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Figure S1. Identification of the DnaK-FliC interaction sites using spot peptide array screenings. DnaK-GST and FliC-GST recombinant variants were purified and the tag subsequently cleaved by prescission protease prior to the addition of each protein to the membrane array. In this array, each spot contains a synthetic peptide of 15 amino acids with an overlap of 12 amino acids to the next one (shifting the sequence by 3 amino acids), spanning the entire DnaK and FliC sequences from the N- to the C-terminus in sets of 209 and 159 peptides, respectively in A and B. Controls were included applying directly to each membrane array the antibody specific against each other´s interaction partner, anti-FliC antibody to the DnaK SPOT membrane control (A) and anti-DnaK antibody to the FliC SPOT membrane control (B). After alkaline phosphate-mediated chromogenic reaction, the peptides displayed in the controls were ruled out as potential interacting peptides/domains.
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Figure S2. In silico modeling of DnaK – FliC complex. In the two boxes the best conformations, bringing the interacting peptides identified in this study (Table 2) in spatial proximity to the respective partner-protein, are visualized for the four detected  DnaK peptides in (A) and for all identified  FliC peptides in (B). In A and B, DnaK is shown in red and FliC in green, with the interacting peptide highlighted in magenta. The labels on top of each conformation are the peptide names as given in Table 2.
Figure S3
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 Figure S3. Entirety of AlphaFold v2 multimer Model generated structures. An AlphaFold multimer modeling [42] was performed where DnaK was folded against FliC, to obtain a protein complex prediction. The illustration shows all the 78 models generated with Alphafold multimer modelling, where the structures have been colored according to the per residue score pLDDT. To show the meaning of the colors, an according color bar is given on the top right. In all structures a deep Blue is observed, indicating that the best score of 100, seems to be dominating.

Figure S4
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Figure S4. Results of molecular dynamics simulation show stabilization of DnaK – FliC dimer. In this figure, different metrics for analyzing the performed molecular dynamics simulation are shown. In (A), the overall RMSD and radius of gyration are plotted over time. In (B), the contact count between the two proteins is shown over time with the two lines showing the absolute number of contacts between atoms of the initial Interface in gray while the total number of contact between both proteins is shown in orange as inter-chain contacts. The lower row gives a measure for the stabilization of the MD. In (C) a two dimensional histogram of RMSD vs Radius of Gyration is given and in (D), a scatter plot with the same data is presented where the color information shows the progressing simulation time.
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Figure S5. Molecular dynamics simulations of the DnaK-FliC interaction over time. Series of snapshots illustrating the time evolution towards a new conformation. The illustration visualizes the 3D conformation of the simulated protein-protein complex at five different times with the last being the state at 500ns, which is right after the change in most analyzed metrics here is observed. The protein conformation is respectively shown in a top and front view, i.e., the upper illustrations are rotated around the illustrated axis by 180°. FliC is showed in green and DnaK in red.
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Figure S6. Spatial proximity of peptides to protein in molecular dynamics simulation. The absolute number of contacts of the according peptides selected and labeled in the SPOT-membrane array (Table 2) is shown. FliC peptides interacting with DnaK are visualized over simulation time in (A) to (D). The number of contacts for almost all of the FliC peptides undergoes a substantial rise starting from around 400 ns (S4A-D) indicating multiple likely interactions. Nevertheless, certain peptides from FliC present more contacts at earlier time points. DnaK peptides H14 and H13, both present in the SBD and showed in (E) appear to present contacts after 400 ns. Thus, the peptides of DnaK belonging to the NBD, which were found by SPOT-membrane do not seem to participate in the produced trajectory over time. Nevertheless, the SPOT-membrane peptides that do interact seem to engage in the order indicated by the molecular dynamics analysis. The first FliC peptides to display contacts with the DnaK molecule during the course of the analysis appertain to the upper domains of FliC (D2/3), matching the events of Figure S4. Progressively, peptides of the D1 domain pop up before and precisely after 400 ns. In the last stages, peptides from the D0 domain of FliC and simultaneously those of the α-helical lid of the DnaK SBD present stabilizing contacts, indicating the events occurring at the latest time points of the calculated trajectory. 
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Figure S7. Localization of DnaK and FliC in Pseudomonas aeruginosa PA14 wild type detected by immunofluorescence microscopy.  (A). DnaK-FliC co-localization analysis after 4 h of cultivation, assessed by double immunofluorescence staining and confocal fluorescence imaging. The staining was performed after fixation and permeabilization. Firstly, FliC (in green) was labeled with a rabbit anti-FliC antibody and Alexa-Fluor 488 conjugated goat anti-rabbit antibody, then DnaK (in red) was labeled with a rabbit anti-DnaK antibody followed by Alexa-Fluor 568 conjugated goat anti-rabbit antibody. DnaK (in red) was detected in the bacterial cells and extracellularly, associated to the flagella (top). FliC (in green) was labeled only in the flagellum (center). The merge image (bottom) shows in yellow the co-localization of FliC and DnaK in the flagellum. (B) FliC was labeled with a rabbit anti-FliC antibody and Alexa-Fluor 488 conjugated goat anti-rabbit antibody (green). The light microscopy analysis of the immunofluorescence staining of FliC is showed in three panels. In the top image, the fluorescence labeled FliC is observed in the flagella.   The Differential Interference Contrast (DIC) image (center) shows the bacterial cells. The merged image (bottom) shows clearly that FliC is detected only in the flagella and that the bacterial cells lack fluorescence green labeling. Bars, 10 µm.  
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Figure S8. DnaK and FliC production in transposons mutants deficient in the type III-like export system. Single bacterial cell images were given in Figure 4B. All the variants of mutated flagella architectures showed lacked the flagellum filament (Figure 4A). The microscopic analysis of the DnaK and FliC localization was carried out in parallel samples to label only one protein in each sample. Characteristic of these mutants was the heterogeneity in the expression and localization of DnaK in the population. DnaK accumulated intracellularly in larger or smaller spots. The fliC::MAR2xT7 mutant displayed the lowest intracellular levels of DnaK protein. On the contrary, in the flgK::MAR2xT7 mutant, higher amounts of DnaK were observed intracellularly, concentrated in small spots distributed in the membrane area. The majority of the bacterial cells of the flgI::MAR2xT7 mutant that count only with the flagellar basal body part anchored in the inner membrane, seem to produce less DnaK that localized in the membrane area as the wild type. When an intracellular accumulation of DnaK was observed, this appeared also as spots. Inside the bacterial cells, FliC was absent in the fliC::MAR2xT7 mutant, almost no detectable in the flgK::MAR2xT7 mutant and only in some bacterial cells from the flgI::MAR2xT7 population was detected highly concentrated in spots. Bars, 5 µm.
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Figure S9. Electron microscopy analysis of ultrathin sections of whole bacterial cells and immunogold labeling reveals the intracellular localization of DnaK and FliC in Pseudomonas aeruginosa PA14 wild type and mutants deficient in the type III-like export. The DnaK and FliC intracellular accumulation was investigated in transposon mutants truncated in the Type III-like transport systems. The PA14 wild type showed the same pattern as presented in Figure 2B and C, DnaK was located mostly in the membrane area while only few gold particles were detected in the cytoplasm whereas FliC is rarely found inside the bacteria. The fliC::MAR2xT7 mutant, which lacks FliC-gold particles, revealed that the DnaK-gold particles were sparsely distributed all over the ultrathin section of the bacterial cell. In the flgK::MAR2xT7 mutant, DnaK was clearly distributed in the membrane area where three or four gold particles are seen repetitively together (insert), in correlation with the spot distribution observed in the immunofluorescence images (Figures 4B and S8).  In the immunogold labeling for electron microscopy analysis, the ultrathin sections were treated with anti-DnaK or anti-FliC IgG and bound antibodies were made visible after treatment with protein A/G-conjugated gold nanoparticles (PAG) of 15 nm size. Bars, 200 nm.
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Figure S10. Characterization of dnaK conditional mutant (dnaKKD) A) Western blot for detection of DnaK in whole cell extracts, B and C) FliC and DnaK localization. In (A) the DnaK protein (approximately 70 kDa) level in whole cells extracts of the wild type (upper panel) and after anti-sense-RNA-driven dnaK repression (lower panel) was measured over time by western-blot. DnaK protein levels were arrested in the knockdown strain after addition of IPTG inducer (marked with an asterisk). In (B and C) the DnaK (red) and FliC (green) production and localization in the wild type strain (B) and in the dnaKKD-repressed strain after 2.5 h of IPTG addition (C) was assessed by double immunofluorescence and confocal microscopy. In the dnaK knockdown mutant (C) the DnaK protein was almost absent associated to the flagella (top) and FliC protein was intracellularly retained to a larger extend. The double immunofluorescence staining was briefly described in  Figure S7. The DnaK and FliC labeling in the wild type strain after 4 h of cultivation, where the extracellular co-localization is evident, was showed in Figures 2 and S7.  Bar, 5 µm.  
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Figure S11. FReI measurements at pH 7 and 6 in the presence of DnaK, ATP and AMP-PNP. (A) Maximum change induced in the initial FRET ratio (D/A) (ΔD/AInitialmax) as well as associated rate constant (kobs) upon DnaK binding to SOD1bar-G41D in the presence or absence of ATP or AMP-PNP at both pH 7 and 6. (B) Variations brought up to the initial FRET signal of SOD1bar-G41D (ΔD/AInitial) by the presence of ATP or AMP-PNP 2 mM. (C)  Exemplary normalized FRET ratio as function of time curves reporting on thermal unfolding of SOD1bar-G41D in the absence and presence of DnaK 20 µM at the respective pHs as well as the corresponding steady-state unfolding amplitudes as a function of temperature. (D) Exemplary normalized FRET ratio as function of time curves reporting on thermal unfolding of SOD1bar-G41D in the presence of DnaK 20 µM with ATP and AMP-PNP 2 mM.

Figure S12
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Figure S12. The DnaK-DnaJ-ATP-GrpE cycle presents a stage where DnaK could interact with other proteins including FliC. In the presence of DnaJ, DnaK and ATP can bind polypeptides and enter a cycle where the energy of ATP is dissipated for discrimination between unfolded or misfolded proteins, against properly folded counterparts. In the latter case the binding is transient, and the unchanged protein is released in the environment. The complex follows a series of conformational changes where ATP is engaged into a sequence of events that allow its hydrolysis while a misfolded polypeptide is refolded. Release of the hydrolysis products, ADP and phosphate is triggered by binding of the GrpE factor that dissociates the complex resetting the process to its original state. K/J = DnaK-DnaJ associated. K = stand-alone DnaK. The window of opportunity during which DnaK can bind other proteins, including FliC, is labelled in orange (stand-alone DnaK).
Videos
S1 Video. Molecular dynamic simulation of DnaK-FliC interactions simulated for 1µs with GROMACS 2022 and the CHARMM36 force field. Front view. Surface displayed. FliC is shown in green, DnaK in red and the interacting peptides are displayed in magenta and light pink.
S2 Video. Molecular dynamic simulation of DnaK-FliC interactions simulated for 1µs with GROMACS 2022 and the CHARMM36 force field. Back view. Surface displayed. FliC is shown in green, DnaK in red and the interacting peptides are displayed in magenta and light pink.
S3 Video. Molecular dynamic simulation of DnaK-FliC interactions simulated for 1µs with GROMACS 2022 and the CHARMM36 force field. Front view. Peptide skeleton displayed. FliC is shown in green, DnaK in red and the interacting peptides are displayed in magenta and light pink.
S4 Video. Molecular dynamic simulation of DnaK-FliC interactions simulated for 1µs with GROMACS 2022 and the CHARMM36 force field. Back view. Peptide skeleton displayed. FliC is shown in green, DnaK in red and the interacting peptides are displayed in magenta and light pink.
Supplementary Tables
Table S1
Table S1. Primers, plasmids and strains used throughout this study.
	Primers
	Sequence (5´  3´)
	Source

	dnaKFw
	ATGGGCAAAATCATTGGCATCGAC
	ThermoFisher Scientific, Schwerte, Germany

	dnaKRv
	TTACTTGTTGTCCTTGACCTCTTCGAAC
	ThermoFisher Scientific, Schwerte, Germany

	fliCFw
	ATGGCCCTTACAGTCAACACGA
	ThermoFisher Scientific, Schwerte, Germany

	fliCRv
	TTAGCGCAGCAGGCTCAGGA
	ThermoFisher Scientific, Schwerte, Germany

	dnaKFw_BamHI
	TATTGGATCCATGGGCAAAATCATTGG
	ThermoFisher Scientific, Schwerte, Germany

	dnaKRv_XhoI
	TATTCTCGAGTTACTTGTTGTCCTTGAC
	ThermoFisher Scientific, Schwerte, Germany

	fliCFw_BamHI
	TATTGGATCCATGGCCCTTACAGTC
	ThermoFisher Scientific, Schwerte, Germany

	fliCRv_XhoI
	TATTCTCGAGTTAGCGCAGCAG
	ThermoFisher Scientific, Schwerte, Germany

	anti-dnaKFw_BamHI
	TTTTGGATCCAATTCGACGCGACGACCCCATCT
	ThermoFisher Scientific, Schwerte, Germany

	anti-dnaKRv_EcoRI
	TTTTGAATTCTTACTTGTTGTCCTTGACCTCTT
	ThermoFisher Scientific, Schwerte, Germany

	Plasmids
	Remarks
	Source

	pGEX-6P-1-dnaK
	ApR, plasmid for DnaK-GST tag production, IPTG-inducible, PreScission Protease
	Sigma-Aldrich, Munich, Germany

	pGEX-6P-1-fliC
	ApR, plasmid for FliC-GST tag production, IPTG-inducible, PreScission Protease
	Sigma-Aldrich, Munich, Germany

	pSEVA634
	GmR, Plasmid for overexpression in P. aeruginosa, IPTG-inducible
	(Martínez‐García & de Lorenzo, 2011)

	pSEVA634-antisense-dnaK
	GmR, vector promoting dnaK gene repression by RNA-interference upon IPTG addition
	This study

	Strains
	Relevant features
	Source

	E. coli
	
	

	BL21(λDE3)
	fhuA2 [lon] ompT gal (λ DE3) [dcm] ∆hsdS λ DE3 = λ sBamHIo ∆EcoRI-B int::(lacI::PlacUV5::T7 gene1) i21 ∆nin5
	(Füller et al, 2016)

	BL21(λDE3)-dnaK
	BL21(λDE3) strain harboring the pGEX-6P-1-dnaK plasmid
	This study

	BL21(λDE3)-fliC
	BL21(λDE3) strain harboring the pGEX-6P-1-fliC plasmid
	This study

	P. aeruginosa
	
	

	PA14
	Parental strain UCBPP-PA14
	(Rahme et al., 1995)

	PA14 fliC::MAR2xT7
	P. aeruginosa PA14 fliC transposon (MAR2xT7) mutant, unable to assemble flagellar filaments
	(Liberati et al, 2006)

	PA14 flgI::MAR2xT7
	P. aeruginosa PA14 flgI transposon (MAR2xT7) mutant, unable to assemble the P-ring of the flagellum apparatus
	(Liberati et al., 2006)

	PA14 flgK::MAR2xT7
	P. aeruginosa PA14 flgK transposon (MAR2xT7) mutant, unable to assemble the junction of the hook of the flagellum apparatus
	(Liberati et al., 2006)

	PA14dnaKKD
	P. aeruginosa PA14 dnaK knockdown conditional mutant. dnaK gene repression is promoted upon IPTG addition
	This study


ApR = Ampicillin resistance; Tn = transposon. BamHI, EcoRI and XhoI restriction sites are underlined.


Table S2. Peptides identified by Spot membrane array and their intensities (complete list).
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Table S3. Determined thermodynamic and kinetic parameters (mean ± sd) for SOD1bar-G41D alone or incubated with DnaK 20 µM and ATP/AMP-PNP 2 mM. No dependency on the incubation time with the chaperone was observed for all these parameters.
	
	
	Tm [K]
	 [K kJ-1 mol-1]
	ΔGf0’ (310.15 K) [kJ mol-1]
	kf (310 K) [s-1]

	SOD1bar-G41D (S)
	


pH 7
	318.6 ± 1.0
	0.39 ± 0.03
	-3.3 ± 0.1
	0.07 ± 0.01

	S + DnaK 20 µM
	
	308.1 ± 0.1
	0.45 ± 0.04
	0.9 ± 0.1
	0.03 ± 0.001

	S + DnaK 20 µM + ATP 2mM
	
	307.9 ± 1.0
	0.44 ± 0.03
	1.0 ± 0.4
	0.02 ± 0.002

	S + DnaK 20 µM + AMP-PNP 2mM
	
	307.0 ± 0.7
	0.43 ± 0.03
	1.4 ± 0.3
	0.02 ± 0.003

	S + ATP 2mM
	
	315.0 ± 2.5
	0.43 ± 0.06
	-2.0 ± 0.9
	0.06 ± 0.01

	S + AMP-PNP 2mM
	
	314.6 ± 1.3
	0.36 ± 0.01
	-1.6 ± 0.4
	0.06 ± 0.01

	S
	

pH 6
	313.3 ± 2.0
	0.27 ± 0.06
	-0.8 ± 0.5
	0.05 ± 0.005

	S + DnaK 20 µM
	
	300.9 ± 0.9
	0.33 ± 0.02
	3.1 ± 0.1
	0.02 ± 0.002

	S + ATP 2mM
	
	303.1 ± 0.1
	0.58 ± 0.02
	4.1 ± 0.2
	

	S + AMP-PNP 2mM
	
	306.5 ± 0.6
	0.41 ± 0.08
	1.5 ± 0.4
	



Table S4. Fitted parameters of ΔD/AInitial as a function of time plots for SOD1bar-G41D when incubated with DnaK with and without ATP or AMP-PNP. Parameters shown resulted from fitted curves using equation 2 (k = kobs and A = ΔD/AInitialMAX). Apart from the poorly fitted linear regressions for ATP and AMP-PNP 2 mM at pH 7 and pH 6, all the adjusted-r2 were ≥0.97.
	
	pH 7
	pH 6

	
	DnaK 20 µM
	DnaK 20 µM +ATP 2 mM
	DnaK 20 µM +AMP-PNP 2 mM
	DnaK 20 µM
	DnaK 20 µM +ATP 2 mM
	DnaK 20 µM +AMP-PNP 2 mM

	kobs (min-1)
	0.07 ± 0.02

	0.06 ± 0.01
	0.04 ± 0.01
	0.04 ± 0.01
	0.15 ± 0.01
	0.09 ± 0.01

	  ΔD/AInitialMAX
	2.3 ± 0.3
	2.7 ± 0.1
	3.1 ± 0.5
	4.5 ± 1.2
	2.7 ± 0.03
	2.6 ± 0.1
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Peptide Nr. Peptide sequence Intensity Domain

B18 TRISDTTTFGGRKLL  5,065D1

A16 AGLQISNRLSNQISG  4,172D1

E22 TGYVQLNSPTAYSVS  3,554D2

C20 VGGGQVKNIAIAAGD  3,05D3

E21 TVVTGYVQLNSPTAY  2,873D2

D20 LADQLNSNSSKLGIT  2,854D2

A9 LNTSLQRLTTGYRIN  2,506D0

A10 SLQRLTTGYRINSAK  2,396D0

E20 ATTTVVTGYVQLNSP  2,363D2

F19 QRADLGAVQNRFKNT  2,339D1

F22 NRFKNTIDNLTNISE  2,302D1

D5 IPNLSARARTVFTAD  2,222D3

G13 QQAGTAILAQANQLP  1,627

B20 TTFGGRKLLDGSFGT  1,583

C22 KNIAIAAGDSAKAIA  1,562

E19 GTAATTTVVTGYVQL  1,528

G15 ILAQANQLPQAVLSL  1,519

D21 QLNSNSSKLGITASI  1,454

A17 QISNRLSNQISGLNV  1,414

G16 AQANQLPQAVLSLLR  1,152

G14 GTAILAQANQLPQAV  0,996

C19 VNLVGGGQVKNIAIA  0,985

C18 SGTVNLVGGGQVKNI  0,958

C21 GQVKNIAIAAGDSAK  0,918

D23 SKLGITASINDKGVL  0,875

E15 KFEAAAKNVVAAGTA  0,732

B22 KLLDGSFGTTSFQVG  0,704

A2 TVNTNIASLNTQRNL  0,678

A18 NRLSNQISGLNVATR  0,581

E16 AAAKNVVAAGTAATT  0,467

D24 GITASINDKGVLTIT  0,455

E14 SDGKFEAAAKNVVAA  0,391

A11 RLTTGYRINSAKDDA  0,309

C12 GAGTVASVAGTATAS  0,121
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Peptide Nr. Peptide sequence Intensity Domain

H14 QGDALVHATRKMITE  3,336

SBD

E18 IHEVILVGGQTRMPL  2,234

NBD (ATPase)

H13 ARNQGDALVHATRKM  2,225

SBD

E20 VGGQTRMPLVQKTVA  2,224

NBD (ATPase)

E22 MPLVQKTVAEFFGKE  1,838

D14 INLKGDPLAMQRLKE  1,399

C21 TFDVSVIEIAEVDGE  1,254

C6 TKDAGRIAGLDVKRI  1,137

A16 TNDGETLVGQPAKRQ  0,842
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