
HAL Id: pasteur-03932612
https://hal.science/pasteur-03932612v1

Preprint submitted on 6 Oct 2022 (v1), last revised 10 Jan 2023 (v2)

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License

Structure and dynamic association of an assembly
platform subcomplex of the bacterial type II secretion

system
Régine Dazzoni, Yuanyuan Li, Aracelys López-Castilla, Sébastien Brier, Ariel
Mechaly, Florence Cordier, Ahmed Haouz, Michael Nilges, Olivera Francetic,

Benjamin Bardiaux, et al.

To cite this version:
Régine Dazzoni, Yuanyuan Li, Aracelys López-Castilla, Sébastien Brier, Ariel Mechaly, et al.. Struc-
ture and dynamic association of an assembly platform subcomplex of the bacterial type II secretion
system. 2022. �pasteur-03932612v1�

https://hal.science/pasteur-03932612v1
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr


 1 

Structure and dynamic association of an assembly platform subcomplex of 1 
the bacterial type II secretion system 2 

 3 
 4 

Régine Dazzoni1, Yuanyuan Li2, Aracelys López-Castilla1, Sébastien Brier3, Ariel Mechaly4, Florence Cordier1,3, 5 
Ahmed Haouz4, Michael Nilges1, Olivera Francetic2, Benjamin Bardiaux1*, Nadia Izadi-Pruneyre1*  6 
 7 
1 Institut Pasteur, Université Paris Cité, CNRS UMR3528, Structural Bioinformatics Unit, F-75015 Paris, France  8 
2 Institut Pasteur, Université Paris Cité, CNRS UMR3528, Biochemistry of Macromolecular Interactions Unit, F-9 
75015 Paris, France  10 
3 Institut Pasteur, Université Paris Cité, CNRS UMR3528, Biological NMR and HDX-MS Technological 11 
Platform, F-75015 Paris, France  12 
4 Institut Pasteur, Université Paris Cité, CNRS UMR3528, Crystallography Platform, F-75015 Paris, France  13 

* corresponding author: benjamin.bardiaux@pasteur.fr, nadia.izadi@pasteur.fr 14 

Keywords: Type II Secretion System, Assembly platform, NMR, X-ray crystallography, 15 

protein-protein interaction, Ferredoxin-like domain. 16 

 17 

Abstract  18 
 19 

Type II secretion systems (T2SS) allow diderm bacteria to secrete hydrolytic enzymes, adhesins 20 

or toxins important for growth and virulence. In T2SS, secretion of folded proteins from the 21 

periplasm to the cell surface requires assembly of periplasmic filaments called pseudopili. Like 22 

the related type IV pili, pseudopili are polymerized in the inner membrane through addition of 23 

subunits at the filament base, mediated by the essential assembly platform (AP). To understand 24 

the structure and molecular role of the AP, we focused on its components PulL and PulM from 25 

the Klebsiella oxytoca T2SS. By combining biophysical methods, NMR and X-ray 26 

crystallography we studied the structure and associations of their periplasmic domains. We 27 

describe the first structure of the heterodimer complex formed by the PulL and PulM 28 

ferredoxin-like domains and show how their structural complementarity and plasticity favor 29 

their association during the secretion process. Cysteine scanning and cross-linking of 30 

transmembrane segments provided additional constraints to build a structural model of the 31 

PulL–PulM complex and assembly in the cellular context. Together with the relative abundance 32 

of PulL, PulM and their partners our findings suggest a model of the AP as a dynamic hub that 33 

orchestrates pseudopilus polymerization.  34 

 35 

 36 

 37 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 16, 2022. ; https://doi.org/10.1101/2022.07.16.500195doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.16.500195
http://creativecommons.org/licenses/by-nc-nd/4.0/


 2 

 38 

 39 

Introduction 40 
 41 

Gram-negative bacteria have developed multiple protein secretion systems that are 42 

important for their survival and pathogenesis (Maffei et al., 2017). Among these, the type II 43 

secretion system (T2SS), discovered in the late 1980s (d'Enfert et al., 1987), is one of the most 44 

widespread and relevant from biomedical and environmental standpoints. It allows the 45 

bacterium to secrete fully folded proteins with a wide range of functions – toxins, adhesins, 46 

cytochromes and hydrolytic enzymes (Cianciotto and White, 2017).  47 

The T2SS is a transmembrane nano-machine composed of twelve to fourteen proteins 48 

designated here using the Gsp (General secretory pathway) nomenclature (Pugsley, 1993). It is 49 

organized into four sub-complexes (reviewed in (Naskar et al., 2021)): (1) an outer membrane 50 

secretin channel (GspD); (2) a periplasmic pseudopilus filament composed of a non-covalent 51 

polymer of major pseudopilin GspG and minor pseudopilins GspH, I, J, K; (3) an assembly 52 

platform (AP) composed of GspL, M, C and F (Py et al., 2001) ; and (4) a cytosolic ATPase 53 

GspE. This system has a common evolutionary origin (Hobbs and Mattick, 1993, Peabody et 54 

al., 2003, Denise et al., 2019) and shares a similar architecture with type IV pili (T4P) and 55 

archaeal flagella and pili, together forming the superfamily of type IV filament assembly 56 

systems (Berry and Pelicic, 2015). 57 

Although the general architecture of the T2SS has been extensively investigated, the 58 

biogenesis of this nanomachine and the secretion mechanism are still largely unknown. It is 59 

assumed that the substrate secretion is coupled with the polymerization of the pseudopilus in 60 

the periplasm, which is driven by the assembly platform (AP) complex. However, how 61 

pseudopili are assembled and how they drive secretion remains elusive. Information on the 62 

interaction mode of AP components and their structure is essential to understand these 63 

mechanisms.  64 

Here we focused on two essential AP components GspL and GspM from Klebsiella 65 

oxytoca T2SS called respectively PulL and PulM, with reference to the lipoprotein pullulanase 66 

(PulA), the only identified exoprotein secreted by this system. This enzyme degrades branched 67 

maltotriose polymers, allowing them to be taken up and used as nutrient (d'Enfert et al., 1987). 68 

GspL and GspM have similar domain organization suggesting a common evolutionary origin. 69 

Both are predicted to insert in the inner membrane via a single hydrophobic helix that is 70 

followed by a periplasmic a-helical region and a C-terminal globular domain. X-ray 71 
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crystallography has provided structural information for the periplasmic domains of GspM 72 

(Abendroth et al., 2005) and GspL (Abendroth et al., 2009, Fulara et al., 2018). In addition, 73 

GspL has an N-terminal cytoplasmic domain, which forms a stable complex with the ATPase 74 

GspE, as demonstrated in the Vibrio cholerae T2SS (Abendroth et al., 2005). This interaction 75 

anchors the GspE hexamer to the cytoplasmic base of the AP complex. In vivo, GspM forms a 76 

complex with GspL, protecting it from degradation, as shown in V. cholerae (Sandkvist et al., 77 

1999). Deleting pulM gene in K. oxytoca also leads to degradation of PulL, which is in turn 78 

required for the stability of the ATPase PulE (Possot et al., 2000). An electron-microscopy 79 

study of a purified T2SS subcomplex from K. pneumoniae suggested a C6 symmetry of the 80 

GspE-GspL-GspM complex (Chernyatina and Low, 2019). However, neither that study, nor the 81 

in situ analysis of the Legionella pneumophila T2SS by cryo-tomography (Ghosal et al., 2019) 82 

were able to provide a clear view of the L and M complex architecture.  83 

Here we studied the structure and the assembly of PulL and PulM by focusing first on 84 

their periplasmic globular C-terminal domains (CTD). Due to their dynamics, their structural 85 

study was only possible by an integrative approach. By combining native mass spectrometry, 86 

NMR and X-ray crystallography we showed that while each protein alone is a homodimer in 87 

solution, it forms a heterodimer in the presence of its partner. Interestingly, the presence of the 88 

partner drives the exchange of homodimer interfaces toward the formation of the heterodimer, 89 

showing their structural complementarity and plasticity. To our knowledge, this is the first 90 

reported high-resolution structure of a heterodimer complex of the AP components. To reach a 91 

comprehensive view of PulL-PulM assembly in the cellular and membrane context, we used 92 

bacterial two-hybrid (BACTH), cysteine crosslinking and in vivo functional assays. Together 93 

our structural and functional data allow us to propose a model of the dynamic association of 94 

AP proteins and of the way it drives the pseudopilus formation during the protein secretion 95 

processes. 96 

 97 

Results 98 
 99 

Previous studies report evidence for a direct interaction between the AP components 100 

PulL and PulM in K. oxytoca (Possot et al., 2000, Nivaskumar et al., 2016). In the Dickeya 101 

dadantii T2SS, bacterial two-hybrid and cysteine crosslinking assays suggested the formation 102 

of a complex between GspL and GspM periplasmic C-terminal domains (Lallemand et al., 103 

2013). However, their assembly mode is still not understood at the molecular and atomic levels. 104 

Here, to study their structure and interaction, we produced and purified the predicted globular 105 
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C-terminal domains of PulL (PulLCTD, residues 312-398) and PulM (PulMCTD, residues 79-106 

161).  107 

 108 

PulLCTD structure  109 

First by NMR and analytical ultracentrifugation (AUC), we determined the 110 

oligomerization state of PulLCTD at concentrations ranging from 10 to 300 µM (Figure S1 and 111 

Supplementary Material). PulLCTD exists in monomer-dimer equilibrium depending on the 112 

protein concentration. At the concentration used for NMR experiments (300-400 µM), it is 113 

mainly in dimeric form. Its 1H-15N HSQC spectrum was used for an initial structural analysis. 114 

In this spectrum, each signal arises from the backbone amide group of one residue. The number 115 

of observed signals in the 1H-15N HSQC spectrum of PulLCTD (82) is consistent with the number 116 

of its backbone amide groups (83), and thus with a symmetrical homodimer (Figure 1A). To 117 

solve the structure of the PulLCTD dimeric form, we first determined the structure of its monomer 118 

by NMR. An ensemble of 15 monomeric structures was calculated based on chemical shift 119 

assignments obtained previously (Dazzoni et al., 2021) and NOESY experiments by using the 120 

program ARIA (Allain et al., 2020) as detailed in Materials and Methods. The ensemble of 121 

PulLCTD monomer structures (Figure 1B) was calculated with 996 restraints, and presents a 122 

backbone RMSD of 0.6 Å for its ordered part (Table S1). PulLCTD displays a ferredoxin-like 123 

fold with 2 helices, a1 (from S319 to D332) and a2 (from S359 to R372), and an anti-parallel 124 

b-sheet formed by 4 b-strands, b1 (from I336 to D344), b2 (from N348 to A356), b3 (from 125 

F373 to Q376) and b4 (from I387 to G395) (Figure 1B). 126 

To determine the structure of the dimeric form, 13C/15N edited-filtered NOESY 127 

experiments were performed to collect intermolecular distance restraints between two 128 

protomers of PulLCTD. Unfortunately, no intermolecular cross-peaks could be observed in these 129 

experiments. The absence of signal in such spectra can be due to conformational exchange of 130 

the corresponding residues at the µs-ms NMR time scale. Dynamics at this timescale has been 131 

already suspected in the 1H-15N HSQC spectrum for several residues displaying lower peak 132 

intensity leading to weak or missing peaks in 3D NMR experiments (Dazzoni et al., 2021). 133 

When mapping the NMR signal intensity on the PulLCTD monomer structure (Figure 1C), it 134 

appears that these residues are mostly located on the same face of the molecule (a1, b1 and b2) 135 

suggesting conformational exchange of these residues between monomeric and dimeric forms.  136 

 137 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 16, 2022. ; https://doi.org/10.1101/2022.07.16.500195doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.16.500195
http://creativecommons.org/licenses/by-nc-nd/4.0/


 5 

   138 

Figure 1. PulLCTD homodimer structure. A. 1H-15N HSQC NMR spectrum of PulLCTD (400 µM 139 

in 50 mM HEPES buffer pH 6.5, 50 mM NaCl). Backbone resonance assignments are indicated 140 

in one-letter amino acid code and side chain NH2 peaks of Asn (N) and Gln (Q) are connected 141 

by horizontal lines. B. NMR structure ensemble of PulLCTD exhibiting a ferredoxin-like fold 142 

(a1-b1-b2-a2-b3-b4; a-helix in red, b-sheet in yellow, loops and turns in green). C. Cartoon 143 

representation of the lowest-energy NMR structure of the PulLCTD monomer. The intensity of 144 

the 1H-15N HSQC signals of PulLCTD are reported with a specific colour code on the structure 145 

from blue to red for decaying peak intensity, outlining the likely homodimeric interface. D. 146 

Superposition of the PulLCTD NMR structure (coloured as in C) and the dimer structure of 147 

PulLCTD obtained by X-ray crystallography in grey (PDB ID: 8A9W). The twofold symmetry 148 

axis is shown as a black ellipse. E. Representation of the B-factor per residues of PulLCTD in 149 

the X-ray crystallography dimer structure, from blue to red for increasing B-factor. F. 1H–15N 150 
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 6 

heteronuclear NOE values along the sequence of PulLCTD. The red box indicates the lower 151 

values corresponding to the most dynamic region (ps-ns time scale), located on the b3-b4 loop 152 

shown in red in the cartoon model.  153 

 154 

Without any inter-protomer distance restraints, it was not possible to determine the 155 

structure of the dimeric form by NMR; we thus used X-ray crystallography and solved the 156 

structure of PulLCTD at 1.8 Å resolution. The summary of data collection and refinement 157 

statistics is shown in Table S2. The structure of PulLCTD exhibits a nearly identical ferredoxin-158 

like fold (a1-b1-b2-a2-b3-b4) as observed in the NMR structure (Figure 1D). However, the 159 

b3 strand (residues F373-Q376) is not fully formed in the X-ray structure. As shown in Figure 160 

1E, higher B-factor values are observed in this region compared to the rest of the protein, 161 

reflecting a disordered b-strand. Consistently, higher flexibility on the ps-ns time scale in this 162 

strand is evidenced by the lower 1H–15N heteronuclear NOE values (Figure 1F).  163 

Only one possible dimer interface with a C2 symmetry was found, across two 164 

asymmetric units in the crystal lattice and with a buried surface area of 526 Å2. This dimeric 165 

interface occurs between the a1 helix and the b1 strand oriented in an anti-parallel fashion 166 

(Figure 1D). Although the interaction surface is quite large relative to the size of the domain, 167 

only 6 hydrogen bonds are observed at the dimerization interface: one between A345 and R339 168 

of b1 and b1’; and two between F343 and L341 in both protomers (see also Figure 6G below). 169 

There are also a few interactions involving a1 helices, notably hydrophobic contacts between 170 

the I320 side-chains of each protomer. This small number of interprotein contacts explains the 171 

short-lived assemblies (Janin et al., 2007) and the monomer/dimer exchange of PulLCTD in 172 

solution observed by NMR and AUC.  173 

 174 

PulMCTD structure  175 

PulMCTD behaves as a stable dimer in solution at low and high concentrations (Figure 176 

S1 and Supplementary Material). To determine its structure, we performed NMR experiments 177 

and crystallization trials in parallel. We obtained crystals in two days, with an asymmetric unit 178 

containing seven virtually identical PulMCTDs (average RMSD 0.28 Å for Ca atoms). The final 179 

structure was refined at 1.5 Å of resolution (Figure 2A, B). The summary of data collection and 180 

refinement statistics is shown in Table S2. The structure of the PulMCTD protomer exhibits a 181 

ferredoxin-like fold (a1-b1-b2-a2-b3-b4). The first helix a1 extends from P82 to H93, 182 
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 7 

followed by b1 from V98 to Q103, b2 from R106 to V111, the a2 helix from F116 to A129, 183 

b3 from A134 to A140 and b4 from V148 to E156. 184 

Across the crystal symmetry, two dimer topologies of PulMCTD were found, named form 185 

A and form B. Form A was represented by four virtually superimposable anti-parallel dimers 186 

(average RMSD= 0.7 Å), with an interface involving a2-b3 regions (Figure 2A). Form B was 187 

represented by a single parallel homodimer with the a1-b1 interface (Figure 2B).  188 

These alternative dimeric forms A and B have, respectively, a buried surface area of 189 

643.7 Å2 and 462.9 Å2 across the dimerization interface, as calculated by using the PISA server 190 

(Krissinel and Henrick, 2007). The difference in buried interface is small, but significant 191 

considering the small size of the domain with a total surface area of 4,500 Å2. The A form is 192 

thus more favorable from a structural aspect, considering its larger buried interface and the fact 193 

that it is also the most abundant form in the crystal (80%). 194 

 195 

 196 
Figure 2: PulMCTD homodimer structure. A. Main topology (form A) found in the PulMCTD 197 

crystal. The four homodimers observed in the asymmetric unit are superimposed. B. Minor 198 
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topology (form B) found in the PulMCTD crystal, represented by a single homodimer. The 199 

vertical lines indicate the twofold symmetry axis. C. 1H-15N HSQC NMR spectrum of PulMCTD 200 

in 50 mM HEPES pH 7.0, 50 mM NaCl. Backbone resonance assignments are indicated in one-201 

letter amino acid code. Side chain NH2 signals of Asn (N) and Gln (Q) are connected by 202 

horizontal lines. D. NMR structure ensemble of the PulMCTD homodimer. Helices are coloured 203 

in red, b-strands in yellow and turns/loops in green.  204 

 205 

Crystal packing can favor either form, therefore we used NMR spectroscopy to 206 

determine which dimeric form of PulMCTD exists in solution. We first determined the structure 207 

of PulMCTD in its monomeric form and then collected intermolecular cross-peaks by using 13C- 208 

and 15N- filtered NOESY experiments to determine the dimer structure. A total of 1623 209 

intramolecular and 25 intermolecular restraints were used to calculate the structure of PulMCTD 210 

dimer with a backbone RMSD of 0.69 Å for the 15 lowest energy structures (Figure 2D and 211 

Table S3). The PulMCTD monomer structure exhibits a ferredoxin-like fold (a1-b1-b2-a2-b3-212 

b4). The a1 helix comprising residues T84 to H93, is followed by b1 strand from V98 to Q101 213 

and b2 strand from L107 to V111, the second helix a2 from F116 to A129, b3 stand from M131 214 

to A140 and strand b4 from V148 to R157. In the solution structure, the dimer interface occurs 215 

between the a2 helix and the b3 strand of the two protomers, oriented in an antiparallel fashion 216 

(Figure 2D). This dimer in solution is therefore similar to the form A obtained by X-ray 217 

crystallography (RMSD of backbone atoms 1.6 Å between the PulMCTD NMR dimer structure 218 

and the crystallographic form A). While the monomers show an almost identical structure 219 

(backbone RMSD of 1.1 Å for secondary structure elements), the most noticeable difference 220 

between the NMR and X-ray crystallographic structures of the PulMCTD dimer is a slight 221 

displacement of the a2 helices, 2.3	Å  on average along the helix axis (Figure S2).  222 

Although the dimerization interface and the inter-protomer interactions are similar in 223 

both NMR and X-ray structures, the number of hydrogen bonds between the monomers in the 224 

b3/b3’ anti-parallel b sheet is different: 7 in the X-ray structure versus 6 in the NMR structure 225 

ensemble. Six of them are between the two b3 strands and involve the residues L136-V138 and 226 

A140-A134. In the X-ray structure an additional hydrogen bond links the a2 residues Q117 227 

and D124 of each monomer. In addition, a series of hydrophobic contacts between F116, M120, 228 

L123, L136, and V138 contribute to the stabilization of the a2-b3 interface as observed in both 229 

NMR and X-ray structures (see also Figure 6B below).  230 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 16, 2022. ; https://doi.org/10.1101/2022.07.16.500195doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.16.500195
http://creativecommons.org/licenses/by-nc-nd/4.0/


 9 

In T4P assembly systems, the CTD of the PulM orthologue PilO also forms homodimers  231 

but with β-sheets facing the opposite sides in the two protomers (Sampaleanu et al., 2009, 232 

Leighton et al., 2016, 2018). 233 

 234 

PulLCTD-PulMCTD interaction  235 

To gain insight into the PulLCTD-PulMCTD assembly and mode of interaction, we 236 

analysed their interaction by NMR. The 1H-15N HSQC spectra were recorded for the mixtures 237 

of a labelled protein and its unlabelled partner. Spectral variations in the presence of a partner 238 

is a strong indicator of an interaction. The titration experiments of each protein with its 239 

unlabelled partner up to three-fold molar ratio, indicated a stoichiometry of 1 PulLCTD for 1 240 

PullMCTD (Figure S1B). The rotational correlation time tc for the PulLCTD-PulMCTD complex 241 

(between 10.4 and 10.8 ns) was also consistent with a 1:1 stoichiometry as a heterodimer 242 

(Figure S1A). For a more accurate characterization of the oligomeric state, we employed native 243 

mass spectrometry approach. Both PulLCTD (Figure 3A) and PulMCTD (Figure 3B) are present 244 

as homodimers in accordance with their expected molecular weight (expected/measured MW: 245 

19 069.48 Da/19 069.15 Da for PulLCTD; 17 861.42 Da/17 861.87 Da for PulMCTD). The mass 246 

spectrum of an equimolar mixture of PulLCTD and PulMCTD showed the presence of an 247 

additional species with a well-resolved charge state series, from +7 (m/z 2638.9) to +9 (m/z 248 

2052.7) (Figure 3C). The measured molecular weight (18 465.63 Da) fits perfectly with the 249 

expected mass of the PulLCTD-PulMCTD heterodimer (18 465.95 Da). The presence of both 250 

homo- and heterodimeric species in the mixture can be due to molecular exchange between 251 

these two conformations at this concentration. No higher oligomeric states were detected, 252 

confirming that PulLCTD and PulMCTD form heterodimers under our experimental conditions. 253 

 254 
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 255 
 256 

Figure 3. Oligomeric state of the PulLCTD-PulMCTD complex. Native mass spectra of PulLCTD 257 

(A) and PulMCTD (B) alone and in an equimolar mixture of PulLCTD and PulMCTD (C). From 258 

mass spectra we observe m/z corresponding to the presence of monomeric, homodimeric and 259 

heterodimeric species (annotated in grey for PulLCTD and in red for PulMCTD). Charge states 260 

are indicated for all species. 261 

 262 

To further understand the PulLCTD-PulMCTD interaction mode, we solved the crystal 263 

structure of the PulLCTD-PulMCTD complex. A summary of the crystallographic parameters and 264 

data, as well as refinement statistics, are shown in Table S2. The asymmetric unit contains three 265 

PulMCTD and one PulLCTD molecules, organized in an arc-like arrangement, named: 266 

𝑃𝑢𝑙𝑀!"#
$ /𝑃𝑢𝑙𝑀!"#

% /𝑃𝑢𝑙𝐿!"#& /𝑃𝑢𝑙𝑀!"#
'  (Figure 4). PISA analysis of molecular interfaces found 267 

within the crystal revealed two main interacting surfaces within the asymmetric unit, and a 268 
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smaller one (interface area < 500	Å) between 𝑃𝑢𝑙𝑀!"#
$  and 𝑃𝑢𝑙𝑀!"#

% . This PulMCTD 269 

homodimer corresponds to the minor B form that was also observed in the crystal of PulMCTD. 270 

Another interaction occurs between two molecules of PulMCTD (𝑃𝑢𝑙𝑀!"#
$( -𝑃𝑢𝑙𝑀!"#

$ ) from two 271 

neighboring asymmetric units, exhibiting a buried interface of 601.6 Å2. This homodimer is 272 

equivalent to the one observed by NMR and in the crystallographic form A of PulMCTD. 273 

 274 

 275 
 276 

Figure 4. PulLCTD-PulMCTD complex structure determined by X-ray crystallography. Top: the 277 

asymmetric unit composed of: 𝑃𝑢𝑙𝑀!"#
$ /𝑃𝑢𝑙𝑀!"#

% /𝑃𝑢𝑙𝐿!"#& /𝑃𝑢𝑙𝑀!"#
' . Bottom: Different 278 

homo/heterodimeric forms found in the asymmetric unit and crystal lattice. The different 279 

PulMCTD subunits are colored in shades of red and PulLCTD in grey. 280 

 281 

𝑃𝑢𝑙𝐿!"#&  shares two different interfaces with either 𝑃𝑢𝑙𝑀!"#
%  or 𝑃𝑢𝑙𝑀!"#

'  subunits in 282 

the asymmetric unit with buried interfaces of 639 Å2 and 544 Å2, respectively. As the difference 283 

is small, we used two additional methods to score their interfaces i.e. Prodigy-Crystal (Jiménez-284 

García et al., 2019) and ClusPro-DC (Yueh et al., 2017) which allowed us to conclude that the 285 

𝑃𝑢𝑙𝐿!"#& -𝑃𝑢𝑙𝑀!"#
'  heterodimer is more likely to represent a biologically relevant arrangement 286 

(Table S4).  287 

To complete the analysis of PulLCTD-PulMCTD interaction in solution, we compared 1H-288 
15N HSQC spectra of the 15N-PulMCTD and 15N-PulLCTD each alone and in the presence of its 289 

unlabeled partner (Figure 5A, B) and measured the corresponding chemical shift perturbation 290 

(CSP) of backbone amide signals. For PulLCTD, positions displaying the highest CSPs (>1.5s 291 

Form A

Form B
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above the mean CSP) were residues L319, I320, S321 and L326 of the a1 helix; the b-sheet 292 

was also affected, namely the b1-b2 strands (from R337 to A356) and the middle of b4 at the 293 

C-terminus (from L391 to G395) (Figure 5C, E). On PulMCTD, the highest CSPs (>1.5s) are 294 

observed within the a2 helix (from Q117 to Q128), the b3 strand (from G130 to V138) and the 295 

loop connecting  b3 to b4 (V141 to V148). As observed in Figure 5E and F, the majority of the 296 

highest CSPs for both proteins are located at their respective homodimerization interface. This 297 

suggests that the PulLCTD-PulMCTD complex has a single binding interface and can form only 298 

binary complexes, which is consistent with the mass spectrometry data. This interface of 299 

dimerization in solution corresponds to the 𝑃𝑢𝑙𝐿!"#& -𝑃𝑢𝑙𝑀!"#
'  that we identified as the most 300 

relevant one in the PulLCTD-PulMCTD crystal structure.  301 

We could not determine the structure of PulLCTD-PulMCTD complex by NMR, since no 302 

signal corresponding to intermolecular NOE could be observed, although various conditions 303 

were tested (temperature, magnetic fields and pulse sequences). The absence of intermolecular 304 

NOEs is most likely due to the dynamics of the heterodimer interface at the µs-ms time scale. 305 

Therefore, we used the CSPs to guide modelling of the complex with the HADDOCK docking 306 

program (van Zundert et al., 2016, Honorato et al., 2021). The CSP analysis was complemented 307 

by residue co-evolution predicted by EVcoupling (Hopf et al., 2014) highlighting two 308 

compatible pairs of co-evolving residues across the PulLCTD-PulMCTD interface (𝑃𝑢𝑙𝐿!"#)&%&-309 

𝑃𝑢𝑙𝑀!"#
*$%+), and (𝑃𝑢𝑙𝐿!"#,&'%-𝑃𝑢𝑙𝑀!"#

-$&.). We used CSP as ambiguous restraints and co-evolution 310 

data as unambiguous restraints to generate the heterodimeric PulLCTD-PulMCTD complex model. 311 

All 176 obtained models exhibit the same topology and the same assembly mode. In the best 312 

representative cluster with an ensemble of 53 models and a RMSD of 1.2 ± 0.9 Å, the interaction 313 

occurs between the respective homodimer interface (𝑃𝑢𝑙𝐿!"#
a$/b$-𝑃𝑢𝑙𝑀!"#

a%/b&) of each protein 314 

and the subunits are oriented in a parallel fashion (Figure 5G). The same orientation was seen 315 

in the heterodimer (𝑃𝑢𝑙𝐿!"#& -𝑃𝑢𝑙𝑀!"#
' ) found in the crystal lattice and exhibiting the largest 316 

buried surface area, with a parallel orientation of protein subunits.  317 

 318 
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 319 
Figure 5. NMR analysis of PulLCTD-PulMCTD interface. A. Overlay of 1H-15N HSQC spectra 320 

of PulLCTD in the absence (grey) and presence (red) of unlabeled PulMCTD. B. Overlay of 1H-321 
15N HSQC spectra of PulMCTD in absence (grey) and presence (red) of unlabeled PulLCTD. C. 322 

Chemical shift perturbation (CSP) of PulLCTD backbone amide signals as a function of residue 323 

number. The grey lines indicate CSP value higher than 3 or 1.5 standard deviations (s) from 324 

the mean CSP. D. CSP of PulMCTD backbone amide signals as a function of residue numbers. 325 

The grey lines indicate CSP value higher than 3s or 1.5s from the mean CSP. E. CSP values 326 

reported on the NMR structure of PulLCTD. In black, CSP higher than 3s; in blue CSP between 327 

1.5 and 3s. F. CSP values reported on the NMR structure of PulMCTD. Same color code as in 328 

E. G. Model of the PulLCTD-PulMCTD complex generated with the docking program HADDOCK 329 

and using CSP as restraints. 330 

 331 

Interestingly, the same structural elements and the same residues are involved in the 332 

homodimer or heterodimer interfaces either through hydrophobic contacts (Figure 6A-D) or 333 
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hydrogen bonds (Figure 6E-H). While PulM b3 and PulL b1	are each involved in an antiparallel 334 

b	sheet formation within the homodimers (Figure 6E-G),	they are hydrogen bonded together to 335 

form the heterodimer interface (Figure 6H). Additional hydrogen bonds involving 336 

𝑃𝑢𝑙𝑀!"#
0$'$,2$'3,4$''-𝑃𝑢𝑙𝐿!"#5&&. (in blue in Figure 6H) and 𝑃𝑢𝑙𝑀!"#

4$$.-𝑃𝑢𝑙𝐿!"#
6&%',4&%. (in magenta 337 

in Figure 6H) further stabilize the heterodimer complex. 338 

 339 

 340 

Figure 6: Comparison of the interfaces between PulLCTD or PulMCTD homodimers and the 341 

PulLCTD-PulMCTD heterodimer complex. A, B, C and D. Hydrophobic interactions (cyan) in 342 

PulMCTD (X-ray structure), PulMCTD (NMR structure), PulLCTD, and the heterocomplex 343 

PulMCTD-PulLCTD, from left to right. PulMCTD is colored in red and PulLCTD in grey. E, F, G 344 

and H. Hydrogen bonds (yellow dotted lines) in PulMCTD (X-ray structure), PulMCTD (NMR 345 

structure), PulLCTD, and the PulMCTD-PulLCTD heterodimer complex, from left to right. In panel 346 

H, residues forming hydrogen bonds between b strands are shown in green, residues forming 347 

hydrogen bonds between a-helices in magenta and residues hydrogen bonding in the loops in 348 

blue. PulL and PulM protomers are colored in grey and red, respectively.  349 

 350 

To evaluate the role of the PulLCTD-PulMCTD association in protein secretion, we 351 

mutated the residues involved in the interface. We introduced single alanine substitutions in 352 

positions L319, L323, L341 and Q327 of PulL (Figure 7A, side chains shown as orange sticks) 353 

and tested the ability of these variants to restore pullulanase (PulA) secretion in Escherichia 354 
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coli carrying the pul gene cluster with a non-polar pulL gene deletion in plasmid pCHAP8251. 355 

While Ala substitutions of Leu residues did not affect the function, replacing polar residue Q327 356 

by an alanine led to a small but significant defect in PulA secretion (Figure 7B). This defect 357 

was further exacerbated in the presence of L319A or L341A substitutions (Figure 7B). On the 358 

PulM side, single Ala substitutions of F116, Q117, M120 and D124 of the a2 helix, or L136 of 359 

the b3 strand, did not affect the function (Figure 7C). However, the double substituted variant 360 

PulMF116A,L136A showed a significant secretion defect, suggesting that the interface was 361 

weakened (Figure 7C). Replacing the surface exposed residue M120 by charged residues in 362 

PulMM120D and PulMM120K variants also significantly reduced secretion (Figure 7C). In 363 

comparison, charge inversions on the surface of the a1 helix, such as R88E and R92D, shown 364 

in cyan in Figure 7A, did not show any effect, consistent with their position distal to the 365 

interface with PulL. 366 

 367 

 368 
Figure 7. Functional characterization of the PulLCTD-PulMCTD interface. A. Cartoon 369 

representation of the complex of PulLCTD (grey) with PulMCTD (red). The substituted residues 370 
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are highlighted as sticks and marked with a single letter code, those at the PulL-PulM interfaces 371 

are colored in orange (PulLCTD) or yellow (PulMCTD), while those that are far from the interface 372 

are colored in cyan. B. PulA secretion in the presence of indicated PulL variants. Details of 373 

the secretion assays are provided in Materials and Methods. The bar graph heights represent 374 

the mean values and dots represent the percentage of secreted PulA from independent 375 

experiments. One-way ANOVA and multiple comparisons were done with GraphPad PRISM 9. 376 

Statistically significant differences relative to the wild type PulL are indicated. C. PulA 377 

secretion in the presence of indicated PulM variants. Data representation and analysis was 378 

performed as in (B). 379 

 380 

Taken together, these data show that the intact PulLCTD-PulMCTD interface and thus the 381 

PulL-PulM assembly plays an important role in the secretion. However, we cannot exclude that 382 

other PulL and PulM regions might also contribute to this interaction in vivo. One indication is 383 

the PulMN3A variant mapping in the cytoplasmic N-terminus of the protein, which dramatically 384 

affected the stability of both proteins (Figure S7) and was defective in secretion (Figure 7C).  385 

 386 

Interactions of full-length membrane-anchored PulL and PulM  387 

To gain further insights into the interaction between full-length PulL and PulM in the 388 

cellular context and in the presence of the membrane, we combined BACTH and cysteine cross-389 

linking approaches. The BACTH approach allows us to analyze interactions between 390 

membrane proteins in their native environment (Karimova G et al., 1998). To study how the 391 

full-length PulL and PulM interact, we fused them to the C-terminal ends of T18 and T25, 392 

fragments of the Bordetella pertussis adenylyl cyclase (CyaA) catalytic domain. The resulting 393 

plasmids (listed in Table S3) were introduced in the E. coli strain DHT1 (Dautin et al., 2000) 394 

carrying a deletion of the endogenous cya gene. The CyaA T18 and T25 fragments do not 395 

interact and do not restore adenylyl cyclase activity as indicated by white colonies on indicator 396 

plates (Figure 8A) and low expression levels of the chromosomal lacZ gene (Figure 8B). 397 

Bacteria containing T18-PulL and T25-PulL hybrids also showed white colonies and low 398 

activity, comparable to the negative controls, indicating that the full-length membrane-399 

embedded PulL does not form homodimers. Bacteria carrying the T18-PulM and T25-PulM 400 

chimera were pale blue on X-gal indicator and showed somewhat higher activity, indicating a 401 

tendency of PulM to homodimerize (Figure 8). Finally, bacteria co-producing PulL and PulM 402 

chimera showed strong and highly significant interaction signals. These results show that full-403 
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length PulL and PulM interact strongly with each other and preferentially form heterodimers in 404 

vivo.  405 

 406 

 407 
Figure 8. BACTH analysis of PulL and PulM interactions. A. Plate assay and B. Beta-408 

galactosidase activity of strains producing T18, T25 or their chimera with yeast leucin Zipper 409 

(Z) (a positive control), PulL (L) or PulM (M). The b-galactosidase activities measured for 410 

independent bacterial cultures are plotted as dots and horizontal red lines show median values. 411 

Statistical analysis was performed with One-way ANOVA and multiple comparisons test, and 412 

plotted with GraphPad Prism 9 software. 413 

 414 

PulL and PulM are type I membrane proteins with an N-in C-out orientation, each containing a 415 

single transmembrane (TM) segment. To investigate the involvement of these segments in the 416 

PulL-PulM interaction, we used cysteine crosslinking. Native PulM has one Cys residue in 417 

position 17, within its TM segment. We first replaced this residue by a Leu and used PulMC17L 418 

as a starting construct to generate a series of PulM variants with single Cys substitution at 419 

positions 18 through 24. In a similar manner, we substituted Cys264, localized in the 420 

periplasmic part of PulL (PulLC264L) and used it to generate single Cys substitutions at positions 421 

249 to 256 of the TM segment. Bacteria producing all the combinations of single Cys variants 422 

of PulL and PulM single Cys variants were treated with CuCl2 as an oxidant and their total 423 

extracts were analyzed by Western blot with anti-PulL or anti-PulM antibodies (Figure 9). The 424 

PulLC264L variant did not produce any significant level of crosslinked species and a similar 425 

pattern was observed in the presence of single Cys residues at positions 249, 252, 253, 254, 255 426 

and 256 (Figure 9). However, PulLC264L with Cys at positions 250 and 251 produced some 427 

homodimers and also heterodimers, notably with PulM with Cys at positions 17 (PulMWT) and 428 

18 (PulMC17L-L18C). The latter variant gave the most intense heterodimer bands, which were also 429 

detected with anti-PulM antibodies (Figure 9). The PulM variants with Cys at positions 17, 18 430 
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and 19 also produced homodimers bands. These results show that PulL and PulM can interact 431 

via their transmembrane segments and that in this region they also use the same interface for 432 

homo- and heterodimerization. The levels of PulM homodimers were not affected by the 433 

presence of PulLI250C and PulLV251C, possibly because PulM was more abundant than PulL in 434 

these strains. Consistent with a higher fraction of PulL crosslinked with PulM, the L-M 435 

heterodimers were more readily detectable in anti-PulL Western blots compared to anti-PulM. 436 

Confirming the stabilizing role of PulM, the levels of all PulL variants were significantly 437 

reduced in the absence of PulM (Ø). In contrast, the levels of PulM did not change in the 438 

absence of PulL (Figure 9, last panel, Ø).  439 

 440 

 441 
Figure 9. Cysteine scanning and crosslinking of PulL and PulM transmembrane segments. 442 

Bacteria producing the indicated PulL and PulM variants, or empty vector (Ø) were oxidized 443 

with CuCl2 and the total extract from 0.05 OD600nm of bacteria was analyzed by SDS-PAGE 444 

and Western blot. Molecular weight markers are shown on the left, and migration of PulL (L) 445 

and PulM (M) monomers, homodimers (L-L, M-M) and heterodimers (L-M) are indicated on 446 
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the right. The same total fractions were analyzed with anti-PulL antibody (top) and anti-PulM 447 

antibody (bottom). 448 

 449 

The above experiments were performed in bacteria producing PulL and PulM in the 450 

absence of other T2SS components and at levels which may differ from those in the functional 451 

system. In the pulC-O operon encoding the Klebsiella T2SS, pulL and pulM genes are adjacent 452 

and transcribed from the same promoter. To determine their relative abundance, we quantified 453 

the PulL and PulM amounts in bacteria producing the functional T2SS from a single, moderate 454 

copy-number plasmid pCHAP8185 (Table S5). We used Western blot analysis with antibodies 455 

raised against PulLCTD and PulMCTD to quantify the level of these proteins in bacterial extracts 456 

expressing the T2SS genes and compared these signals with those known amounts of purified 457 

PulLCTD and PulMCTD (Figure S3). These measurements showed that PulM is present in large 458 

excess over PulL, with a molar ratio of about 20:1. 459 

Combining the structural data on the PulLCTD-PulMCTD heterodimer with the cysteine 460 

crosslinking experiments allowed us to build a 3D model of the membrane-anchored and 461 

periplasmic region of the PulL-PulM complex (Figure 10A and B). Sequence analysis revealed 462 

the presence of long periplasmic α-helices in both PulL and PulM, encompassing the 463 

transmembrane segments and upstream of the CTDs. Additionally, two regions involved in 464 

coiled-coil formation are predicted in both proteins, the first one overlapping with the 465 

transmembrane segments (Figure S8A-C). Consequently, periplasmic helices of PulL and PulM 466 

were modeled as a coiled-coil, in which knobs-into-holes packing was confirmed by SOCKET2 467 

analysis (Kumar and Woolfson, 2021) (Figure S8D). In the model, the relative alignment of the 468 

predicted transmembrane segments is compatible with an orthogonal orientation of the 469 

connecting periplasmic helices with respect to the membrane. The coiled-coil formed by the 470 

periplasmic helices of PulL and PulM is followed by short disordered linkers connecting the 471 

a1 helices of the CTDs heterodimer. In the model of the complex, a potential salt-bridge is 472 

found between D276 of PulL and R42 of PulM (Figure 10B). Interestingly, the PulMD276K 473 

variant displayed significantly reduced secretion (Figure 7B) which could indicate that the 474 

coiled-coil contributes to the overall interaction surface in the PulL-PulM complex. 475 

 476 

Discussion 477 

Here we report the first structures of the K. oxytoca PulLCTD and PulMCTD, and 478 

investigate their assembly in solution. By combining NMR and X-ray we show that while these 479 
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two proteins form each a homodimer, they also assemble as a heterodimer. Intriguingly, the 480 

same interfaces and residues are involved in both homo- and heterodimerization, but resulting 481 

in different orientations of the subunits. These different parallel and antiparallel topologies also 482 

observed for other GspL, GspM and their orthologues indicate the high plasticity of their 483 

interfaces and their need for stabilization in a dimeric form (Figure S4, S5).  484 

The ferredoxin-like fold of PulLCTD and PulMCTD and their orthologues explains well 485 

their structural complementarity and their dynamic assembly mode, both as homodimer and as 486 

heterodimer. The ferredoxin-like fold is highly favorable for molecular association. Its 487 

symmetrical repetition has been proposed by Eck and Dayhoff (known as Dayhoff’s theory) as 488 

the result of repetition of simple peptides to form a protein and would represent the protein 489 

ancestor (Eck and Dayhoff, 1966, Alva and Lupas, 2018). PulLCTD and PulMCTD indeed exhibit 490 

an internal pseudo-symmetry, where the two faces of the ferredoxin-like fold (α1-β1-β2 and 491 

α2-β3-β4) are structurally superimposable and present high level of sequence similarity (64% 492 

for PulMCTD and 66 % for PulLCTD). Interestingly, the dimerization interfaces of PulLCTD and 493 

PulMCTD are also highly similar, at the sequence and structural levels, with overlapping residue 494 

positions involved in the interactions (Figure S6).  495 

The PulLCTD and PulMCTD homodimers associate in an antiparallel fashion, whereas the 496 

PulLCTD-PulMCTD association is parallel and thus more compatible with the membrane insertion 497 

of the proteins where both N-termini are found on the same side of the dimer (Figure 10). This 498 

interaction mode is consistent with the BACTH data wherein full-length membrane-inserted 499 

proteins form heterodimers in the parallel arrangement, and with previous data showing that 500 

the formation of GspL–GspM heterodimers in D. dadantii is favored over their 501 

homodimerization (Lallemand et al., 2013). Although the antiparallel homodimerization of 502 

PulLCTD and PulMCTD would require a tangled arrangement with the respect to the membrane 503 

(Figure 10A), we cannot exclude that it might occur during the process. The long coiled-coil 504 

regions and flexible linkers that connect them to the CTDs could provide additional plasticity 505 

in the periplasmic region allowing this antiparallel association.  506 

 507 
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 508 
Figure 10: Full length PulL-PulM interaction model based on experimental results obtained 509 

in this study. A. Schematic view of heterodimerization process of PulL (grey) and PulM (red). 510 

PulM can behave as a homodimer (BACTH data) via interfaces at the C-terminal domains in 511 

the periplasm (NMR data) and in the inner membrane (IM) via their transmembrane domains 512 

(crosslinking data). PulL is in monomeric form (BACTH data). We postulate that PulL leads 513 

the PulL-PulM heterodimerization. The interface of heterodimerization is the same as the 514 

homodimerization interface (NMR and crosslinking data). Stars indicate region of interactions 515 

of PulL and PulM, in homo and heterodimeric forms. B. 3D model of the PulL-PulM complex 516 

based on the PulLCTD-PulMCTD heterodimer structure (PDB ID: 8AB1) and from crosslinking 517 

data, both obtained in this study and on the structure of orthologue PilN-PilO complex (PDB 518 

ID: 3JC8). PulL is colored in grey, PulM in red, transmembrane segments in yellow. Residues 519 

close in space as revealed by crosslinking are annotated on the structural model. C. Model of 520 

full-length PulL and PulM in the context of the T2SS. Highly abundant PulG pseudopilus 521 

subunit interacts with PulM. By binding to PulL, PulM targets PulG to the PulL-PulE-PulF 522 

complex. PulG is released from PulM and is added to the growing pseudopilus. 523 

 524 

In addition to the PulLCTD-PulMCTD interface, native full-length forms of PulL and PulM 525 

also interact via their transmembrane segments, as shown by Cys scanning experiments. Like 526 
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for the CTDs, we found an overlap between homo- and heterodimer interfaces involving the 527 

transmembrane segments (Figure 9). This is consistent with the previously observed 528 

competition between L-M homo- and heterodimerization (Lallemand et al., 2013). The relative 529 

abundance of these proteins in vivo is likely to determine whether homo- and heterodimers 530 

coexist and exchange. In most of the T2SS models, PulL and PulM are shown with a 1:1 531 

stoichiometry, which finds confirmation in the purified T2SS subcomplex (Chernyatina and 532 

Low, 2019). However, in the cellular context and when the whole system is expressed, the 533 

amount of PulM is at least 20 times higher than that of PulL. Higher cellular levels of PulM 534 

compared to PulL have also been observed by fluorescence microscopy using the GFP (green 535 

fluorescent protein) chimera fused to their N-terminal ends (Buddelmeijer et al., 2006). 536 

Considering the static role of PulL, which serves as an anchor for the PulE ATPase, the higher 537 

abundance of PulM would ensure its dynamic role in PulG targeting (Nivaskumar et al., 2016, 538 

Santos-Moreno et al., 2017), which requires rapid exchange of its binding partners. The 539 

structural flexibility and complementarity of PulLCTD and PulMCTD is likely to facilitate this 540 

exchange during the highly dynamic pseudopilus assembly and turnover. The 541 

homodimerization would be more rapid than the heterodimerization that is more stable, 542 

similarly to Jun-Fos proteins where the homodimers are formed with a favorable kinetics, while 543 

the heterodimer is more stable, both forms are found in vivo and in vitro (Junius et al., 1996).  544 

We have previously shown that PulG proteins that are assembled to form the 545 

pseudopilus (Lopez-Castilla et al., 2017), interact with PulM via their transmembrane parts 546 

(Nivaskumar et al., 2016, Santos-Moreno et al., 2017). By binding to PulL, PulM might 547 

therefore channel PulG to the assembly site defined by the PulE-PulL complex (Figure 10B). 548 

The higher abundance of PulM is consistent with its role in targeting of PulG to ensure its 549 

insertion into the growing pseudopilus. While PulG does not directly interact with PulL 550 

(Nivaskumar et al., 2016), crosslinking studies in V. cholerae showed their physical proximity 551 

(Gray et al., 2011) supporting the existence either of a ternary complex or their rapid exchange 552 

of partners. Rapid influx of pseudopilins would ensure efficient incorporation into helical 553 

filaments, thought to be the driving force for protein secretion. In addition to their role in 554 

pseudopilus assembly, the PulL and PulM homologues have been implicated in interactions 555 

with the secreted substrate in the P. aeruginosa T2SS (Michel-Souzy et al., 2018). Together, 556 

these data suggest that the PulL-PulM complex play a major role in the dynamic coupling of 557 

pseudopilus assembly and protein transport. Future studies are needed to address the influence 558 

of the pseudopilin and the secreted substrate on the AP assembly and to define the sequence of 559 

events during pseudopilin and substrate targeting to the secretion complex. 560 
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Material and Methods 561 
 562 
Plasmid constructions 563 

Escherichia coli K-12 strain DH5a F’lacIQ was used as a host for cloning purposes. The 564 

plasmids used in this study are listed in Table S5. To construct plasmids pMS1222 and 565 

pMS1229, the pulL gene was PCR-amplified from plasmid pCHAP8258 as template using 566 

primers PulL Kpn 5 and PulL Eco 3 with the high-fidelity Q5 DNA polymerase (New England 567 

Biolabs). The PCR products were purified on a Qiaquick spin column, digested with EcoRI and 568 

KpnI restriction enzymes (NEB) and ligated with the EcoRI - KpnI digested plasmids pUT18C 569 

and pKT25. Site-directed mutagenesis to generate derivatives of pCHAP8258 and pCHAP1353 570 

was performed using a two-step amplification with perfectly overlapping mutagenic primers. 571 

Two separate reactions with single mutagenic primers were performed for 6 cycles using the 572 

Q5 DNA polymerase under conditions recommended by the manufacturer. The reactions were 573 

mixed and additional 15 cycles of amplification were performed. The PCR reactions were 574 

treated with DpnI and transformed into DH5a F’lacIQ ultracompetent cells. The purified 575 

plasmids were verified by DNA sequencing (Eurofins). The list of oligonucleotides (Eurofins) 576 

is shown in Table S6.  577 

Proteins PulLCTD and PulMCTD were produced in E. coli BL21 (DE3) under control of 578 

the T7 promoter. Bacteria were grown at indicated temperatures in LB medium or in minimal 579 

M9 medium (Miller, 1972). Antibiotics were added as required at following concentrations: 580 

ampicillin (Ap) 100 µg.mL-1, chloramphenicol (Cm), 25 µg.mL-1 and kanamycin (Km) at 25 581 

µg.mL-1. When required, the genes under placZ control were induced with 1 mM isopropyl b-582 

D-1-thiogalactopyranoside (IPTG). 583 

 584 

Production of unlabeled and isotope-labeled proteins 585 

Derived pMalp2 vectors were used to express either the CTD of PulM (PulMCTD: from 586 

residues 79 to 161) or the CTD of PulL (PulLCTD: from residues 312 to 398) in E. coli 587 

BL21(DE3) cells (Table S5). Each protein was expressed in the periplasm fused to maltose 588 

binding protein (MBP) followed by a His6-tag and a TEV protease cleavage site that is used to 589 

remove the MBP and the His6-tag. Only an additional N-terminal serine remains after the 590 

cleavage. 591 

Uniformly 15N and 15N/13C labeled PulMCTD, PulLCTD, were produced in M9 minimal 592 

medium using 1 g/L of 15NH4Cl and 4 g/L 13C glucose, as the sole nitrogen and carbon sources, 593 

respectively. Gene expression was induced with 1 mM IPTG (isopropyl b-D-1-594 
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thiogalactopyranoside) overnight at 18 oC in E. coli BL21 (DE3) cells. Unlabeled protein 595 

samples were prepared from E. coli BL21 (DE3) cell cultures in LB medium and expression 596 

was induced with 1 mM IPTG during 4 hours at 30oC.  597 

 598 

Protein purification  599 

Proteins were purified from the supernatant after the sonication of bacterial cells and 600 

centrifugation at 16000 g, during 1 hour at 4°C. The supernatant of the cell lysis was filtered 601 

on a 0.22 µm filter, then loaded onto a HisTrap HP column (Cytiva) equilibrated with 50 mM 602 

Tris-HCl, pH 8.0, 100 mM NaCl, 10 mM imidazole. Bound proteins were eluted with a linear 603 

imidazole gradient going from 10 to 500 mM. The eluted fractions were then incubated with 604 

the TEV-His6 protease overnight at 10o C. The mixture was loaded on a HisTrap HP column to 605 

remove TEV-His6 and MBP-His6. Pul proteins from the unbound fractions were collected, 606 

concentrated on a 3 kDa cutoff centricon device (Cytiva) and applied on a Sephacryl S-100 607 

column (Cytiva) equilibrated with 50 mM HEPES, pH 7.0, 50 mM NaCl. Fractions containing 608 

the purified Pul proteins were pooled and concentrated using centricon devices (Cytiva). 609 

Protease inhibitor cocktail, EDTA-free (Roche) was added to all buffers used during the 610 

purification. SDS-PAGE was used for analyzing the purity and protein contents of the fractions 611 

at each step of the purification.  612 

PulMCTD protein concentration was determined spectrophotometrically using the 613 

absorbance at 280 nm and a calculated extinction coefficient of 11000 M-1.cm-1. PulLCTD 614 

concentration was obtained by BCA (BiCinchoninic acid Assay) method (Simpson, 2008), 615 

since this protein lacks tryptophane.  616 

 617 

NMR experiments for assignment 618 

NMR spectra were acquired with a range of 0.3 to 0.4 mM 15N/13C labeled proteins in 619 

50 mM HEPES, pH 7.0 (PulMCTD) or pH 6.5 (PulLCTD), 50 mM NaCl at 25°C on a 600 MHz 620 

Avance III HD and a 800 MHz Avance NEO spectrometers (Bruker Biospin) both equipped 621 

with a cryogenically cooled triple resonance 1H [13C /15N] probe (Bruker Biospin). The pulse 622 

sequences were employed as implemented in the TOPSPIN 3.6.1 (Bruker, Biospin) and IBS 623 

libraries (Favier and Brutscher, 2019). TOPSPIN 3.6.1 (Bruker Biospin) was used for NMR 624 

data acquisition and processing. The 1H, 15N, and 13C backbone and side chain resonance 625 

assignments were carried out as previously described (Dazzoni et al., 2021). Briefly standard 626 

experiments (Cavanagh et al., 1996) were used: 2D 15N-HSQC, 13C-HSQC, and 3D 627 

HNCA/HN(CO)CA, HNCACB/ HN(CO)CACB pair, HNCO/HN(CA)CO pair, HCCH-628 
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TOCSY, C(CO)NH-TOCSY and H(CCO)NH-TOCSY. For the assignment of CdHd and CeHe 629 

of phenylalanines and tyrosines, the 2D 13C-1H HBCBCGCDHD and HBCBCGCDCEHE 630 

spectra were used (Yamazaki et al., 1993). Side chain resonance assignments were completed 631 

by using 3D 13C and 15N NOESY-HSQC with mixing time of 120 ms optimized for either 632 

aliphatic or aromatic carbon detection (Iwahara et al., 2001), together with 2D 1H-1H NOESY 633 

(120 ms mixing time) and TOCSY in D2O.  634 

2,2-Dimethyl-2-silapentane-5-sulfonate (DSS) signal was taken as 0 ppm for 635 

referencing proton chemical shifts and 15N and 13C chemical shifts were indirectly referenced 636 

to DSS (Wishart et al., 1995). CcpNmr Analysis (Vranken et al., 2005) was used for NMR data 637 

analysis. Analysis of the secondary structure was performed by using HN, Ha, Ca, Cb, CO, 638 

and N chemical shifts with the TALOS-N prediction server (Shen and Bax, 2013). 639 

PulMCTD 13C/15N/1H resonances assignment were deposited to the BMRB under 640 

accession number 34719. PulLCTD 13C/15N/1H resonances assignment were obtained in our 641 

previous work (Dazzoni et al., 2021). 642 

 643 

PulMCTD and PulLCTD NMR structure calculation 644 

The structure of PulMCTD and PulLCTD in their dimeric and monomeric form 645 

respectively, were determined by performing several cycles of calculation with ARIA 2.3 646 

software (Rieping et al., 2007) coupled to CNS 1.2 software and ARIAweb (Brünger et al., 647 

1998, Allain et al., 2020), making use of the standard torsion angle simulating annealing 648 

protocol. Each cycle consisted of automatic 3D 15N-NOESY-HSQC and 3D 13C-NOESY-649 

HSQC spectra assignment and structure calculations with 9 or 8 iterations with default 650 

parameters. In the last iteration 200 or 50 structures were calculated and further refined in an 651 

explicit water box (Linge et al., 2003). Some corrections to the NOE assignment were done 652 

manually. The 15 lowest energy structures exhibiting no NOE restraint violations > 0.5 Å and 653 

no dihedral angle violations > 5° were selected as the final ensemble. 654 

For PulLCTD, an ensemble of 15 monomer structures was calculated. During the 655 

calculation process, most of the NOESs restraints from 3D 15N-NOESY-HSQC and 3D 13C-656 

NOESY-HSQC spectra were automatically assigned by ARIA based on the chemical shifts 657 

previously obtained (Dazzoni et al., 2021). 658 

PulMCTD dimer structure was calculated in two steps, first by using intramolecular 659 

distance restraints derived from 3D 13C- and 15N-NOESY-HSQC spectra and the PulMCTD 660 
13C/15N/1H resonances assignment to determine the monomer structure. A 3D 13C/15N filtered 661 

NOESY-HSQC experiment (120 ms mixing time) was performed on a 1:1 double-662 
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labeled:unlabeled PulMCTD mixture to obtain intermolecular distance restraints to calculate the 663 

dimer structure with ARIA. Chemical shift tolerances were set to 0.045 for protons and 0.4 ppm 664 

for the bound heteroatoms. Phi and psi dihedral angles were predicted with TALOS-N (Shen 665 

and Bax, 2013), and predictions classified as “strong” or “good” were incorporated as dihedral 666 

angle restraints. The structure ensemble was visualized and inspected with PyMOL (The 667 

PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC), their quality was 668 

evaluated with PROCHECK-NMR (Laskowski et al., 1996) and the PSVS server (Bhattacharya 669 

et al., 2007). The atomic coordinates of PulMCTD dimer and restraints used in the calculation 670 

were deposited in the Protein Data Bank (PDB ID: 7ZE0). 671 

 672 

Protein-protein interaction analysis by NMR 673 

The protein-protein interactions were monitored by comparison of the 1H-15N HSQC 674 

spectra of one labeled protein alone and in the presence of its unlabeled partner at 25°C. 1H-675 
15N HSQC experiments were acquired on 30 µM of either 15N-PulMCTD or 15N-PulLCTD alone 676 

or in the presence of 60 µM, 120 µM and 250 µM of unlabeled PulLCTD or PulMCTD, 677 

respectively. To avoid dilution, the unlabeled protein was lyophilized in the same buffer and 678 

added to the labeled protein sample in solution. Chemical shift perturbations (CSP) of backbone 679 

amide cross-peaks were quantified by using the equation CSP = [ΔδH2 + (ΔδN*0.159)2]1/2, 680 

where ΔδH and ΔδN are the observed 1H and 15N chemical shift changes between the two 681 

experimental conditions. CSP higher than 1.5, 2 or 3 standard deviations (s) from the mean 682 

were considered for the analysis. 683 

  684 

Native mass spectrometry  685 

Prior to performing native mass analysis, the quality of each protein was assessed by 686 

intact mass measurement under denaturing conditions. For native mass spectrometry, protein 687 

samples were buffer exchanged against 250 mM ammonium acetate (pH 7.0) using Zeba spin 688 

desalting columns with a 7 kDa cutoff (Thermo Fisher Scientific, Waltham, MA, USA). The 689 

PulLCTD-PulMCTD complex was either formed prior to or after buffer exchange by mixing 690 

PulMCTD with an equimolar or a 2-fold molar excess PulLCTD.  691 

Samples (at a final concentration of 5 to 10 µM) were analyzed on a SynaptG2-Si 692 

HDMS mass spectrometer (Waters) equipped with a nanoelectrospray source. The instrument 693 

was calibrated in sensitivity mode using a 2 mg/ml cesium iodide solution prepared in 50% 694 

isopropanol, 0.1% formic acid in the 50 to 5000 m/z range, and the quadrupole profile was 695 

adjusted to ensure the best transmission in the selected mass range. To preserve the integrity of 696 
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non-covalent complexes in the gas phase, the instrument settings were carefully adjusted to the 697 

following values: capillary voltage, 1.5-2.0 kV; sampling cone, 150 V; source offset, 150 V; 698 

trap gas flow: between 5 and 7 mL/min, trap collision energy, 4 V; cone gas, 20 L/h; source 699 

temperature, 30°C. Spectra were acquired in positive mode for 5 to 10 minutes to obtain a good 700 

signal-to-noise ratio and processed with MassLynx 4.1 software (Waters) with minimal 701 

smoothing. The validation of the above-mentioned instrument settings was performed using 702 

myoglobin from equine skeletal muscle (Sigma Aldrich) prepared in 250 mM ammonium 703 

acetate buffer, pH 7.0 and using the same experimental procedure than for PulLCTD and 704 

PulMCTD. 705 

 706 

Crystallization and diffraction data collection 707 

For PulLCTD-PulMCTD complex analysis, an equimolar mixture of two proteins was 708 

prepared at a final concentration of 1 mM and co-eluted on a Sephacryl S-100 column (Cytiva) 709 

equilibrated with 50 mM HEPES, pH 7.0, 50 mM NaCl. Initial screening of crystallization 710 

conditions was carried out by the vapor diffusion method using a MosquitoTM nanoliter-711 

dispensing system (TTP Labtech, Melbourn, United Kingdom) following the established 712 

protocols (Weber et al., 2019). Briefly, sitting drops were set up using 400 nl of a 1:1 mixture 713 

of each sample protein and crystallization solutions (672 different commercially available 714 

conditions) equilibrated against a 150-μl reservoir in multiwell plates (Greiner Bio-one, GmbH, 715 

Frichenhausen, Germany). The crystallization plates were stored at 18°C in a 716 

RockImager1000® (Formulatrix, Bedford, MA, United States) automated imaging system to 717 

monitor crystal growth. The best crystals were obtained in crystallization conditions containing 718 

30%w/v PEG 4K, 0.1 M HEPES pH 7.5, 0.2 M CaCl2 for PulMCTD; 0.5 M LiSO4 and 15%w/v 719 

PEG 8K for PulLCTD; and 0%w/v PEG 3350, 0.2M KCl for the PulLCTD-PulMCTD complex. 720 

Crystals were then flash cooled in liquid nitrogen using the condition of crystallization 721 

supplemented with 30% (V/V) of glycerol as cryoprotectant.  722 

Diffraction data were collected at cryogenic temperatures (100k) on beamlines 723 

PROXIMA-1 and PROXIMA-2A at synchrotron SOLEIL (St Aubin, France) and processed 724 

with autoPROC (Vonrhein et al., 2011). 725 

 726 

X-ray structure determination and model refinement 727 

The crystal structures of the PulLCTD, PulMCTD and the PulLCTD-PulMCTD complex were 728 

solved by the molecular replacement method with Phaser (McCoy et al., 2007), using NMR 729 

models as search probes. Final models were obtained through interactive cycles of manual 730 
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model building with Coot (Emsley and Cowtan, 2004) and reciprocal space refinement with 731 

Buster (Bricogne et al., 2011) and REFMAC (Murshudov et al., 2011). X-ray diffraction data 732 

collection and model refinement statistics are summarized in Table S2. All structure figures 733 

were generated with Chimera (version 1.13rc) (Pettersen et al., 2004) or with PyMOL (version 734 

2.5.2 The PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC),)  735 

 736 
Protein secretion assays 737 

Strain PAP7460 ∆(lac-argF)U169 araD139 relA1 rpsL150 ∆malE444 malG501 [F’ 738 

(lacIQ ∆lacZM15 pro+ Tn10)] (TcR)) was used as a pul gene expression host (Possot et al., 739 

2000). PAP7460 bacteria harboring plasmids pCHAP8251 or pCHAP8496 (Table S5) were 740 

transformed with compatible plasmids encoding PulL and PulM variants (Table S5). Bacteria 741 

were cultured overnight in LB containing Ap and Cm, 0.4% D-maltose and 0.1vol of M63 salts 742 

(Miller, 1972) at 30°C. The next day, 6 ml of the same fresh medium was inoculated with 300 743 

µl of precultures and grown for 5 hours to OD600nm > 1.8. Cultures were normalized of OD600nm 744 

of 1 in a total volume of 1 mL and fractionated as follows: 0.1 mL of cultures were centrifuged 745 

for 10 min at 16000 x g in an Eppendorf centrifuge, the supernatant was aspirated off and the 746 

bacterial pellets were resuspended in 0.1 mL of SDS sample buffer to give the Cell fraction. 747 

The remaining 0.9 mL was centrifuged for 5 min at 16000 x g. The supernatant was transferred 748 

to a fresh tube and centrifuged for another 10 min at 16000 x g. A fraction (0.1 mL) of the 749 

supernatant was mixed with 0.1 mL of 2x SDS sample buffer to give the Supernatant fraction. 750 

The bacterial pellets of the 0.9 mL of normalized cultures were resuspended in 90 µL of SDS 751 

sample buffer for analysis of PulL and PulM levels (Figure S7). The Cell- and Supernatant 752 

fractions corresponding to the 0.05 OD600nm of bacteria were analyzed on 10% Tris-glycine 753 

SDS-PAGE and transferred to the nitrocellulose membranes. The membranes were probed by 754 

Western blot with anti-PulA antibodies and revealed by fluorescence using ECL-2 and Typhoon 755 

SLA-9000. The concentrated cell pellets (0.1 OD600nm) were analyzed on 10% Tris-tricine SDS-756 

PAGE and Western blot using anti-PulL and anti-PulM antibodies. Membranes were incubated 757 

with secondary anti-rabbit antibodies coupled to HRP (Cytiva) and revealed with ECL-2 758 

(Thermo). The fluorescence signals were recorded using Typhoon SLA-9000. Signal intensity 759 

of PulA bands in cell- and supernatant fractions was quantified using ImageJ to calculate the 760 

fraction of PulA in the supernatant. Data were analyzed with Prism GraphPad software, using 761 

Ordinary one-way ANOVA test with multiple comparisons. 762 

 763 

 764 
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Bacterial two-hybrid assays 765 

 Bacterial two-hybrid assays (Karimova G et al., 1998) were performed in strain DHT1 766 

(Dautin et al., 2000). Plasmids encoding compatible pUT18C and pKT25 vectors and their 767 

derivatives were co-transformed in calcium-competent DHT1 bacteria and selected on LB 768 

plates containing Ap and Km. After 47-72 hours of growth at 30°C, single colonies were picked 769 

at random and inoculated in LB containing the same antibiotics. Bacteria were grown overnight 770 

at 30°C and the precultures were used to inoculate the same medium supplemented with 1 mM 771 

IPTG. After 4 hours, cultures were placed on ice and beta-galactosidase assays were performed 772 

as described previously (Miller, 1972). Beta-galactosidase activity from at least 8 independent 773 

cultures were plotted and the data was analysed using GraphPad Prism 9 software. For the 774 

qualitative plate tests, 10 µl of bacterial cultures was spotted on LB plates containing Ap, Km, 775 

X-gal (0.2 mg. mL-1) and 100 µM IPTG. The plates were cultured for 24-36 hours at 30°C and 776 

images were recorded with a digital camera. 777 

 778 

Cysteine crosslinking assays 779 

Plasmids encoding different PulL and PulM variants or the empty vectors were co-780 

transformed into strain PAP7460 and selected on LB Ap Cm plates at 30°C. Single colonies 781 

were inoculated into 5 mL of LB containing Ap and Cm and grown overnight at 30°C with 782 

shaking at 200 rpm. The next day, 0.2 mL of the precultures was diluted into 5 mL of fresh LB 783 

Ap Cm medium and bacteria were incubated for 5 hours at 30°C with vigorous shaking. 784 

Cultures were normalized to OD600nm of 1 and 1 mL of bacteria was centrifuged for 3 min at 785 

16000 x g in a table-top Eppendorf centrifuge. Bacterial pellets were washed once with 786 

phosphate buffer saline (PBS) and resuspended in 1 mL of buffer containing 50 mM MOPS pH 787 

7.0, 5 mM MgCl2, 10% glycerol. Bacterial suspensions were prewarmed at 23°C, CuCl2 was 788 

added to 300 µM (final concentration) and incubated for 23 min at 23°C in a Thermomixer with 789 

shaking at 650 rpm. To stop the reaction, EDTA pH 8.0 was added to a final concentration of 790 

22.5 mM. Reaction mixtures were pelleted by centrifugation and bacteria were resuspended in 791 

the SDS sample buffer at 10 OD600nm mL-1. Total extracts were analyzed by sodium dodecyl 792 

sulfate gel electrophoresis (SDS-PAGE) on 10% Tris-Tricine gels. Proteins were transferred to 793 

nitrocellulose membranes (Cytiva) using the fast blotting system PowerBlot (Invitrogen) and a 794 

1-Step transfer buffer (Thermo). The membranes were blocked in 5% skim milk in Tris buffer 795 

saline solution containing 0.05% Tween-20 (TBST) and probed with anti-PulL or anti-PulM 796 

antibodies. The signals were revealed with ECL chemiluminescence kit (Thermo) and recorded 797 

on Amersham 680 imager. 798 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 16, 2022. ; https://doi.org/10.1101/2022.07.16.500195doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.16.500195
http://creativecommons.org/licenses/by-nc-nd/4.0/


 30 

Quantification of cellular PulL and PulM levels  799 

To estimate the ratio between the cellular levels of PulL and PulM, we used semi-800 

quantitative Western blot analysis. Different amounts of total bacterial extracts in parallel with 801 

the purified PulLCTD or PulMCTD were analyzed on 10% Tris-Tricine SDS-PAGE. Total 802 

bacterial extracts were prepared from cultures of strains PAP7460 harboring plasmid 803 

pCHAP8185 containing the pul operons. Bacteria were grown in LB supplemented with Ap, 804 

0.4% D-maltose and 0.1 vol of M63 salts. Colony forming units from these cultures were 805 

counted by plating bacterial serial dilutions in triplicate. The proteins were transferred on 806 

nitrocellulose membranes, probed with antibodies directed against PulLCTD and PulMCTD 807 

domains followed by secondary goat anti-rabbit antibodies coupled with HRP. The blots were 808 

developed using the ECL-2 kit and quantified on Typhoon FLA-9000 imager. The bands were 809 

quantified with ImageJ. The standard curves of signal intensities as a function of known 810 

PulLCTD or PulMCTD molar concentrations were plotted and linear regression analysis was used 811 

to determine the amounts of PulL and PulM in total bacterial extracts, and their molar ratio, 812 

using the GraphPad Prism software.  813 

 814 

Full-length PulL-PulM heterocomplex modeling 815 

To model the structure of the membrane embedded and periplasmic regions of the 816 

PulL/PulM complex, we used the structure of the PilN/PilO complex from the piliated state of 817 

the type IV pilus machine from Myxococcus xanthus (PDB ID: 3JC8) (Chang et al., 2016). 818 

First, the structure of PulLCTD-PulMCTD heterodimer was superimposed onto the C-terminal 819 

domains (ferredoxin like-domains) of PilN and PilO. In both proteins, DeepCoil (Ludwiczak et 820 

al., 2019) predicts two regions potentially involved in coiled-coil formation. Thus, N-terminal 821 

helical region of PilN/PilO was used as template for comparative modeling of the homologous 822 

PulL/PulM region as a coiled-coil. The sequences of PulL and PulM encompassing the 823 

transmembrane segments (TMS) and the long helices between the TMS and the C-terminal 824 

domains, as predicted by PSIPRED (Jones, 1999), were aligned on the corresponding regions 825 

of PilN and PilO, respectively. In addition to sequence similarity, we consider the following to 826 

guide the alignment: i) the positions of the hydrophobic TMS, ii) the length of the predicted 827 

helices and iii) the expected spatial proximity of PulL residues 250/251 and PulM residues 828 

17/18 from the cysteine cross-linking experiments. Using the resulting alignments (Figure S8C) 829 

and the PulLCTD-PulMCTD heterodimer structure, a full atom model of PulL239-398-PulM1-161 was 830 

built by using Modeller (Sali and Blundell, 1993). SOCKET2 (Kumar and Woolfson, 2021) 831 

identified a coiled-coil interface involving helical segments from PulL (L254-R300) and PulM 832 
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(G21-I67). Regions with knobs-into-holes packing between PulL and PulM correspond to the 833 

ones predicted as coiled-coils (Figure S8D). 834 

 835 

PulMCTD-PulLCTD complex docking with HADDOCK  836 

The High Ambiguity Driven DOCKing HADDOCK webserver v.2.4 was used to drive 837 

protein-protein dockings (van Zundert et al., 2016, Honorato et al., 2021). HADDOCK uses 838 

interaction data of partner molecules, which are introduced as ambiguous interaction 839 

restrictions to guide the docking process by active and passive residue selection. Active residues 840 

selected were based on CSP experimental data. For PulLCTD residues chosen are the following: 841 

319, 320, 321, 323, 326, 337 to 345. In the case of PulMCTD, active residues are: 117, 118, 119, 842 

121, 124, 125, 127, 133, 134, 136. Passive residues were automatically selected around active 843 

residues by the server. To complete our data, we used as unambiguous restraints data given by 844 

EVcoupling (Hopf et al., 2014) that indicate two co-evolving pairs of residues located at the 845 

same interfaces (𝑃𝑢𝑙𝐿!"#)&%&-𝑃𝑢𝑙𝑀!"#
*$%+, and 𝑃𝑢𝑙𝐿!"#,&'%-𝑃𝑢𝑙𝑀!"#

-$&.). For those last restraints, the 846 

upper distance was set to 8.5 Å between the Cb atoms of the involved residues. Input parameters 847 

for the HADDOCK server remained in the standard mode, with a minimum cluster size of 8. 848 

The 176 calculated models representing 88 % of the water-refined generated models, were 849 

clustered in 5 clusters. All clusters exhibit the same topologies, showing that based on the NMR 850 

and co-evolution data, only one assembly mode was possible. We considered cluster 2 as the 851 

best representative with a HADDOCK score of -79.9, and an ensemble of 53 structures with a 852 

RMSD of 1.2 ± 0.9 Å. 853 

 854 

Data deposition  855 

Atomic coordinates and structure factors have been deposited in the RCSB Protein Data 856 

Bank under the accession codes 8A9W (PulLCTD), 7ZE0 (PulMCTD, NMR), 8A9X (PulMCTD, 857 

X-ray) and 8AB1 (PulLCTD-PulMCTD). PulM 13C/15N/1H resonance assignments were deposited 858 

to the BMRB under accession number 34719.  859 

 860 

  861 
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