. From the swarming plates, the gacSΔND, gacS(N410D) 

and ΔgacS mutants are capable of swarming at levels similar to PAO1, while a ΔretS mutant is 

unable to swarm and remains at the inoculation point (Figure 3A and D). These three mutants 

are able to suppress the ΔretS phenotype as the double mutants restore swarming (Figure 3B and 
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C). Again, this is consistent with a loss of GacS autokinase activity in gacSΔND, gacS(N410D) 

and ΔgacS.  

Altogether, these assays confirm that the ND domain is essential for GacS activity and 

point to an atypical regulatory mechanism of the GacS autokinase activity. 

 

The role of the ND and D1 domains in GacS autokinase activity 

 A BLAST search using the ND domain sequence revealed that this domain is not 

exclusive to GacS but is present in a wide range of unorthodox HKs among Pseudomonas 

species and also in other Gram-negative bacteria like Escherichia Coli with BarA unHK (23% 

id.), RcsC hybHK (19% id.) and the Caulobacter crescentus ShkA unorthoHK (17% id). 

Recently, the structures of the ShkA and RcsC HKs revealed that their corresponding ND 

domains consist of a CheY-like fold, as we could predict for GacS ND, and behave as 

pseudoreceiver domains (PRD) (Dubey et al., 2019; Rogov et al., 2006) (Figure S8B). RcsC is a 

membrane HK that autophosphorylates using its RcsC-ABL (equivalent to ND) domain, 

although no function has been yet assigned to this domain.  On the other hand, ShkA is in an 

autoinhibited state. ShkA becomes active only when its Rec1 (equivalent to GacS ND) binds to 

c-di-GMP by competing with a conserved DDR motif located in the Rec1-Rec2 linker and 

closely tethering Rec2 (equivalent to GacS D1) interaction. Binding of c-di-GMP displaces the 

Rec2 domain, leading to an active open state conformation (Dubey et al., 2019). Of note, ShkA 

residues involved in c-di-GMP binding and in the Rec1-Rec2 linker are not conserved in GacS, 

suggesting that GacS ND is not able to bind c-di-GMP and residues within the ND-D1 linker 

have different chemical properties (Figure S8 C, D). 

In the GacS HK, the GacSD1 domain is a receiver domain positioned downstream the ND 

domain. As the ND domain does not exhibit any conserved aspartate residue, we assume that the 

GacSD1 phosphatase activity transfers phosphate from H293 to its phosphorylatable D715, as 

observed in the BeF3
-
-bound GacSD1 structure (Figure 1C). Such phosphorelay event is observed 

in the GacScytoFL phosphorylation assays, showing a decrease in the phosphorylation rate at 120 

min due to the GacSD1 phosphatase action, which is suppressed in GacSHH1ND lacking the D1 

domain (Figure 8A, panel 2 and 4). Following the concept that GacS and ShkA would not 

follow similar conformational changes to trigger autophosphorylation and phosphotransfer 

events, we compared GacSD1 with the corresponding ShkA Rec2 domain (Figure S9 A and B). 

An overlay of the two domains reveals an extended helix α3 in GacSD1 compared to a shorter 

helix α3 in ShkA-Rec2 (Figure S9A). ShkA uses the tip of helix α3 to tether Rec2 on the DHp 

subdomain to lock an inactive state (Figure S9C). When superimposing GacSD1 on ShkA Rec2, 



 12 

we observe that a 5-residue insertion (732-736) in the GacSD1 helix α3 creates a steric hindrance 

that prevents GacSD1 to adopt a similar buried position as observed for Rec2 in ShkA (Figure 

S9A and B). Unlike the autoinhibited closed conformation of ShkA, it is noteworthy that 

GacScytoFL adopts a conformation that allows autophosphorylation and phosphostransfer. Taken 

together, we expect motions of the GacS cytoplasmic domains to adopt a released conformation 

to confer the autokinase and phosphotransfer activities.  

Discussion 

The GacS unorthoHK, which belongs to the class I kinase family (Bilwes et al., 1999), is 

one of the most complex transmembrane HK in bacteria with six functional domains and is over 

100 kDa in size. The structure of the GacSHH1 homodimer has provided key structural features 

marked by an elongated coiled-coil that comprises the HAMP, S-helix, and DHp domains. 

Although we could not document the structure of the entire HAMP domain, it is reasonable to 

predict that it forms a four-helix bundle at the C-terminus of the second transmembrane helix. 

The S-helix module acts as a signal‐ transduction element and undergoes segmental movements 

to propagate conformational changes over long distances (Anantharaman et al., 2006; Saita et 

al., 2015). In this context, it was reported for other HKs that stabilization of the S-helix favours 

formation of the phosphatase state, preventing autokinase activity, while S-helix destabilization 

triggered by conformational rearrangements of the HAMP four-helix bundle induces 

autophosphorylation (Saita et al., 2015)(Gushchin et al., 2017). Therefore, sensing of an 

environmental signal by the GacS periplasmic domain should trigger primary helical 

movements along the two transmembrane helices that will propagate through the HAMP helix 

bundle, and be transmitted to the catalytic core via the S-helix.  

Chromosomal deletion of the HAMP-S-helix region (GacSΔ76) leads to an increase of 

GacS/GacA activity, arguing for a loss of cooperativity between the HAMP and the S-helix to 

control GacS signaling events. The phenotype of gacSΔ76 mutant is similar to a ΔretS mutant 

which suggests either that GacS is not subjected to the three inhibitory mechanisms of RetS 

hybHK when its HAMP-S-helix segment is deleted, even though all GacS domains required for 

crosstalk with RetS are present and functional (Francis et al., 2018), or that GacSΔ76 activity is 

so high that the three inhibitory mechanisms are overwhelmed. In the GacS/RetS interaction 

analysis, an in vivo study showed that a heterodimeric DHp interfacial mutant (GacSI302V) that 

reduced RetS binding, produced a hyperbiolfilm phenotype comparable to a ΔretS mutant (Ryan 

Kaler et al., 2021). Therefore, a mutation in GacS preventing or reducing its interaction with 

RetS should lead to a hyperbiofilm phenotype, suggesting that the disruption of the binding 
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interface between GacS-HAMP region and RetSH1 could be responsible for an enhanced GacS 

activity phenotype. This is in agreement with the binding constants obtained for the GacS252-925 

and GacS280-925 constructs which are 10 times lower than the values obtained for the constructs 

containing the HAMP region (Figure 7A). Moreover, one can argue that this crosstalk is not 

restricted to P. aeruginosa and should also occur among other Pseudomonas species as the 

corresponding gacSΔ76 mutant led to a similar phenotype in P.fluorescens (Zuber et al., 2003). 

Two studies have documented the mode of interaction between the DHp domains of 

RetS and GacS. The first study reports that RetS does not disrupt GacS homodimers, suggesting 

that the two HKs interact as homodimers (Mancl et al., 2019). The second study reports the 

structure of a 1:1 stoichiometric RetSH1:GacSDHp complex (Kaler et al., 2021). To explain this 

discrepancy, the authors suggested that, unlike the first study, the absence of the HAMP domain 

destabilized the GacS homodimers, resulting in the 1:1 stoichiometric RetSH1:GacSDHp crystal 

structure. The HAMP domain is an essential dimerization domain in GacS (Workentine et al., 

2009). Our study shows compelling SEC-native MS data for the 1:1 stoichiometric GacS:RetS 

heterodimeric complexes using GacS constructs containing the HAMP domain (Figure 6).  

The study of Kaler et al. showed that the RetSH1:GacSDHp heterodimeric structure is 

maintained by hydrophobic contacts between their DHp domains (equivalent to the 

homodimeric interfaces). Their study also identified two critical interfacial residues on GacS 

DHp, I302 and L309, whose substitution destabilizes the heterodimeric assembly (Kaler et al., 

2021). Our study shows that in addition to the DHp domain, the HAMP domain of GacS 

contributes a major part to the interaction with RetS, as we measure a significant decrease in the 

RetS:GacS dissociation constants in the presence of the HAMP region. The extended S-helix 

and HAMP domain in GacS creates an apparent steric issue for the heterodimerization of the 

DHp domains of GacS and RetS because RetS lacks a HAMP domain and its DHp domain 

follows on immediately after its last TM helix meaning that the DHp domain of RetS will 

presumably be much closer to the plane of the membrane than the GacS DHp domain (Figure 

5). This offset in the position of the DHp domains would have to be overcome by large-

amplitude conformational motions in either or both GacS and RetS to bring these domains 

together. In particular, the monomeric GacS HK might undergo conformational changes that 

would allow multiple interfacial contacts in the formation of the heterodimeric complexes; we 

intend to address these sophisticated dynamic changes in future studies. Altogether, two binding 

interfaces have been found for the GacS:RetS complexes: their Dhp domains heterodimerize and 

the GacS HAMP domain binds the HK of RetS.   
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We unveiled the essential role played by the domain ND during the autophosphorylation 

event. Unlike ShkA, the GacS autokinase activity does not require a ligand-dependent 

activation, suggesting that GacSD1 does not occupy an obstructive conformation as opposed to 

ShkA-Rec2. The structure of RcsC HK domain containing the RcsC-ABL and PR domains, 

corresponds to GacS ND and D1 domains (Rogov et al., 2006). In this structure, an extended 

linker connects the two RcsC-ABL and RcsC-PR domains. The sequences of the ND domains 

and the linkers are very poorly conserved between GacS and RcsC, but one can hypothesize that 

GacS unorthoHK will adopt an extended linker conformation between the ND and D1 domains 

to promote autophosphorylation and phosphotransfer. The mandatory role of GacS-ND for 

autophosphorylation activity suggests that GacS may differ from classical HKs. The ND domain 

may bind to an allosteric ligand to regulate the autokinase activity and/or interact with the 

inhibitory RetS hybHK. Overall, our main hypothesis is that GacS-ND propagates structural 

motions conferring a full GacS autokinase activity and, together with the D1 domain, may 

maintain the GacS cytoplasmic domains in a released conformation to favour autokinase 

activity.  

Altogether, our findings shed light on the structural events taking place in the 

unorthodox membrane-associated GacS HK in its complex signal transduction pathway. These 

findings pave the way for a detailed characterization of an atypical trans-membrane HK that 

could become a major therapeutic target to prevent PA biofilm development. 
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RESOURCE AVAILABILITY 

Lead Contact 

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Florence Vincent (fvincent.cnrs@univ-amu.fr) 

Materials availability 

This study did not generate new unique reagents. 

Data and code availability 

 X-ray diffraction data for GacS-HH1, GacS-D1, and GacS-D1 bound to BeF3
-
 have been 

deposited in the PDB data bank under accession numbers 7Z8N, 7QZO and 7QZ2, 

respectively. 

  This paper does not report original code 

 Any additional information required to reanalyze the data reported in this paper is available 

from the lead contact upon request. 

 

Key ressources table 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Bacterial and virus strains  

PAO1 – Pseudomonas aeruginosa wild 

type strain  

(Francis et al., 2018) PAO1 

E. coli BL21 (DE3) cells  Novagen 69450-M 

ΔretS derivative of PAO1 (Francis et al., 2018) ΔretS 

ΔgacS derivative of PAO1 (Francis et al., 2018) ΔgacS 

ΔretSΔgacS derivative of PAO1 (Francis et al., 2018) ΔretSΔgacS 

gacS(N410D) derivative of PAO1 (Francis et al., 2018) gacS(N410D) 

ΔretSgacS(N410D) derivative of PAO1 (Francis et al., 2018) ΔretSgacS(N410D) 

gacSΔ76 derivative of   O1 This paper gacSΔ76 

gacSΔND derivative of   O1 This paper gacSΔND 

ΔretSgacSΔND derivative of   O1 This paper ΔretSgacSΔND 

mailto:fvincent.cnrs@univ-amu.fr
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Biological samples   

pLIC-GacSD1 This paper GacSD1 

pLIC-GacsS-HH1 This paper GacSHH1 

pLIC-GacsS-CytoFL This paper GacScytoFL 

pLIC-GacsS-HH1-ND This paper GacS190-512 

pLIC-GacS190-512 This paper GacSD1 

pLIC-GacSD1 This paper GacS190-925 

pLIC-GacS190-925 This paper GacS190-925 

pLIC-GacS252-925 This paper GacS252-925 

pLIC-GacS280-925 This paper GacS280-925 

pLIC-RetS-H1 This paper RetSH1 

Chemicals, peptides, and recombinant proteins 

Isopropyl-β-D-thiogalactoside Euromedex EU0008-C 

γ
32

P-ATP Hartmann Analytic FP 301 

ATP Cytiva 27205601 

MgCl2 Sigma M8266 

KCl Sigma P3911 

alexa fluor 647 invitrogen Thermofisher  A37573 

AMP-PNP Merck/Roche 10102547001 

kanamycin Euromedex EU0420 

LB miller Euromedex 0103 

IPTG Euromedex EU0008-C 

Glycerol anhydrous Euromedex EU3550 

MES  Euromedex EU0033 

MgSO4 hexahydrate Euromedex P027 

Sodium Chloride Euromedex 1112-A 

Tris base  Euromedex 1111-C 

Hitrap FF 5ml Cytiva 17531901 

HiLoad
®
 16/600 Superdex

®
 200 pg Merck/Sigma-Aldrich GE28-9893-35 

LAB agar No 2 Bacteriological Neogen MC006 

Nutrient broth  Oxoid CM0001 

Tryptone Sigma-Aldrich T7293 

Glucose Fisher Scientific G/0500/53 

Congo Red Thermo Scientific 110501000 

Coomassie Brilliant Blue Thermo Scientific 20278 

Sucrose Fluka 84097 

Oligonucleotides 

See Table S1 This study  

Recombinant DNA 

pEX19Gm plasmid (Hoang et al., 1998) pEX19Gm 

pLIC plasmid (Yang et al., 2010) RRID:Addgene_27989  

pRK2013 plasmid (Figurski and Helinski, 1979) RRID:Addgene_171139  
 

Software and algorithms 

ShelXC Schneider and Sheldrick, 

2002 

https://shelx.uni-

goettingen.de/ 

ANODE Schneider and Sheldrick, 

2002; Thorn and Sheldrick, 

2011 

https://shelx.uni-

goettingen.de/ 

Coot  Emsley and Cowtan, 2004  
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Buster Bricogne et al, 2017 https://www.globalphasing.c

om/ 

Phaser McCoy et al , 2007  

Refmac Murshudov et al, 1997  

Molprobity server Chen et al., 2010 http://molprobity.biochem.du

ke.edu/ 

MO Affinity software Nanotemper https://nanotempertech.com/

monolith/ 

Mass Lynx v4.1 Waters https://waters-masslynx-

scn781.software.informer.co

m/4.1/?msclkid=317c0caba9

2011eca4a08e50aec48434 

Prism (v9) Graphpad www.graphpad.com  

Other 

Hitrap FF 5ml Cytiva 17531901 

HiLoad
®
 16/600 Superdex

®
 200 pg Merck/Sigma-Aldrich GE28-9893-35 

 ACQUITY UPLC Protein BEH SEC 

Column, 

 Waters  186005226 

 

 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 

MODEL SOURCE IDENTIFIER 

Galleria mellonella larvae UK Wax Worms Limited Waxworm 
 RRID:WB-STRAIN:WBStrain00042108  
 

 

METHODS DETAILS 

Bacterial strains and growth conditions 

The E. coli and P. aeruginosa bacterial strains used are listed in the key resources table. Unless 

stated otherwise bacteria were grown in LB broth at 37 
O
C. M63 (2 g/L (NH4)2SO4, 13.6 g/L 

KH2PO4, 0.5 mg/L FeSO4) supplemented with 1 mM MgSO4, 0.5 % Casamino Acids and 0.2 % 

glucose was used to grow cells for the Galleria mellonella infection assays. Where necessary 

antibiotics were used at the following concentrations: gentamicin 25 µg/ml (E. coli) or 100 

µg/ml (P. aeruginosa) and kanamycin 50 µg/ml (E. coli). 

 

 

Cloning  

Truncated constructs and punctual mutants of GacS and RetS used in this study, were amplified 

from P. aeruginosa PAO1 genome and cloned into pLic03 vector by Ligase Independent 

Cloning (LIC) which yielded to plasmids encoding for recombinant proteins fused to a 6-His tag 

followed by a Tobacco Etch Virus (TEV) cleavage site at their N-terminal region. Primers used 

for cloning and mutagenesis experiments are listed in Supplementary table S1. 

http://www.graphpad.com/
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Protein production  

All constructs were expressed in E. coli BL21 (DE3) cells (Novagen) at 37°C. All the cells in 

this study, were grown in LB medium containing 50 µg.ml
-1

 of kanamycin and induced with 200 

μM IPTG at OD600=0.6. The cells were further incubated overnight at 16°C after which cell 

pellets were harvested by centrifugation and disrupted by sonication. The lysate was then 

clarified by centrifugation and applied to a 5 ml Ni-chelating column. Proteins were eluted with 

50 mM Tris pH 8, 500 mM NaCl, and 250 mM imidazole. Eluted fractions were then 

concentrated and further purified by size exclusion chromatography using a Superdex 16/60 

S200 column equilibrated in 20mM MES pH 6.5, 500 mM NaCl and 5mM MgSO4, for GacS 

constructs, 20mM Mes pH 6.5, 150 mM NaCl and 5 mM MgCl2 for RetSH1 and 20mM Mes pH 

6.5, 150 mM NaCl for GacSD1. Pure fractions of GacSHH1, GacSD1 and RetSH1 were analyzed by 

SDS-PAGE electrophoresis, pooled and concentrated to 7.4 mg/mL, 3 mg/mL, and 4.4 mg/ml 

using a 10 and 3 KDa cut-off centrifugation membrane (Thermoscientific). Selenomethionine-

derivative GacSHH1 was expressed according to standard conditions for inhibiting the 

methionine-biosynthesis pathway and purified as for native GacSHH1 (Hendrickson et al., 1990).  

 

Crystallization, data collection and processing 

Crystals of GacSHH1 and GacSD1 were obtained at 4°C by vapor diffusion by screening several 

commercial crystallization kits, using a nanoliter sitting drops setup with automated 

crystallization Genesis (TECAN) and Mosquito (TTP-LabTech) robots. Drops were prepared by 

mixing different volumes (1  , 2  , and 3   nL) of protein solution with 1   nL of precipitant 

solutions and were equilibrated a ainst 5  μL reservoir volume.  ac HH1 (7.4 mg/ml, native and 

 eMet derivative) was mixed with 1   nL of reservoir solution composed of  .2 M Lithium 

chloride, 15–24% (w/v) PEG 3350 and 0.1 M MES pH 5.5–6.5. GacSD1 crystals were obtained 

in 0.2 M to 1.2 M Na acetate and 0.1 M HEPES from pH 7 to pH 8 in presence of 50 mM 

cadmium sulfate. BeF3 bound GacSD1 crystals were obtained by soaking GacSD1 apo crystals in 

5 mM BeSO4, 30 mM NaF, 7 mM MgCl2 and 10 mM Tris-HCl pH 9. Crystals were briefly 

soaked in the reservoir solution supplemented with 25% (v/v) propylene glycol for GacSHH1 and 

25% (v/v) glycerol for GacSD1, prior to flash cooling at 100K in a nitrogen gas stream. 

Complete data sets of selenated GacSHH1, GacSD1, and GacSD1/BeF3 (2.65 Å, 1.45Å, and 1.8 Å 

resolution, respectively) were collected on the PROXIMA 1 and 2 beamlines (SOLEIL, Saint 

Aubin, France). For GacSHH1, two data sets of 360° were collected on the same crystal with a 

Chi angle offset of 18° in between the two to cover the missing cusp and improve true 
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redundancy. For all constructs, X-ray data sets were integrated and scaled using XDS 

package (Kabsch, 2010), converted to MTZ format using Pointless and Aimless (Evans and 

Murshudov, 2013) from the CCP4 program suite (Winn et al., 2011). The GacSHH1 unmerged 

intensity data were corrected for anisotropy with the STARANISO server (Tickle et al., 2018) 

(Table S2). 

 

Phasing, model building and refinement 

Initial Single-wavelength Anomalous Diffraction (SAD) phasing for GacSHH1 was calculated 

using the SHELXC and ANODE programs (Schneider and Sheldrick, 2002; Thorn and 

Sheldrick, 2011). Twenty-two selenium sites were found and the solvent-flattened electron 

density map at 3.3 Å resolution permitted to build an initial model using Buccaneer (Cowtan, 

2006) that was improved by iterative model building using COOT (Emsley and Cowtan, 2004). 

Refinement rounds were performed with BUSTER including NCS restraints and TLS 

refinement, with three subdomains from each molecule defining a TLS group (G. Bricogne et 

al., 2017). The final refined model of GacSHH1 includes residues S221-S512 for the 4 molecules 

present in the asymmetric unit. High temperature factors and weak electron densities are 

associated with the disordered helix α2 N-cap (N222-E226) and the surface loops Y386-

P390/G446-E450 located in the CA subdomain. GacSD1 structure was solved by molecular 

replacement with the program Phaser using the coordinates of CKL1 receiver domain (PDB ID 

3MMN) as search model (rotation function Z-score: 14.4; translation function Z-score: 14.1; log 

likelihood gain: 3776) (McCoy et al., 2007). All structures were further refined using the 

REFMAC programs, and manually corrected using coot (Emsley and Cowtan, 2004; Murshudov 

et al., 1997). Stereochemistry of the structures was analyzed with internal modules of Coot and 

the Molprobity server (Chen et al., 2010). Data collection and refinement statistics are shown in 

Table S2.  

  

Autokinase and kinetic assays 

In vitro autophosphorylation reactions were performed in 50 mM Tris pH 8, 100 mM KCl, 5 

mM MgCl2 at room temperature. γ
32

P-ATP with a specific activity of 30 Ci/mmol was 

incubated with 10 µM of GacSCytoFL and each of the truncated constructs in a 20 µL volume. 

The reaction was stopped after 60 mins.  Separation of unincorporated ATP from the 

phosphorylated protein was done by SDS-PAGE. The gels were then exposed to 

phosphorscreens overnight and then visualized by phosphorimaging using Amersham
TM

 

Typhoon
TM

 biomolecular Imager (GE Healthcare). A time-course assay was further performed 
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on each construct to compare the autophosphorylation rate of GacS in presence or absence of 

the ND domain. Aliquots of the reactions were taken at 0, 2, 5, 10, 15, 20, 25, 30, 40, 60, 120 

mins and the gel was analyzed as described previously. A competition assay was done between 

the cold  T  and γ
32

P- T , in which 1  µM of  ac  were incubated with  .1 µCi/µL of γ
32

P-

ATP against rising concentrations of cold ATP ranging from 0.03 to 3000 µM, for 30 mins at 

room temperature.   

 

Microscale thermophoresis 

Microscale Thermophoresis experiments were carried out using a Monolith NT.115 

(NanoTemper technologies). GacSHH1 and GacSHH1ND were used at a final concentration of 0.15 

µM. Proteins were labeled using the Monolith NT protein labeling kit - Red NHS. AMP-PNP 

was titrated in 1:1 serial dilutions from 500 µM to 13 nM. For the heterodimer experiments, the 

GacS constructs were labelled at a final concentration of 0.15 µM. RetSH1 was titrated in 1:1 

serial dilutions from 7 µM to 20 nM. All the experiments were performed in standard treated 

capillaries with 40% LED power and 80% IR-Laser power at 24°C. Laser on and off times were 

set at 30 secs and 5 secs respectively. All the experiments were performed in triplicate. In order 

to determine the dissociation constant of the interactions, MO Affinity software was used to fit 

the thermophoresis data for a 1:1 binding stoichiometry with the Kd model.  

 

Size exclusion chromatography – native Mass Spectrometry experiments  

Sample preparation and SEC separation. 

RetSH1 and each of the GacS constructs were mixed in a 1:1 ratio (100 µM of each) one hour at 

room temperature (20°C) before injection on the SEC-MS coupling system in their native 

buffers.  SEC was performed on an ACQUITY UPLC H-class system (Waters, Wilmslow, UK) 

composed of a sample manager set at 10°C, a quaternary solvent manager, a column oven set at 

50°C and a TUV detector operating at 280 nm and 214 nm. The SEC system was online coupled 

to a Q-TOF Synapt G2 HDMS (Waters, Wilmslow, UK) mass spectrometer. SEC runs were 

carried out using an ACQUITY UPLC Protein BEH SEC column (2.1 x 150 mm, 1.7 µm 

particle size, 200 Å pore size, Waters, Wilmslow, UK) in isocratic mode with a mobile phase of 

500 mM NH4OAc (pH 7.0) at a flow rate of 0.25 ml/min over 4 mins. During MS acquisitions 

(from 4 to 9 mins) the flow rate was decreased to 0.10 ml/min and finally increased to 0.25 

ml/min until the end of the SEC run (12 mins).  

 

Native Mass spectrometry conditions 
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The Synapt G2 HDMS was used in positive mode with a capillary voltage of 3.0 kV and Z-

spray source parameters were tuned in order to preserve the non-covalent interactions (40 V for 

the voltage cone and 6 mbar for the pressure in the interface region). MS acquisitions in native 

conditions were performed in the m/z range of 1000-10000 with a 1.5 scan time after an external 

calibration using singly charged ions of a 2 g/L solution of cesium iodide in 2-propanol/water 

(50/50 v/v). Data interpretation was performed using Mass Lynx v4.1 (Waters, Manchester, 

UK). 

 

Mutant generation 

Constructs containing in-frame deletions of portions of gacS were produced by PCR using the 

primers described in table S1, with the deletion site flanked on either side by approximately 

500bp of upstream and 500bp of downstream sequence. These constructs were cloned into the 

allelic exchange suicide plasmid, pEX19Gm. The pEX19Gm derivatives were introduced into P. 

aeruginosa using tri-parental mating with E. coli containing the mobilization plasmid, pRK2013 

(Figurski and Helinski, 1979). Sucrose and gentamycin susceptibility tests were done to isolate 

potential P. aeruginosa mutants. Potential deletion mutants were checked by PCR using primers 

outside of the initial construct used to make the deletion. These PCR products were sequenced 

using Sanger sequencing to confirm the presence of the desired mutations. ΔretS and ΔgacS 

strains came from Francis et al., 2018 (Francis et al., 2018). 

 

Galleria mellonella infection model 

This was based on a previously described assay (Seed and Dennis, 2008). Last instar larvae 

were obtained from UK Waxworms Limited and stored at 16
o
C until inoculation (within 1-2 

days following delivery). Galleria for inoculation were chosen by weight (0.2 – 0.3 g) and being 

free from any with signs of disease (melonisation or low motility). P. aeruginosa stains were 

grown overnight in M63 medium supplemented with 1 mM MgSO4, 0.5 % Casamino Acids and 

0.2 % glucose before being centrifuged, washed and resuspended in PBS to an OD590=1 ± 0.05. 

This was diluted 5 x 10
5
 fold in PBS. 10 µl of the diluted bacterial suspension (20-40 CFUs) 

were injected into the hindmost proleg of the larvae using a repeat dispenser Hamilton syringe. 

Larvae were incubated at 37 °C and their survival was monitored. Data were analysed using 

Kaplan-Meier survival curves. Statistical significance was assessed using the Mantel-Cox Log 

 ank test, with  onferroni’s correction applied for multiple comparisons.  

 

Swarming motility assay 
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These were performed in 140 mm diameter petri dishes containing 75 ml of media (0.5% (w/v) 

agar (LAB Agar No.2 Bacteriological), 8g/L nutrient broth (Oxoid) and 0.5% (w/v) glucose. 

Plates were inoculated with 0.5 ml of overnight culture grown in LB at 37 
o
C. Plates were 

incubated at 30 
o
C for 16 hours. 

 

Congo Red assay 

Overnight P. aeruginosa cultures were diluted 100-fold and 2 ml was used to inoculate the 

Con o red plates (14  mm diameter petri dishes containin  75 ml of 1  /L tryptone, 4  μ /mL 

Congo-red, 2  μ /mL Coomassie brilliant blue, 1 % a ar).  lates were incubated at 37 
o
C for 48 

hours and then at 20 
o
C for 48 hours. 

 

QUANTIFICATION AND STATISTICAL ANALYSIS 

Statistical details for each experiment, including replicate information, can be found in the 

corresponding figure legend. 
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Figures legends 

 

Figure 1.   GacS and RetS HK modularity, Overall structure of GacSHH1 and GacSD1. A- 

Schematic representation of GacS unorthoHK and RetS hybHK showing the different domains of 

GacS and RetS drawn to scale, with the phosphorylatable residues histidines (H) and aspartate (D) 

shown in green on GacS. B- Overall view of the elongated GacS dimeric assembly with each 

subunit colored in yellow and green showing, from the N- to C-terminus, the HAMP, S-helix, 

DHp and CA domains. The phosphorylatable histidine is show with spheres. C- Superimposition 

of GacSD1 apo with GacSD1 bound to BeF3
-
. In green GacSD1 bound to BeF3

-
, the residues involved 

in BeF3
-
 binding are shown in sticks. In grey GacSD1 apo, the original position of the binding 

residues is shown in sticks and the motion made by H750 upon BeF3
-
 binding is shown with a red 

arrow. 

 

Figure 2.  Structure-based assignment of GacSHH1 coiled-coil heptads. A- Register showing 

the GacSHH1 coiled-coil heptad repeats along the HAMP and S-Helix sequences colored in 

magenta and yellow, and the overlapping region between the HAMP domain α2 and the S-helix in 

light brown. Hydrophilic residues at position d of the S-helix domain are highlighted in red. B- 

View of the HAMP α2, S-helix and DHp α3/α4 dimer. C- Close-up view of the S-helix residues 

(blue) buried at the dimeric interface dominated by hydrophobic interactions. The two pairs of 

hydrophilic residues are labelled in red. The experimental anomalous electron density maps 
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contoured at 4σ (cyan) is displayed near the two SeMet residues. D- Sequence alignment of the 

GacS HAMP/S-helix regions with the homologous BarA, NarQ and NarX HKs showing the 

conservation score above the sequences. Red indicates highly conserved and blue weakly 

conserved residues. The boundaries of each domain and the residues in position a and d are 

indicated. The position of the stutter denoted a/d at residue L238 in GacSHH1 and the QAT 

signature motif in the conserved core of the S-helix are highlighted in red. 

 

Figure 3:  Phenotypic analysis of gacS mutants.  A-D Representative images of the swarming of 

the wild-type PAO1 strain and its mutant derivatives. E-G Representative images of congo red 

agar plates of the wild type PAO1 strain and its mutant derivatives. Experiments were repeated 

three times.  

 

Figure 4.  Relative survival rate of P. aeruginosa-infected G. mellonella larvae. Relative 

survival rates are depicted as Kaplan-Meier curves of the different groups with PAO1 (cyan), 

ΔgacS (pink), ΔretS (green), the gacSΔ76 variant (grey) and PBS control (black). Experiments were 

done in replicates and relative survival was plotted against the incubation time.  

 

Figure 5: 3D structures from GacS and RetS HKs and full-length models. A- The solved 

structural domains of GacS are shown in cartoon embedded in a surface, the unsolved domains 

structures are represented in light blue squares. B- Crystals structures of RetS HK, the unsolved 

receiver domains D1 and D2 are represented in light blue squares. The shift of 90Å between 

GacSH1 and RetSH1 is represented by an arrow. 

 

Figure 6. Online SEC-native MS analysis of the different oligomeric species. SEC 

chromatograms of A- GacSCytoFL/RetSH1, B- GacSHH1/RetSH1 and C- GacS252-925/RetSH1 samples. 

The constructs used for the experiments and their homodimeric or heterodimeric states are 

depicted with colored domains as described in figure 1. Native mass spectra of the second SEC 

peak corresponding to the presence/absence of a GacS:RetS complex for D- GacSCytoFL, E- 

GacSHH1 and F- GacS252-925. G- The experimental and theoretical molecular masses of 

homodimeric and complex species are summarized.  Native mass spectra of homodimeric species 

are provided in Fig. S2. Due to the high heterogeneity of the GacS252-925 construct many different 

masses were calculated for the GacS252-925:GacS252-925 and GacS252-925:RetSH1 complexes. Mass 

spectra of GacS constructs are provided in figure S2 and related complex deconvolutions in figure 

S7. 
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Figure 7. Dose-response curves for binding interactions determined by microscale 

thermophoresis. A- Binding of RetSH1 to the labeled GacS constructs. All the curves are shown 

as the fraction bound against the li and’s concentration. B- Binding of AMP-PNP to the 

fluorescently labeled GacSHH1 and GacSHH1ND constructs. Curves are derived from the specific 

change in the thermophoretic mobility upon titration of AMP-PNP. For each measurement, 3 

replicates are displayed as average values and error bars representing the standard deviation. 

 

Figure 8. Radioactive-based assays.  A- Time-course autophosphorylation kinetics of the four 

GacS constructs, as measured by autoradiography using γ
32

P-ATP, B- GacSChimera, GacSCytoFLΔND 

autophosphorylation profiles after 60 min incubation. C- Competition-based assay between γ
32

P-

ATP at 0.1 µCi/µL against cold ATP from 0.03 µM to 3000 µM after 30 min incubation using the 

GacSHH1ND variant. Experiments were done in replicates. SDS-PAGE gels are shown below to 

indicate equal protein loading. 

 


