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Abstract 28 

The Two-Partner secretion pathway mediates protein transport across the outer membrane of 29 

Gram-negative bacteria. TpsB transporters belong to the Omp85 superfamily, whose members 30 

catalyze protein insertion into, or translocation across membranes without external energy sources. 31 

They are composed of a transmembrane b barrel preceded by two periplasmic POTRA domains 32 

that bind the incoming protein substrate. Here we used an integrative approach combining in vivo 33 

assays, mass spectrometry, nuclear magnetic resonance and electron paramagnetic resonance 34 

techniques suitable to detect minor states in heterogeneous populations, to explore transient 35 

conformers of the TspB transporter FhaC. This revealed substantial, spontaneous conformational 36 

changes with a portion of the POTRA2 domain coming close to the lipid bilayer and surface loops. 37 

Specifically, the amphipathic b hairpin immediately preceding the first barrel strand can insert into 38 

the b barrel. We propose that these motions enlarge the channel and may hoist the substrate into it 39 

for secretion. An anchor region at the interface of the b barrel and the POTRA2 domain stabilizes 40 

the transporter in the course of secretion.  Our data propose a solution to the conundrum how these 41 

proteins mediate protein secretion without the need for cofactors, by utilizing intrinsic protein 42 

dynamics. 43 

 44 

Introduction 45 

The Two-Partner Secretion (TPS) pathway is dedicated to the export of large proteins notably 46 

serving as virulence factors (Guerin et al., 2017). The TpsB transporters are transmembrane β-47 

barrel proteins that secrete their substrates, collectively called TpsA proteins, across the outer 48 

membrane of various Gram-negative bacteria. They belong to the ubiquitous Omp85 superfamily 49 

whose members mediate protein insertion into, or translocation across membranes of bacteria and 50 
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eukaryotic organelles, and which includes the essential bacterial BamA transporters (Heinz & 51 

Lithgow, 2014; Knowles et al., 2009; Noinaj et al., 2017). The FhaB/FhaC pair of Bordetella 52 

pertussis is a model TPS system, in which the FhaC transporter mediates the translocation of the 53 

adhesin FhaB across the outer membrane (Fan et al., 2012).  54 

Omp85 transporters are composed of N-terminal POTRA domains - two in the case of TpsB 55 

transporters - followed by a 16-stranded transmembrane β barrel, which for FhaC is the FhaB 56 

translocation pore (Baud et al., 2014). The POTRA domains mediate protein-protein interactions 57 

in the periplasm, and notably recognition of client proteins (Delattre et al., 2011). Another 58 

hallmark feature of the Omp85 superfamily is the extracellular loop L6 that folds back inside the 59 

barrel and harbors a conserved motif at its tip forming a salt bridge interaction with a specific motif 60 

of the inner β-barrel wall (Gu et al., 2016; Maier et al., 2015; Noinaj et al., 2013).  61 

A specific feature of TpsB transporters is an N-terminal a helix called H1 that plugs the β barrel 62 

(Clantin et al., 2007; Guerin et al., 2014; Guerin et al., 2020; Maier et al., 2015). An extended 63 

linker follows H1 and joins it to the POTRA1 domain in the periplasm. Recently, the X-ray 64 

structures of other TpsB transporters, CdiBAb and CdiBEc, have shown very similar folds to that of 65 

FhaC, albeit with slightly different positions of H1 in the barrel (Guerin et al., 2020). Both H1 and 66 

L6 stabilize the barrel in a closed conformation that most likely corresponds to the resting state of 67 

the transporter (Guerin et al., 2020; Maier et al., 2015). The β barrel, the L6 loop and the two 68 

POTRA domains are essential for transport activity (Clantin et al., 2007).  69 

Omp85 transporters likely function in the absence of ATP or an electrochemical gradient. They 70 

appear to be very dynamic and to undergo conformational cycling (Doerner & Sousa, 2017; Guerin 71 

et al., 2020; Hartmann et al., 2018; Iadanza et al., 2020; Renault et al., 2011; Warner et al., 2017). 72 

Lateral opening of the barrel between the first and last anti-parallel b strands is a common 73 
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mechanistic feature of Omp85 transporters, which is involved in their respective functions 74 

(Diederichs et al., 2020; Doyle & Bernstein, 2019; Estrada Mallarino et al., 2015; Guerin et al., 75 

2020; Höhr et al., 2018; Iadanza et al., 2016; Noinaj et al., 2014; Tomasek et al., 2020). 76 

The mechanism of two-partner secretion remains poorly understood, but it is known to involve 77 

substantial conformational changes of the transporter including exit of H1 from the β barrel and 78 

motions of the L6 loop (Guerin et al., 2014; Guerin et al., 2020; Guerin et al., 2015). The motion 79 

of H1 toward the periplasm is facilitated by conformational changes of flexible regions of the 80 

barrel, in particular the first β-barrel strand B1 and the extracellular loops L1, L2 and L6 (Guerin 81 

et al., 2020). Binding of the N-terminal so-called TPS domain of the substrate protein to the 82 

POTRA domains of its transporter also appears to enhance conformational changes (Guerin et al., 83 

2020; Guerin et al., 2015). How the substrate enters the pore and is progressively hoisted towards 84 

the cell surface without backsliding to the periplasm remains unknown, but we hypothesize a cyclic 85 

mechanism implying yet uncharacterized, transient conformations of TpsB transporters. In this 86 

work we have explored such FhaC conformers using biophysical techniques suitable to detect 87 

minor states in heterogeneous populations. Our data show that alternative conformational states of 88 

FhaC exist even in the absence of its substrate and indicate that they are linked to its activity. 89 

 90 

Results 91 

Effects of freezing the conformation of the POTRA2 domain on secretion activity 92 

To determine the importance of flexibility of the POTRA2 domain for FhaC function, we searched 93 

for specific H bond- or salt bridge-mediated interactions present in the resting conformation (i.e., 94 

corresponding to the crystallographic structure) and disrupted them to loosen the structure or 95 

conversely replaced them with disulfide (S-S) bonds to limit motions of the corresponding regions. 96 
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Of note, FhaC is naturally devoid of Cys residues. Residues involved in interactions between the 97 

POTRA2 domain and the barrel (Asn245-Ser157 and Asn245-Lys184) and in a barrel-distal region of 98 

the POTRA2 domain (Asp165-Lys171) were replaced with Ala or Cys, and the effects of these 99 

mutations on secretion activity were determined (Figure 1A-E). S-S bond formation is catalyzed 100 

by the periplasmic disulfide oxidase DsbA in the course of biogenesis, which generally affects 101 

SDS-PAGE migration of the protein in the absence of a reducing agent, unless the intervening 102 

loop between the Cys residues is too short. The Asn245Ala substitution markedly decreased the 103 

activity of FhaC and somewhat reduced its amount in the membrane, unlike formation of Cys157-104 

Cys245 or Cys184-Cys245 S-S bonds (Figure 1C-E). This indicates that these barrel-POTRA2 105 

interactions contribute to FhaC activity, possibly because they stabilize its conformation in the 106 

secretion cycle. To the contrary, the engineered Cys165+Cys171 substitutions strongly reduced the 107 

level and the activity of FhaC in a dsbA+ background. Although protein migration was not affected 108 

the S-S bond was most likely formed, since secretion was not reduced in a dsbA- background or 109 

with the individual substitutions. The observation that S-S bond formation between these two Cys 110 

residues is detrimental points to the need for flexibility in this barrel-distal region of the POTRA2 111 

domain. 112 

 113 

Spontaneous in vivo conformational changes of FhaC independent of substrate 114 

We simultaneously replaced two residues distant in the X-ray structure of FhaC with Cys residues 115 

in order to detect alternative conformers of the transporter. The rationale was that conformational 116 

changes of FhaC might promote spontaneous S-S bond formation if the two Cys residues come 117 

close to each other, which might be detected even for short-lived alternative conformers since the 118 

S-S bound species accumulates over time. These experiments were performed in a dsbA- 119 
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background, such that S-S bonds formed after FhaC biogenesis and thus exclusively resulted from 120 

its conformational changes in the membrane. We combined Cys residues in surface loops 121 

(positions 224 in L1, 290 in L3, 342 in L4, 391 in L5, 503 in L7 and 545 in L8) with periplasmic 122 

Cys residues in the POTRA2 domain (positions 167, 176, 195), in the POTRA1 domain (position 123 

86) or in the linker (positions 33, 48) (Figure 2A). None of the single Cys substitutions markedly 124 

affected the secretion activity of FhaC (Baud et al., 2014; Guerin et al., 2014; Guerin et al., 2015). 125 

Under non-reducing conditions, partial oxidation of FhaC as detected by abnormal migration in 126 

SDS-PAGE was identified for the combinations Cys48+Cys224, Cys176+Cys224, Cys48+Cys545 and 127 

Cys195+Cys224, and weakly for Cys167+Cys224, indicating S-S bonds between the engineered Cys 128 

residues (Figure 2B). Thus, the last portion of the linker, the a helix H4 and the b5-b6 b hairpin 129 

of the POTRA2 domain can be found close to the extracellular loop L1, proximal to the B1-B16 130 

b-barrel seam in specific conformers. To confirm S-S bond formation, the FhaCC48+C224 and 131 

FhaCC195+C224 variants were overexpressed, purified and subjected to liquid chromatography 132 

coupled to tandem mass spectrometry (MS) in reducing and non-reducing conditions. In both 133 

variant samples, the regions that contain the Cys residues were detected only when proteolytic 134 

digestion was performed after reduction and alkylation (Figure 2 Supplement 1), which supports 135 

S-S bond formation between the linker and L1 in FhaCC48+C224 and between the POTRA2 domain 136 

and L1 in FhaCC195+C224.  137 

 138 

Conformational changes of FhaC in a lipid environment 139 

 We made use of electron paramagnetic resonance (EPR) and nuclear magnetic resonance (NMR) 140 

spectroscopies for their ability to characterize molecular structure and dynamics as well as minor 141 

conformational states on complementary time scales and distance ranges (Mittermaier & Kay, 142 
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2009; Torricella et al., 2021).  In addition, both techniques can be applied to proteins in lipid 143 

bilayer environments i.e., liposomes and lipid nanodiscs (Liang & Tamm, 2016; Sahu & Lorigan, 144 

2020). 145 

We recorded NMR spectra of FhaC in liposomes and nanodiscs (Bayburt et al., 1998), using 146 

solid- and solution-state NMR techniques, respectively. To render the 61-kDa protein more 147 

accessible to NMR spectroscopy, we resorted to perdeuteration and specific 1H, 13C-isotope 148 

labeling of isoleucine (Ile) δ1 methyl groups (Ruschak & Kay, 2010). Since the 15 Ile residues of 149 

FhaC are well distributed across all structural elements of the protein (Figure 3A), we expected 150 

this reduced labeling scheme to nevertheless be able to report on larger-scale structural transitions 151 

of FhaC. Signals from all Ile residues could be identified and assigned by Ile-to-Val mutations or 152 

paramagnetic relaxation enhancement experiments (Amero et al., 2011; Venditti et al., 2011) 153 

(Figure 3B,C). Broader signals in solid-state spectra are likely in part due to the choice of a sample 154 

temperature of 17°C, below the phase transition for the majority of E. coli polar lipids, to achieve 155 

longer-term sample stability and better signal-to-noise in dipolar coupling-based experiments. 156 

However, we also suspect that FhaC exhibits conformational heterogeneity in proteoliposomes, 157 

whereas it is more constrained in a nanodisc environment (see below).  158 

Signal intensities of the Ile δ1 methyls varied in both environments, informing on local 159 

dynamics in the protein. Ile14 was only visible in scalar coupling-based spectra, likely due to sub-160 

µs time scale motion towards the N-terminus of the protein, precluding its detection in spectra 161 

based on dipolar couplings. The signal of Ile548 in β-strand B16 at the barrel seam consistently 162 

exhibited low intensity in both scalar and dipolar coupling-based spectra, indicating exchange 163 

dynamics on the µs to ms time scale in this region. Moreover, the absence of through-space 164 

correlations for all but the shortest distances expected from the crystal structure (Figure 3 165 
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Supplement 1) also supports the notion of dynamics in FhaC, at least at the level of Ile side chains. 166 

However, 13C rotating-frame (R1ρ) relaxation dispersion experiments probing exchange between 167 

states with different chemical shifts on the µs time scale (Lewandowski et al., 2011; Ma et al., 168 

2014) yielded statistically flat dispersion profiles (Figure 3 Supplement 2), indicating that the 169 

conformational changes detected in FhaC by S-S cross-linking and EPR experiments likely occur 170 

on slower time scales, or are not reflected in sizable Ile Cδ1 chemical shift changes. 171 

Continuous-wave EPR (CW-EPR) spectroscopy in X-band with site-directed spin labeling 172 

typically detects transitions on time scales between 100 ps and 100 ns (Garcia-Rubio, 2020; 173 

Organesyan et al., 2017), but also transitions beyond that time scale since distinct spin label 174 

environments may generate spectral components reflecting conformational ensembles. Different 175 

structural states of a protein that exchange with each other can thus be accessed by multi-176 

component spectral simulations. Among the few sites of FhaC accessible to nitroxide spin labelling 177 

(Guerin et al., 2014; Guerin et al., 2015), we selected positions 33 in the linker, 187 and 195 in the 178 

POTRA2 domain, and 503 in the extracellular loop L7 to engineer pairs of Cys residues and 179 

labeled them with (1-oxyl-2,2,5,5-tetramethyl-Δ3-pyrroline-3-methyl) methanethiosulfonate 180 

(MTSL). This yielded FhaC variants FhaC33R1+503R1, FhaC187R1+503R1, and FhaC195R1+503R1, where 181 

R1 represents the spin label. EPR spectra of the proteins in b-octyl glucoside (bOG) micelles 182 

revealed hyperfine coupling values indicating contributions of several components, i.e., distinct 183 

mobility regimes for one or both probes (Figure 4). The spectral features of FhaC187R1+503R1 and 184 

FhaC195R1+503R1 both showed fast- and intermediate-motion components as expected for spin probes 185 

exposed to solvent, whereas those of FhaC33R1+503R1 indicated a slow-motion regime, most likely 186 

at site 33 as observed earlier (Guerin et al., 2014).  187 
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The CW-EPR spectra of FhaC195R1+503R1 and FhaC187R1+503R1 in proteoliposomes exhibited 188 

signal broadening and indicated several conformers (Figure 4; Figure 4 Supplement 1), providing 189 

evidence for a dynamic protein that populates several conformational states. Spectral splitting 190 

values around 7.0 mT reveal very slow motions of the probe, suggesting a change of its 191 

environment most likely at positions 187 and 195 rather than 503, since no large spectral changes 192 

between bOG and lipid environments were detected for FhaC33R1+503R1. Such reduced mobility 193 

might indicate interactions of the spin probes with the lipid bilayer. Spectra of FhaC were similar 194 

in nanodiscs and in bOG, suggesting that for FhaC, the former do not fully reproduce the 195 

membrane environment (Figure 4 Supplement 1). Thus, although residues 187 and 195 in the 196 

POTRA2 domain are solvent-exposed in the crystal structure of FhaC, our EPR data highlight a 197 

conformation where they may be close to the lipid bilayer.  198 

 199 

Shorter-than-expected distances between POTRA2 domain and extracellular side with 200 

Pulsed Electron Double Resonance (PELDOR) spectroscopy 201 

Spin–spin distances between 1.8 and 8 nm in membrane proteins are accessible with PELDOR 202 

spectroscopy and can provide insight into non-homogeneous conformational ensembles (Jeschke, 203 

2012). For FhaC195R1+503R1 and FhaC187R1+503R1 in bOG, the main populated states correspond to 204 

distance distributions between the two spin probes centered at 7.2 nm and 5.6 nm, consistent with 205 

distances calculated using MTSL rotamer libraries attached to the corresponding residues of the 206 

FhaC crystal structure (Figure 5A; Figure 5 Supplement 1). For FhaC33R1+503R1 a broader distance 207 

distribution was observed, with contributions centered at 4.2 nm and 4.6 nm as also predicted by 208 

rotamer libraries (Figure 5 Supplement 1) (Jeschke, 2013, 2020). 209 
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In addition to the expected long distance, shorter distance distributions centered at 2.5 nm and 210 

3.5 nm were observed for FhaC195R1+503R1 in proteoliposomes that can be attributed to conformers 211 

with the two probes closer to one another than in the crystal structure conformation (Figure 5B; 212 

Figure 5 Supplement 2). PELDOR experiments also showed additional peaks in the distance 213 

distributions for FhaC33R1+503R1 and FhaC187R1+503R1 in proteoliposomes, with shorter distances than 214 

expected for the latter and both shorter and longer distances for the former (Figure 5B). Thus, for 215 

the three variants, insertion in liposomes leads to the formation of multiple different conformations.  216 

The point mutation Asp492Arg disrupts a conserved salt bridge between L6 and the inner barrel 217 

wall and induces conformational changes in FhaC (Guerin et al., 2015). We introduced the 218 

Asp492Arg substitution in FhaC195R1+503R1 and performed EPR experiments. They showed an 219 

increased proportion of species characterized by slow probe motions and short inter-spin distances 220 

(Figure 5 Supplement 3). Hydrogen-deuterium exchange MS experiments confirmed the increased 221 

conformational flexibility in several regions of FhaCR492 compared to its wild type (wt) counterpart 222 

(Figure 5 Supplement 3).  223 

Taken together, our results support the idea that the POTRA2 domain can undergo large 224 

conformational changes, which are likely facilitated by the rupture of the L6-inner barrel wall 225 

interaction. The H1-POTRA1 linker can also adopt several conformations and move towards the 226 

cell surface.  227 

 228 

Evidence for proximity between the b5-b6 hairpin of the POTRA2 domain and the barrel 229 

using paramagnetic relaxation enhancement (PRE) NMR  230 

To complement the EPR data, we performed PRE experiments in which a single MTSL probe is 231 

attached to an engineered Cys in the protein, and attenuation of NMR signals of nuclei within a 232 
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radius of about 25 Å around the MTSL probe can be detected even if they only transiently approach 233 

the probe (Battiste & Wagner, 2000).  We chose residue 220 in the extracellular loop L1 for this 234 

experiment. Intensities of Ile δ1 methyl signals in FhaC220R1 measured by solid-state NMR in 235 

proteoliposomes were referenced to those in a sample with a diamagnetic MTSL analog attached 236 

to the same residue, FhaC220R1dia (Nadaud et al., 2007). Comparison of the signal intensity ratios 237 

obtained for different FhaC residues allows to determine whether a signal is more attenuated than 238 

would be expected from the crystal structure, indicating a residue approaching the probe more 239 

closely. Nevertheless, as the resultant para- versus diamagnetic signal intensity ratios do not 240 

necessarily normalize to 1 chiefly due to variations in the amount of labeled protein between the 241 

samples, we did not attempt to extract quantitative distance measurements from these data.  242 

Ile114, Ile136, and Ile141 in the POTRA1 and POTRA2 domains are more than 38 Å apart from 243 

the position of the paramagnetic MTSL on Cys220 according to an MTSL ensemble modeled onto 244 

residue 220 in the crystal structure (Hagelueken et al., 2015) (Figure 6 Supplement Table 1). In 245 

agreement with our other data that do not implicate these residues in any large-scale 246 

conformational changes, we found the highest para- versus diamagnetic intensity ratios (i.e., no 247 

attenuation) for their NMR signals (Figure 6A,B). Conversely, Ile27, Ile441, Ile506, and Ile548 are 248 

expected to be within 16 to 25 Å of the paramagnetic center; correspondingly, their signals were 249 

attenuated. In agreement with expected distances to the paramagnetic center of 12 and 32 Å for 250 

Ile252 and Ile420, respectively, the overlapped signal due to these two residues exhibited 251 

intermediate attenuation. Finally, the signal of Ile188 in strand b5 of the POTRA2 domain was 252 

attenuated more than would be expected for a residue at 35 Å distance from the paramagnetic 253 

center. The difference in attenuation with respect to the reference residues Ile114, Ile136, and Ile141 254 

is significant (p < 0.05). In line with our results from cross-linking and EPR spectroscopy, this 255 
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result thus supports the notion that regions of the POTRA2 domain encompassing strand b5 can 256 

approach the extracellular loops. Conversely, signals from the POTRA2 H4 helix (Ile172, Ile176, 257 

Ile179) were not significantly attenuated compared to reference signals.  258 

Notably, we did not obtain indications for alternative conformers in FhaC reconstituted into 259 

nanodiscs with EPR or NMR spectroscopy (Figure 6 Supplement 2). Analysis of PELDOR 260 

experiments on FhaC195R1+503R1 yielded only a long distance between the spin labels, as expected 261 

from the crystal structure, and PRE experiments on FhaC195R1 showed attenuation of NMR signals 262 

only within the POTRA2 domain. Along with smaller linewidths of FhaC NMR signals in 263 

nanodiscs compared to liposomes (Figure 3B,C), these findings further support the idea that the 264 

nanodisc environment constrains the conformational space accessible to FhaC. 265 

 266 

Interactions of portions of the POTRA2 domain with the b barrel by native mass 267 

spectrometry  268 

Our data imply that the POTRA2 domain undergoes some breaking up in the secretion cycle. We 269 

thus investigated its lability by using structural MS-based approaches in bOG micelles (Figure 7). 270 

Native MS analysis of FhaC revealed a monomer that could be stripped of bOG at 60 V, a relatively 271 

low collision energy (CE), and that displayed a narrow charge state distribution between 14+ and 272 

19+ indicative of a folded protein in a single conformation (Figure 7 Supplement 1). 273 

We used collision-induced unfolding (CIU) (Tian et al., 2015) to characterize the stability and 274 

the organization of the FhaC domains. FhaC displayed two transitions at 60 V and 120 V as shown 275 

by the increases of collision cross section (CSS) values (Figure 7C). As the number of transitions 276 

in the gas phase can generally be related to the number of domains of a protein (Zhong et al., 2014), 277 

and extra-membrane domains are more likely to experience early unfolding than domains 278 
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embedded in detergent or lipids due to collisional cooling (Barrera et al., 2009), those transitions 279 

might be caused by unfolding of the POTRA domains and/or ejection and unfolding of H1. Control 280 

CIU experiments with other B. pertussis outer membrane proteins (OMPs) with small soluble 281 

domains inside their b barrels, the TonB-dependent transporter BfrG and the translocator domain 282 

of an autotransporter, SphB1-ab, showed a single unfolding transition at low voltage, which likely 283 

corresponds to unfolding of these soluble domains (Figure 7 Supplement 2). Thus, the b barrels of 284 

these three proteins likely remain structurally intact at high activation conditions, most likely due 285 

to strong hydrogen bonding networks. 286 

To further investigate whether the CIU transitions observed for FhaC stem from unfolding of 287 

the POTRA domains or ejection of the H1 helix, we studied the CIU pathway of FhaCC4+C391 in 288 

which H1 is locked inside the barrel by an S-S bond and thus cannot move out (Guerin et al., 2014). 289 

FhaCC4+C391 exhibited the same transitions as wt FhaC, although the second unfolding event was 290 

delayed by 30 V and the overall CCS value was increased by 50 Å2 (Figure 7 Supplement 3). As 291 

CIU is unlikely to break S-S bonds (Tian et al., 2015), comparison of these unfolding pathways 292 

suggests that the two transitions correspond to successive unfolding of the POTRA domains, with 293 

the barrel remaining intact in those conditions. H1 stays inside the barrel or its unfolding barely 294 

registers in the CCS values. The delay of the second unfolding transition for FhaCC4+C391 suggests 295 

that locking H1 in the barrel stabilizes one of the POTRA domains, although from the data we 296 

cannot discern which one. 297 

We next tested the possibility that portions of the POTRA2 domain might bind to the b barrel, 298 

probably along strands B1 or B16 upon opening of the lateral seam. Using native MS, we assessed 299 

the binding of synthetic peptides that correspond to various periplasmic portions of FhaC, 300 

including b5-b6 (2815 Da), b4+L (i.e., b4 followed by the b4-H3 linker; 2210.5 Da) and L+H4 301 
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(i.e., the H3-H4 linker followed by H4; 2836 Da) of the POTRA2 domain, Fha-NT (2178.5 Da), 302 

the N-terminal b hairpin of the FhaB transport substrate, b2-b3 of the POTRA1 domain (2496 Da), 303 

and Lk (2597 Da), a non-structured peptide from the linker region between H1 and the POTRA1 304 

domain (Figure 8; Figure 8 Supplement 1). The same experiments were performed with SphB1-305 

ab to correct for non-specific binding, which might occur in native MS experiments due to artifacts 306 

induced by interaction with the detergent during the electrospray process (Landreh et al., 2016). 307 

Fha-NT, b4+L and b5-b6 exhibited binding to FhaC, with b5-b6 binding at the highest level and 308 

in two copies, but markedly less to the FhaCC4+C391 variant (Figure 8A-C; Figure 7 Supplement 3).  309 

We assessed structural changes induced by peptide binding using native ion-mobility (IM) 310 

MS. At low CE (i.e., no activation), all three peptides increased the CCS of the compact state of 311 

FhaC by rather small increments of 91-92 Å2 (Figure 9; Figure 9 Supplement 1). However, upon 312 

increasing the activation conditions, Fha-NT and b4+L no longer increased the CCS of FhaC, 313 

compared to the unbound protein. In contrast, the b5-b6 peptide caused an increase in CCS values 314 

both at low and high collisional activation, suggesting that a structural change was induced upon 315 

peptide binding and that the peptide was bound to a region that remains folded in these conditions 316 

(Figure 9). As our CIU studies suggest that the POTRA domains likely unfold at high CE, the 317 

effect of b5-b6 on the CCS might thus stem from peptide binding to the b barrel. The same 318 

experiment with FhaCC4+C391 showed a lower level of peptide binding, which nevertheless caused 319 

a similar increase of CCS at both low and high energies, like with wt FhaC (Figure 9C and Figure 320 

7 Supplement 3). This supports the model that the b5-b6 hairpin the POTRA2 domain undergoes 321 

a large reorientation to interact with the barrel, facilitated by the ejection of H1.  Given the 322 

amphipathic nature of this hairpin, it might align with an edge of the open b-barrel seam. 323 

 324 
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DISCUSSION  325 

As Omp85 transporters are thought to perform their functions in the absence of an energy source 326 

in the periplasm, their postulated conformational cycling must involve low energy barriers between 327 

conformers, as reported for BamA (Xiao et al., 2021). Here, we obtained evidence for large 328 

conformational changes of FhaC that involve portions of the POTRA2 domain approaching the 329 

lipid bilayer and the extracellular side of the protein. Conformational changes of FhaC occur 330 

independently of the presence of the substrate, indicating that such dynamics is an intrinsic 331 

structural feature of the protein, most likely with implications for its function. Notably, the 332 

conformational states appear to be in slow equilibrium, as with BamA (Hartmann et al., 2018). 333 

All structural elements of TpsB transporters are connected with one another, structurally and 334 

functionally, and therefore their motions are likely to be coupled (Guerin et al., 2014; Guerin et 335 

al., 2020; Guerin et al., 2015; Maier et al., 2015). In the resting conformation, H1 and L6 interact 336 

with the barrel wall, H1 with L1, the H1-POTRA1 linker with the POTRA domains, and the 337 

POTRA2 domain with the periplasmic side of the barrel (Guerin et al., 2020; Maier et al., 2015). 338 

In the secretion process, L6 breaks its connection with the barrel wall, H1 moves towards the 339 

periplasm, and part of the B1-B16 seam unzips (Guerin et al., 2014; Guerin et al., 2020; Guerin et 340 

al., 2015). Here we have shown that these motions are also coupled to substantial conformational 341 

changes of the POTRA2 domain. In CdiBAb, coordinated motions of the first barrel strand B1 and 342 

the extracellular loops L1, L2 and L6 favor the active conformation of the transporter (Guerin et 343 

al., 2020). Based on this and previous work we thus propose that concerted conformational changes 344 

lead to channel opening and substrate entry.  345 

Lateral opening of the barrel is a common feature of Omp85 transporters. For BamA and Sam50, 346 

the B1 strand at the lateral gap templates folding of client proteins by b augmentation (Doyle & 347 
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Bernstein, 2019; Höhr et al., 2018, Tomasek, 2020 #30). In TpsB transporters, lateral opening is 348 

required for secretion (Guerin et al., 2020), and this work indicates that it is coupled to motions of 349 

part of the POTRA2 domain towards the b barrel. EPR, NMR and S-S cross-linking data revealed 350 

the proximity of parts of the POTRA2 domain to the lipid bilayer or to the extracellular side of 351 

FhaC in some conformers, and structural MS experiments showed the binding of the POTRA2 b5-352 

b6 hairpin peptide to the b barrel under conditions in which the POTRA domains are very likely 353 

unfolded. This binding might involve b augmentation of the B1 strand in an unzipped 354 

conformation by the b5-b6 hairpin, as suggested by our IM-MS results and by the in vivo formation 355 

of an S-S bond between the tip of that hairpin and the extracellular loop L1. The b5-b6 sequence 356 

fits ideally in the open seam, with its amphipathic nature and suitable charge partitioning. By 357 

utilizing intrinsic protein dynamics, TpsB transporters mediate protein secretion without the need 358 

for cofactors or external energy sources. Although such conformational changes are unprecedented 359 

in the Omp85 superfamily, divergent functional evolution has necessarily implied specific 360 

mechanistic adaptations.   361 

How the motions of the POTRA2 domain and the H1 helix are coordinated remains 362 

speculative. According to MD simulations on CdiBAb, breaking the connections between the loops 363 

L1 and L6 favors expulsion of H1 from the barrel, which elicits barrel unzipping between B1 and 364 

B16 (Guerin et al., 2020). Disruption of the B1-B16 seam might trigger a swing motion of the b5-365 

b6 hairpin of the POTRA2 domain toward the open seam, enlarging the barrel by b augmentation. 366 

Importantly, the groove between H4 and b5 in the POTRA2 domain is a binding site for the 367 

conserved TPS domain of the FhaC substrate, FhaB (Delattre et al., 2011), and therefore such a 368 

conformational change of the POTRA2 domain might hoist a portion of the bound substrate 369 

towards the barrel. As the alternative conformations of FhaC exist in the absence of its substrate, 370 
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the conformational changes occur spontaneously, on a slow time scale (ms or above). The 371 

incoming FhaB substrate would interact with conformations in which its binding site on FhaC is 372 

accessible in the periplasm (Maier et ao., 2015) and piggyback on spontaneous motions of its 373 

transporter to initiate secretion, thereby displacing the equilibrium between conformations. Recent 374 

work has indicated that energy may be transduced from the inner membrane to the BAM complex 375 

through the protonmotive force-utilizing SecDF complex (Alvira et al., 2020). One cannot rule out 376 

that the intrinsic conformational changes of FhaC in vivo are similarly enhanced by an energy-377 

transducing mechanism. The observation that portions of the linker also approach the extracellular 378 

loops as seen in the cross-linking experiments might reflect futile conformational changes 379 

involving the linker in place of the substrate, in the absence of the latter. Notably, evidence for the 380 

last part of the linker reaching the cell surface was obtained previously (Guedin et al., 2000). 381 

As the POTRA2 domain partially breaks up during secretion, it must reassemble after 382 

secretion is completed. This may be mediated by the interactions of the H3 helix and the barrel-383 

proximal end of b5 of the POTRA2 domain with the periplasmic turn T1 of the barrel, which are 384 

important for FhaC activity. These fixed points of the POTRA2 domain may ensure that FhaC can 385 

regain its resting conformation after secretion, which is necessary to limit OM permeability. 386 

Consistent with this hypothesis, disrupting the conformation of the periplasmic turn T1 yielded 387 

transient, very large channels as detected in electrophysiology experiments (Méli et al., 2006). Our 388 

model for the mechanism of protein transport in TPS systems recapitulates currently available data 389 

and establishes mechanistic links between TpsBs and other Omp85 transporters.  390 

 391 

Materials and Methods 392 

Strains and plasmids 393 
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E. coli JCB570 or JCB571 (dsbA::kan) were used for low level expression of FhaC and E. coli 394 

BL21(DE3-omp5) for overexpression. For peptide mapping FhaCC48+C224 and FhaCC195+C224 were 395 

overexpressed in BL21(DE3-omp5 dsbA::kan), which was constructed as described in (Derbise et 396 

al., 2003). Point mutations in fhaC were generated using the QuikChange II XL Kit (Agilent, Les 397 

Ulis, France) on pFc3 (Guedin et al., 2000). Overexpression of FhaC for purification was 398 

performed from pET22 or pET24 plasmids (Clantin et al., 2007). ptacFha44-His codes for the first 399 

80 kDa of the FhaC substrate FhaB, called Fha44, followed by a 6-His tag. It was constructed by 400 

adding a 1.2-kb Sal-BamHI fragment of the fhaB gene into the same sites of the ptacNM2lk-His 401 

plasmid (Guerin et al., 2015). pFJD63 codes for FhaC under the control of the PBAD promoter 402 

(Guedin et al., 1998). Its derivatives were constructed by ligating the XhoI-HindIII and XhoI-XbaI 403 

fragments of pFJD63 with the XbaI-HindIII fhaC fragments with the relevant mutations from the 404 

pFc3 derivatives. pMSP1D1 and pMSP1E3D1 were obtained from Addgene (Watertown, MA, 405 

USA). pSphB1ab is a derivative of pT7SBab (Dé et al., 2008) with a 6-His tag. To construct 406 

pT7bfrG-H, the sequence corresponding to the mature protein was PCR amplified and inserted in 407 

pFJD138 (Méli et al., 2006) after the signal-peptide and 6-His tag sequences. 408 

 409 

In vivo assays  410 

To monitor S-S bond formation in vivo, the pFc3 variants were introduced in E. coli JCB571. The 411 

recombinant bacteria were grown at 37°C in minimum M9 medium containing 0.1% 412 

casaminoacids under agitation. The cells were collected by centrifugation when the optical 413 

densities at 600 nm (OD600) of the cultures reached 0.8. The cell pellets were resuspended in 50 414 

mM sodium (pH 6.8) containing 10 mM N-ethylmaleimide and lysed using a Hybaid ribolyzer 415 

apparatus (50 sec at speed 6). The membranes were collected by ultracentrifugation of the clarified 416 
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lysates at 90,000 g for 1 h. The pellets were resuspended in loading buffer without reducing agent 417 

and separated into two aliquots, with DTE added at 25 mM to one of them before heating at 70°C 418 

for 10 min. FhaC was detected using anti-FhaC antibodies (Delattre et al., 2011) with alkaline 419 

phosphatase development for 15 min.   420 

For the secretion assays, overnight cultures of E. coli JCB570 or JCB571 harboring a pFJD63 421 

derivative and ptacFha44-His were diluted to OD600 of 0.3 in LB and grown under agitation with 422 

0.01% arabinose for 20 min to produce FhaC. The bacteria were collected by centrifugation, 423 

resuspended in prewarmed LB without arabinose and grown to OD600 of 0.8 before adding IPTG 424 

at 1 mM to induce the expression of Fha44. Culture aliquots were collected 5 and 20 min thereafter 425 

and placed on ice. After centrifugation to harvest the bacteria, Fha44 was affinity-purified from 426 

the supernatants with Ni-NTA beads (Qiagen, Courtaboeuf, France). The membrane extracts were 427 

prepared and FhaC was detected as above. Fha44 was detected by immunoblotting using anti-6His 428 

antibodies, the ECL kit of Amersham (Merck, St Quentin-Fallavier, France) and the Amersham 429 

Imager 600 (GE) with 1 sec exposure. The amounts of Fha44 in supernatants were quantified with 430 

ImageJ. 431 

 432 

Protein Purification and spin labeling  433 

The production and purification of the FhaC derivatives was performed as described (Guerin et al., 434 

2014). Expression for NMR experiments was performed in M9 minimal medium in D2O, 2.5 g/L 435 

2H-glucose (Sigma, St Quentin-Fallaviers, France), 1g/L 15N-NH4Cl, 1g/L 15N,2H-isogro (Sigma) 436 

and 13C-a-ketobutyric acid (Sigma) to achieve u-(2H,15N), Ile-δ1(13CH3) isotope labeling (Ruschak 437 

& Kay, 2010). For spin labeling, 3 mM tris(2-carboxyethyl)phosphine (TCEP, Sigma) was added 438 

to the detergent extract before ion exchange chromatography. The FhaC-containing fractions were 439 
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mixed with a 10-fold molar excess MTSL or its diamagnetic analogue (1-Acetoxy-2,2,5,5-440 

tetramethyl-δ-3-pyrroline-3-methyl) methanethiosulfonate (Toronto Research Chemicals, North 441 

York, ON, Canada) at 15°C with gentle agitation for 16 hours. Excess MTSL was removed by 442 

chromatography. SphB1-ab and BfrG were produced from E. coli BL21(DE3-omp5) and purified 443 

from bOG extracts using Ni2+ affinity chromatography. For BfrG 300 mM NaCl was added to 444 

improve solubility.  445 

 446 

Preparation of liposomes and nanodiscs and protein reconstitution  447 

Small unilamellar vesicles (SUVs) from E. coli polar lipids, dimyristoyl phosphatidyl choline 448 

(DMPC) or mixtures of DMPC and dimyristoyl phosphatidyl glycerol (DMPG) (Avanti, Interchim, 449 

Montluçon, France) at the indicated ratios were prepared as described (Guerin et al., 2014). The 450 

SUVs were mixed with FhaC variants at lipid:protein molar ratios of approx. 2500:1 for EPR and 451 

200:1 for NMR experiments, respectively, at room temperature, with gentle agitation for one hour. 452 

The proteoliposomes were formed by removal of detergent with the progressive addition of 453 

Biobeads SM2 (Bio-Rad), and the proteoliposomes were collected by ultracentrifugation. All steps 454 

were performed under argon. Final buffer concentrations after mixing FhaC and liposomes were 455 

about 12.5 mM each of Tris and NaPi, 150 mM NaCl, pH 6.7. 456 

Nanodiscs were prepared with the MSP1D1 and MSP1E3D1 scaffold proteins (Ritchie et al., 457 

2009) produced in E. coli BL21(DE3), with an induction of 3 h at 28°C. For NMR experiments, 458 

scaffold proteins were expressed in M9 minimal medium in D2O using 2H-glucose as carbon 459 

source to suppress their signals in the (1H,13C)-based NMR spectra. The bacteria were broken using 460 

a French press in 50 mM Tris-HCl (pH 8), 300 mM NaCl (TN buffer), 1% Triton X100 (TNX 461 

buffer), and the clarified lysates were subjected to Ni2+ affinity chromatography. After successive 462 
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washes in TNX, TN buffer with 50 mM cholate, 20 mM and 50 mM imidazole, the proteins were 463 

eluted in TN buffer with 400 mM imidazole, concentrated by ultrafiltration and dialyzed against 464 

20 mM Tris-HCl (pH 8), 200 mM NaCl and 0.1 mM EDTA. DMPC and DMPG at a 2:1 ratio were 465 

solubilized in chloroform, lyophilized overnight and resuspended to 25 mM in 20 mM Tris-HCl 466 

(pH 7.5), 100 mM NaCl, 0.5 mM EDTA, 50 mM cholate. For NMR experiments, deuterated (d54-) 467 

DMPC and DMPG (Cortecnet, Voisins-le-Bretonneux, France) were used. FhaC, the scaffold 468 

protein and the lipids were mixed at a ratio of 1:3:180, cholate was added to 15 mM, and incubation 469 

performed for 1 h at room temperature. Biobeads were added progressively, and the incubation 470 

was continued at 4°C overnight. The nanodiscs were collected by ultracentrifugation and 471 

concentrated by ultrafiltration. For NMR experiments, the buffer was exchanged to 100 mM NaPi 472 

in D2O pH* 7.2 using a 2-ml ZebaSpin column (7 kDa MWCO). 473 

 474 

NMR experiments  475 

For solid-state NMR experiments on FhaC variants reconstituted into liposomes, the 476 

proteoliposomes collected by ultracentrifugation were transferred to 1.3 mm magic-angle-spinning 477 

(MAS) solid-state NMR rotors (Bruker Biospin, Wissembourg, France) using an 478 

ultracentrifugation device (Bertini et al., 2012) (Giotto Biotech, Sesto Fiorentino, Italy) in a 479 

Beckman ultracentrifuge (SW 32 Ti rotor, 77,000 x g, 12°C, 30 – 60 min). NMR experiments were 480 

performed on spectrometers operating at 800 and 950 MHz 1H Larmor frequency (18.8 and 22.3 481 

T magnetic field) (Bruker Biospin) at a MAS frequency of 50 kHz. Sample temperature was kept 482 

at about 17°C as judged by the chemical shift of the bulk water resonance. Spectra were indirectly 483 

referenced to 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) via the lipid methylene proton 484 

resonance, which appears at 1.225 ppm under our experimental conditions. Typical pulse lengths 485 
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for 1H and 13C hard 90° pulses were 2.1 and 3.8 µs, respectively. For cross-polarization (CP), field 486 

strengths were 21 and 30 kHz for 1H and 13C, respectively (n=1 double-quantum Hartmann-Hahn 487 

condition), with a 50-to-100% ramp on the 1H radiofrequency (RF) field and a duration of 1.5 ms. 488 

1H-detected 2D 13C-1H dipolar hCH correlation spectra (Barbet-Massin et al., 2014) were typically 489 

recorded with 1600 data points and a spectral width of 40 ppm in the direct 1H dimension and 100 490 

to 140 data points and a spectral width of 13 ppm in the indirect 13C dimension. For water 491 

suppression, the MISSISSIPPI scheme (Zhou & Rienstra, 2008) at 15 kHz 1H RF field with a 492 

duration of typically 200 ms was employed. For the 2D hChH correlation spectrum, a 1H-1H 493 

mixing time of 6.4 ms using radio frequency driven recoupling (Bennett et al., 1992) with a 1H 494 

field strength of 120 kHz was applied between back-CP and acquisition. 13C R1ρ spectra 495 

(Lewandowski et al., 2011; Ma et al., 2014) were recorded in a pseudo-3D fashion, with the 13C 496 

spinlock period inserted between the initial CP and the 13C indirect evolution of the hCH sequence. 497 

Spinlock field strengths from 1.2 to 10 kHz were used, and 5 spinlock durations from 2.5 to 80 ms 498 

with one repeated value were recorded for each spinlock. The spinlock carrier frequency was kept 499 

at the center of the isoleucine δ1 methyl 13C region, as in all other hCH correlation spectra. A 1H 500 

180° pulse was inserted in the middle of the spinlock period to suppress chemical shift anisotropy 501 

/ dipolar coupling cross-correlated relaxation (Kurauskas et al., 2016). Solid-state PRE NMR 502 

experiments were recorded on FhaC samples with either a paramagnetic MTSL tag or a 503 

diamagnetic MTSL analogue (Nadaud et al., 2007) attached to a Cys, reconstituted into E. coli 504 

polar lipid liposomes. Standard dipolar 2D hCH correlation spectra were recorded.  505 

Solution-state NMR experiments on FhaC in nanodiscs were conducted on a 900 MHz 506 

spectrometer (Bruker Biospin) at 32°C sample temperature. Standard 13C-1H heteronuclear 507 

multiple-quantum coherence (HMQC) or SOFAST-HMQC (Schanda & Brutscher, 2005) 508 
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experiments were recorded with 2048 and 150 data points and spectral widths of 14 and 7.4 ppm 509 

in direct 1H and indirect 13C dimensions, respectively. For PRE experiments, standard 13C-1H 510 

HMQC spectra were recorded on a FhaC195R1 sample before and after reduction of the 511 

paramagnetic MTSL tag with a 10-fold molar excess of ascorbic acid (Battiste & Wagner, 2000).  512 

NMR spectra were processed with TopSpin 4.0.3 (Bruker Biospin) or NMRPipe (Delaglio et 513 

al., 1995) and analyzed with Sparky (Lee et al., 2015) or CcpNMR (Vranken et al., 2005). For the 514 

relaxation dispersion curves, effective transverse relaxation rates R2,eff (comprising intrinsic 515 

transverse relaxation rate R2,0 and any exchange contribution Rex) were extracted from 516 

experimental R1ρ values using separately recorded R1 experiments (Palmer & Massi, 2006). For 517 

PRE experiments, ratios of peak intensities in spectra of para- and diamagnetic species (FhaC220R1 518 

and FhaC220R1dia for solid-state experiments, oxidized and reduced FhaC195R1 in case of the 519 

solution-state experiments, respectively) were calculated. These para- versus diamagnetic signal 520 

intensity ratios do not normalize to 1 in our case. In the solid-state experiments, this is most likely 521 

due to variations between the samples in terms of efficiency of protein reconstitution into 522 

liposomes and total amounts of sample transferred to the NMR rotor. Both in solid and solution 523 

state, spectroscopic factors likely also play a role (incomplete longitudinal relaxation and thus 524 

lower signal-to-noise in the spectra of diamagnetic samples due to the use of short inter-scan delays 525 

of 1 s (Iwahara et al., 2007)). We have thus opted to normalize PRE ratios to the maximum ratio 526 

observed in each experiment, which was always observed in one of the residues furthest from the 527 

paramagnetic center (Ile136 in FhaC220R1, Ile14 in FhaC195R1). This is equivalent to normalizing 528 

signals within each spectrum to a reference signal whose intensity is unaffected by PRE effects. 529 

We then only analyzed relative signal attenuation levels, instead of attempting to extract 530 
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quantitative distance measures. Error bars of PRE intensity ratios were calculated based on spectral 531 

noise levels (root-mean-standard deviation of the spectral noise) using standard error propagation. 532 

 533 

EPR Experiments  534 

Continuous-wave (CW) EPR spectra were recorded at room temperature on a Bruker EMX 535 

spectrometer operating at X-band frequency (∼9.8 GHz) and equipped with a Bruker ER 4123D 536 

dielectric resonator. Spectra were recorded with 100-kHz field modulation with a sweep rate of 537 

1.8 G/s and a modulation amplitude of 1 G. CW-EPR spectra were background-subtracted and 538 

baseline-corrected. Spin concentrations were calculated by double integration of the field-539 

modulated spectrum and comparison to a standard curve of 4-hydroxy TEMPO free radical. 540 

Labeling efficiencies were calculated as the spin concentration obtained by double integration 541 

divided by the total protein concentration obtained from optical absorbance at 280 nm. Low 542 

labeling efficiencies indicated that the Cys side chains at the four sites are not fully accessible to 543 

solvent in the detergent micelle. 544 

PELDOR experiments were performed at Q-band frequency (∼34 GHz) using a Bruker 545 

EleXsys E580 spectrometer equipped with an overcoupled Bruker EN 5107D2 resonator. Pulses 546 

were generated with a Bruker SpinJet AWG and amplified with a 50 W TWT amplifier. The 547 

experiments were performed at 50 K and 30 K using a variable-temperature cryogen-free system 548 

(Oxford, Oxford, UK). The deadtime-free, four-pulse PELDOR sequence [(π/2)probe ― τ1 ― 549 

(π)probe ― τ1 + t ― (π)pump ― τ2 –t ― (π)probe ― τ2 ― (echo)] was employed with a 200-ns 550 

τ1 delay and τ2 delays ranging from 3,200 ns to 7,000 ns depending on the sample (Pannier et al., 551 

2000). Probe pulses were 10 ns (π/2) and 20 ns (π) Gaussian-shaped pulses at a frequency 552 

corresponding to the maximum of the resonator response function and a magnetic field value 553 
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corresponding to the high-field shoulder of the echo-detected field-swept spectrum. The pump 554 

pulse was implemented as a 24-ns pulse centered at a frequency 55 MHz higher than the probe 555 

frequency and corresponding to the maximum of the nitroxide field-swept spectrum. Raw time-556 

domain PELDOR traces were background-corrected using DeerAnalysis 2019 package (Jeschke 557 

et al., 2006), and the resulting signals were power-scaled in MATLAB to suppress sum and 558 

difference peaks arising from multispin effects. Distance distributions were then calculated from 559 

the scaled and background-corrected PELDOR traces by Tikhonov regularization. For 560 

FhaC33R1+503R1, FhaC187R1+503R1 and FhaC195R1+503R1, distance distributions were predicted using a 561 

pre-computed rotamer library of the MTSL spin probe attached to specific residues on the PDB 562 

structure (Jeschke, 2020).  563 

 564 

Peptide mapping of FhaC variants  565 

Purified FhaCC48+C224 and FhaCC195+C224 variants were subjected to non-reducing SDS-PAGE, and 566 

acrylamide bands corresponding to the oxidized forms of the two proteins were excised. They were 567 

washed with 50 µL of acetonitrile/NH4HCO3 (75/25) four times and dehydrated with acetonitrile 568 

(ACN), or incubated in 10 mM DTT in NH4HCO3 for 30 min at 57°C and 30 min room 569 

temperature, followed by incubation in 55 mM iodoacetamide in 25 mM NH4HCO3 for 20 min in 570 

the dark, 3 washes with NH4HCO3 and dehydration with ACN performed twice. The pH of the 571 

samples was decreased to 2.0, digestion was performed with pepsin (0.01 µg/µL) (Promega, 572 

Charbonnieres-les-Bains, France) at a 1:50 enzyme:substrate ratio at 37°C for 3 hours, and the 573 

reaction was stopped by heating at 95°C for 10 min.  574 

NanoLC-MS/MS analysis was performed using a nanoAcquity Ultra-Performance-LC (Waters, 575 

Manchester, UK) coupled to a Q-Exactive Plus Orbitrap mass spectrometer (Thermo Scientific, 576 
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Illkirch, France). Peptides were trapped on a nanoACQUITY UPLC precolumn (C18, 180 µm x 577 

20 mm, 5 µm particle size), and eluted from a nanoACQUITY UPLC column (C18, 75 µm x 250 578 

mm, 1.7 µm particle size) at a constant temperature of 60°C. Mobile phases A and B were 579 

composed of 0.1% formic acid in water and 0.1% formic acid in ACN, respectively. Peptides were 580 

eluted with gradients of B from 1 to 8% for 2 min, 8 to 35% for 58 min, 35 to 90% for 1 min, 90% 581 

for 5 min, 90 to 1% B for 1 min and a concentration of 1% B for 20 min, with a constant flow rate 582 

of 400 nL/min. The source temperature of the mass spectrometer was set to 250°C and the spray 583 

voltage at 1.8 kV. Full scan MS spectra were acquired in positive mode with a resolution of 584 

140,000, a maximum injection time of 50 ms, and an AGC target value of 3x106 charges. The 10 585 

most intense multiply charged peptides per full scan were isolated using a 2 m/z window and 586 

fragmented using higher energy collisional dissociation (normalized collision energy of 27). 587 

MS/MS spectra were acquired with a resolution of 17,500, a maximum injection time of 100 ms 588 

and an AGC target value of 1 x 105, and dynamic exclusion was set to 60 sec. The system was 589 

fully controlled by XCalibur software v3.0.63, 2013 (Thermo Scientific) and NanoAcquity UPLC 590 

console v1.51.3347 (Waters). The MS/MS data were interpreted using a local Mascot server with 591 

MASCOT 2.5.0 algorithm (Matrix Science, London, UK). Spectra were searched with a mass 592 

tolerance of 5 ppm for MS and 0.07 Da for MS/MS data, using none as enzyme. Oxidation (+15.99 593 

Da), and carbamidomethylation (57.02 Da) were specified as variable modifications. Protein 594 

identifications were validated with a Mascot ion score above 25.  595 

 596 

HDX-MS experiments 597 

Purified wt FhaC and the FhaCR492 variant were injected with an automated HDX system 598 

encompassing a CTC PAL robot (Leap Technologies, Zwingen, Switzerland), and a nanoAcquity 599 
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UPLC system with HDX technology (Waters). The proteins were diluted and incubated at 20 °C 600 

for different deuteration times (0.5, 2, 10, 30, and 60 min) in 10 mM K2HPO4, 10 mM KH2PO4, 601 

400 mM NaCl, 3% bOG, (pD 6,6) deuterated buffer. The exchange reaction was stopped by adding 602 

1:1 (v/v) of 2 M Guanidine-HCl, 100 mM Glycine (pH 2.2) quench buffer at 1 °C for 0.5 min. 603 

Quenched samples were then digested (100-pmole injections) through a pepsin-immobilized 604 

cartridge (Enzymate pepsin column, 300 Å, 5 μm, 2.1 × 30 mm, Waters) in 0.1% aqueous formic 605 

acid solution, and the generated peptides were trapped on UPLC ACQUITY BEH C18 VanGuard 606 

precolumn of 2.1mm I.D. × 5 mm and 1.7 μM particle diameter (Waters) at 200 μl.min−1. The 607 

peptides were then separated on an ACQUITY UPLC BEH C18 column of 1.0mm I.D. × 100 mm, 608 

1.7 μM particle diameter (Waters) at 0.1 °C with a gradient elution of A (0.1% formic acid 609 

aqueous) and B (ACN with 0.1% formic acid) [2–40% B (7 min), 40–85% B (0.5 min), and 85% 610 

B (1 min)] at a flow rate of 40 μL.min−1. Mass spectrometry analyses were conducted on a Synapt 611 

G2 HDMS (Waters) with an electrospray ionization in positive polarity, initially calibrated and 612 

using a lock-mass correction with glufibrinogen peptide. Analyses were carried out in data-613 

independent acquisition mode (MSE, Waters) with the following parameters: ESI voltage, 3.2 kV; 614 

cone voltage, 40 V; source temperature, 80 °C; desolvation gas, nitrogen at 150 °C and 800 L.h−1; 615 

acquisition range, m/z 50–2000; scan time, 0.3 s; trap MS collision, 15 → 40 eV. MSE data were 616 

processed using ProteinLynx Global Server 2.5.3 (Waters) with a custom protein sequence library, 617 

where peptide and fragment tolerances were set automatically by PLGS, with oxidized methionine 618 

(+15.99 Da) as variable modification. Data were then processed with DynamX 3.0 (Waters). All 619 

experiments were carried out in triplicate and only peptides identified in all replicates were kept 620 

with a minimum fragment of 0.2 per amino acid, a minimum intensity of 103, a length between 5 621 

and 30 residues and a file threshold of 3. Deuterium uptakes for all identified peptides were 622 
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manually checked and validated. Only one charge state was kept for each peptide, and deuterium 623 

uptake was not corrected for back-exchange, represented as relative. HDX-MS results were 624 

statistically validated using a mixed effects model (MEMHDX71), with a P value set to 0.01. 625 

 626 

Native MS and ion mobility  627 

Purified FhaC was buffer exchanged into 100 mM ammonium acetate buffer, pH 6.8, 628 

supplemented with 50 mM bOG using a P6 desalting column (Biorad, Marnes-la-Coquette, 629 

France). Samples were directly infused with nano-electrospray ionization with in-house-prepared 630 

gold-coated borosilicate glass capillaries with a spray voltage of +1.4 kV. Spectra were recorded 631 

on a quadrupole TOF instrument (Synapt G2 HDMS with 32K quadrupole, Waters) optimized for 632 

transmission of native, high-m/z protein assemblies. Critical voltages and pressures throughout the 633 

instrument were 50 V, 10 V, 150 V and 15 V for the sampling cone, extraction cone, trap and 634 

transfer collision cell, respectively, with pressures of 9 mbar, 1.47 × 10−2 mbar and 1.21 × 10−2 635 

mbar for the source, trap and transfer regions unless indicated otherwise. CIU ion mobility 636 

experiments were performed with 50 V sampling cone; 50-200 V trap collision energy; 42 V trap 637 

DC bias; and 15 V transfer collision energy. Pressures throughout the instrument were 9 and 1.46 638 

× 10−2 mbar for the source and trap/transfer collision cells. All spectra were processed with 639 

Masslynx v4.1 (Waters). Collision cross section calibration was performed using GDH, ADH, 640 

ConA and PK as proteins standard as described (Allen et al., 2016). It should be noted that due to 641 

the generally lower charge states observed for membrane proteins, and the increased collision 642 

energies required (compared to soluble proteins) for gentle release of proteins from detergent 643 

micelles, the CCS values reported here are less accurate and intended for qualitative comparison 644 

rather than quantitative matching to theoretical models. 645 
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 646 

Peptide binding assays  647 

Synthesized peptides were dissolved in DMSO to a final concentration of 100 mM and added to 648 

the protein sample at final concentrations of 10 µM FhaC and 100 µM peptide. To correct for non- 649 

specific and detergent-specific binding, SphB1-ab was run at identical concentrations and 650 

conditions. For both proteins the fraction of peptide-bound protein was calculated based on peak 651 

intensities, after which the binding to the decoy protein was subtracted to correct for non-specific 652 

binding.   653 
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Figure 1. Effects of engineered S-S bonds on FhaC activity. (A) Linear representation of 
the secondary structure elements of FhaC, with residues used in this work. L1 to L8 represent 
the extracellular loops, b1 to b6 the b strands of the POTRA domains, H1 to H4 the a helices, 
and B1 to B16 the b-barrel strands. T1 is the first periplasmic turn. (B) Structural model of 
FhaC (PDB 4QKY). A zoom of the POTRA2 domain is shown below. (C) Residues involved 
in a salt bridge (Lys165-Asp171) or H bonds (Lys184-Asn245; Ser157-Asn245) in the resting 
conformation of FhaC were replaced as indicated (C=Cys; A=Ala). Immunoblots were 
performed on membrane extracts with anti-FhaC antibodies. The asterisks indicate oxidized 
species of FhaC detected in the absence of the reducing agent dithioerythritol (DTE) in the 
sample buffer. (D) The secretion activity of the FhaC variants was determined using a model 
substrate, Fha44-His, affinity precipitated from supernatants 5 and 20 min after induction. 
Immunoblots were developed with an anti-6His tag monoclonal antibody. (E) Quantification 
of Fha44 found in culture supernatants after 5 and 20 min.  The means and standard 
deviations of the means are shown (n=3 or 4). Activity of FhaCC165+C171 could only be 
detected in the dsbA KO strain (denoted C165-C171(-)), not in its wild type parent (denoted 
C165-C171(+)).  
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Figure 2. Detection of transient conformers of FhaC in vivo. (A) Position of the Cys 
substitutions in FhaC. (B) Immunoblot of membrane fractions of E. coli JCB571 (dsbA KO 
strain) producing FhaC variants. The numbers indicate the positions of the two Cys residues. 
The reducing agent DTE was added to one half of each sample. FhaCR represents the position 
of the reduced form. The asterisks point to the additional, cross-linked forms that can migrate 
faster or more slowly than the reduced form, depending on the respective positions of the two 
Cys residues. S-S bond formation was confirmed by mass fingerprinting analyses (Figure 
Supplement 1). 
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Figure 2 Supplement 1. Peptide mapping analysis of FhaCC48-C224 and FhaCC195-C224. 
Residues in red represent sequence coverage with (A,C) or without (B,D) reduction and 
alkylation. In the latter cases, the regions that contain the Cys residues were not characterized, 
suggesting the presence of an intramolecular S-S bond in both variants. Note that the sequences 
shown here contain an N-proximal Gly-Ser insertion for cloning purposes that has no effect on 
the structure or the activity of FhaC. The numbering of FhaC throughout the text corresponds 
to that of the native protein without this insertion. 
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Figure 3. NMR analysis of Ile δ1 methyl labeled FhaC in lipid bilayers. (A) Structure of 
FhaC with Ile residues labeled and drawn as green sticks. Color code of structural elements is 
as in Fig. 1. β-strands 1 to 4 are drawn transparently for visibility. (B) Methyl region of a 
solid-state dipolar hCH 13C-1H correlation spectrum of u-(2H, 15N), Ile-δ1(13CH3)-labeled wt 
FhaC in E. coli polar lipid liposomes, recorded at 50 kHz MAS on an 800 MHz spectrometer. 
(C) Same region as in (B) of a solution-state heteronuclear multiple quantum coherence 
(HMQC) 13C-1H correlation spectrum of FhaC195R1 (same isotope labeling as in (B)) in 2H-
MSP1D1 nanodiscs containing deuterated DMPC and DMPG lipids, recorded on a 900 MHz 
spectrometer. The MTSL tag (called R1, see below) on residue 195 was reduced with ascorbic 
acid; peak positions are identical to those of wt FhaC in nanodiscs. These analyses were 
complemented by analyses of through-space correlations (Supplement 1) and relaxation 
dispersion experiments (Supplement 2). 
 
 
 

 
 
Figure 3 Supplement 1. NMR analysis of through-space contacts between Ile δ1 methyl 
groups in FhaC in liposomes. 2D hChH correlation spectrum with 6.4 ms RFDR (Bennett et al., 
1992) 1H-1H mixing of FhaC u-(2H, 15N), Ile-δ1(13CH3) in d54-DMPC/d54-DMPG liposomes, recorded 
on an 800 MHz NMR spectrometer, to visualize through-space correlations between Ile δ1 methyl groups 
close in space. Among expected inter-residue cross-peaks (1H-1H distance below 6 Å), peaks present in 
the spectrum are indicated in blue, those which are absent in red. 
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Figure 3 Supplement 2. NMR relaxation dispersion experiments to measure µs time scale 
exchange dynamics in FhaC. Effective 13C transverse relaxation rates R2,eff extracted from 
solid-state NMR R1ρ relaxation dispersion experiments (Lewandowski et al., 2011; Ma et al., 
2014) on selected Ile-δ1 methyl groups of u-(2H, 15N), Ile-δ1(13CH3)-labeled wt FhaC, recorded 
on 800 (blue) and 950 MHz (red) spectrometers at 50 kHz MAS frequency and 17°C sample 
temperature. Horizontal lines are best fits to the data using a model of no exchange (i.e. constant 
R2,eff values for varying applied B1 radiofrequency fields and thus varying effective fields νeff). 
Models assuming exchange do not fit the data significantly better according to F test statistics 
or Akaike's information criterion (AIC) in any of the Ile-δ1(13CH3) groups of FhaC. Notably, 
data from residue Ile548 in strand β16, at the barrel junction with strand β1, could not be reliably 
analyzed due to low signal-to-noise. 
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Figure 4. CW-EPR analyses of FhaC variants. (A) CW-EPR spectra of FhaC195R1+503R1, (B) 
FhaC33R1+503R1 and (C) FhaC187R1+503R1 in bOG micelles and proteoliposomes (PL) made of E. coli polar 
lipids, respectively. The line shapes of the spectra result from different components. The outer 
splitting varies from 7.0 to 3.0 mT, and an intermediate component with a broadening of 5.0 mT is 
also observed. The dotted lines indicate the highest value of Azz (hyperfine coupling) for the 
nitroxide spin probe between the unpaired electron and the nitrogen nucleus. Spectra obtained 
in various other lipid environments are found in Supplement 1. 
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Figure 4 Supplement 1. CW-EPR spectra of FhaC195R1+503R1 in various environments. (A) 
Proteoliposomes were made of DMPC and DMPG at different ratios, and the spectra obtained 
were compared with that of the same protein in proteoliposomes made of E. coli polar lipids. 
The dotted lines indicate the highest value of Azz (DB = 7 mT) for the nitroxide spin probe 
between the unpaired electron and the nitrogen nucleus, as well as two additional components 
on the EPR spectra related to two species with different mobilities. At DMPC:DMPG ratios of 
66:33 and 50:50, the spectra are very similar to that in E. coli polar lipids. (B) FhaC was 
inserted in nanodiscs of two different sizes, made with MSP1D1 or MSP1E3D1, and a 66:33 
ratio of DMPC:DMPG. 
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Figure 5. PELDOR analyses of FhaC. Dipolar evolution function for FhaC195R1+503R1 (top), 
and distance distributions obtained by Tikhonov regularization of the dipolar evolution 
functions (bottom) for FhaC33R1+503R1(orange), FhaC187R1+503R1 (blue), and FhaC195R1+503R1 

(green) in bOG (A) and in proteoliposomes (B) prepared with E. coli polar lipids (PL). The 
black lines in the upper panels correspond to the fitting of the experimental PELDOR traces. 
The inset in A represents the first 2.5 µs of the dipolar evolution function for comparison with 
that shown in (B). The red dashed lines denoted S1 and S2 show the slopes of the first parts of 
the curves representing the dipolar evolution functions. Predicted distance distributions can be 
found in Supplement 1. Note that the longest distances measured depend on the dipolar 
evolution time t. As the lipid environment decreases the t that can be applied, the longest 
distances shift to smaller values for FhaC in proteoliposomes compared to bOG (Supplement 
2). A mutation that severs the connection of the loop L6 to the inner barrel wall affects the 
EPR spectra of FhaC195R1+503R1 (Supplement 3). 
 
 
 
 
 
 



 
Figure 5 Supplement 1. Distance distributions from PELDOR experiments.  The distance 
distributions obtained for FhaC33R1+503R1 (orange), FhaC187R1+503R1 (blue) and FhaC195R1+503R1 

(green) in bOG (solid lines) are compared with those predicted using a pre-computed rotamer 
library of the MTSL spin probe attached to specific residues on the PDB structure of FhaC 
(dashed lines) (Jeschke, 2020). In the right panel, a zoom on the 3-5 nm region shows the 
broad distribution for FhaC33R1+503R1. 
 

 
 
 
Figure 5 Supplement 2. Dipolar evolution signals recorded with different delays t2 and 
corresponding distance distributions. FhaC195R1+503R1 in E. coli lipids liposomes was used in 
this experiment. (A) The dipolar evolution signals were measured at increasing dipolar 
evolution times t. (B) The longest distance measured shifts to longer values for longer dipolar 
evolution times t since long, but not short distances are sensitive to the  value used in PELDOR 
experiments. The lipid environment decreases the dipolar evolution time that can be applied, 
which results in an apparent shift to smaller distance distribution values. The right panel is a 
zoom on the 4-6 nm region. 
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Figure 5 Supplement 3. Effect of the L6-barrel interaction on conformational changes of 
FhaC. (A) CW-EPR spectrum of FhaCR492+195R1+503R1 in proteoliposomes. (B) Dipolar 
evolution function for the PELDOR signal. (C) Distance distribution obtained by Tikhonov 
regularization of the signal depicted in (B). The asterisk corresponds to the longest distance 
measurable as a function of the t parameter applicable in this experiment. (D) Results of 
hydrogen-deuterium exchange mass spectrometry. Comparison of relative fractional deuterium 
uptakes (RFU) between wt FhaC and the FhaCR492 variant. Negative values correspond to less 
deuterium uptake by the wt protein relative to FhaCR492. 
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Figure 6. NMR paramagnetic relaxation enhancement experiments (PRE) on FhaC. (A) 
Superposition of dipolar solid-state hCH 13C-1H correlation spectra of u-(2H, 15N), Ile-
δ1(13CH3)-labeled FhaC samples in E. coli polar lipid liposomes, with a paramagnetic MTSL 
tag (FhaC220R1, blue) or with a diamagnetic MTSL analog (FhaC220R1dia, red) attached to the 
introduced Cys220 residue. Spectra were recorded at 800 MHz 1H Larmor frequency. (B) Ratios 
Ipara/Idia of Ile-δ1 methyl peak intensities in the hCH correlation spectra of FhaC220R1 and 
FhaC220R1dia shown in (A), normalized to the maximum ratio observed in Ile136. Error bars are 
calculated based on spectral noise levels. * and ** indicate significant (p < 0.05 and p < 0.01, 
respectively) attenuation of the Ile188 signal relative to the signals of the reference residues 
Ile114, Ile136, and Ile141. Distances between the probe and the Ile residues are shown in 
Supplement Table 1. PRE experiments in nanodiscs (Supplement 2) complement these 
analyses. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Ile residue 
Avg. dist. to  
paramag.  
center (Å) 

14 7.1 
252 11.7 
548 16.5 
27 17.5 

441 18.6 
506 25.3 
420 32.0 
179 32.1 
176 34.1 
188 35.4 
141 38.4 
172 40.4 
136 42.0 
190 43.5 
114 56.6 

 
 

Figure 6 Supplement Table S1. Estimated Ile Cδ1 – MTSL distances in the crystal 
structure conformation of FhaC220R1. Shown are distances (in Å) between Ile Cδ1 nuclei and 
the estimated average position of the paramagnetic center in FhaC with a MTSL spin label on 
residue 220 (FhaC220R1). An ensemble of 200 MTSL conformations compatible with labeling 
on FhaC residue 220 was calculated using the mtsslSuite web server (Hagelueken et al., 2012; 
Hagelueken et al., 2015) (http://www.mtsslsuite.isb.ukbonn.de/) and the FhaC crystal structure 
(PDB 4QKY). The average position of the paramagnetic center (taken as halfway between 
nitrogen and oxygen atoms of the MTSL nitroxide ring) was calculated from the coordinates of 
these 200 conformations; distances from that position to Ile Cδ1 nuclei were calculated using 
PyMOL (The PyMOL Molecular Graphics System. Schrödinger, LLC). A horizontal line in the 
table indicates the distance from the paramagnetic center up to which attenuation effects on the 
NMR resonance of the corresponding Ile residue are expected if FhaC assumes a conformation 
as in the crystal structure. 
 
 
 
 
 
 
 
 
 



 
 
Figure 6 Supplement 2. Spectroscopic analyses of FhaC in nanodiscs.  (A) Dipolar evolution 
function (left) and Tikhonov regularization (right) of the PELDOR signal of FhaC195R1+503R1 in 
nanodiscs.  (B) NMR paramagnetic relaxation enhancement experiments on FhaC195R1 in 
nanodiscs. Ratios Ipara/Idia of paramagnetic vs. diamagnetic FhaC195R1 Ile-δ1 methyl peak 
intensities (normalized to their maximum value found for Ile14) extracted from 13C-1H 
heteronuclear multiple-quantum coherence (HMQC) experiments in solution before and after 
reduction of the MTSL spin label by addition of a 10-fold molar excess of ascorbic acid. Spectra 
were recorded on a 900 MHz spectrometer. Error bars are calculated based on spectral noise 
levels. Numbers above the bars indicate the distance between the Cδ1 nucleus of the 
corresponding Ile residue and the average position of the paramagnetic center in an ensemble 
of conformations of the MTSL tag attached to Cys195 in the FhaC crystal structure, calculated 
using the MtsslWizard PyMOL plugin (Hagelueken et al., 2012). Relative levels of signal 
attenuation due to the MTSL tag are perfectly in line with the relative distances of the 
corresponding residues from the paramagnetic center modeled onto the FhaC crystal structure, 
suggesting that FhaC in nanodiscs does not populate alternative conformations. 
 
 
 
 



 
 
Figure 7. Native mass spectrometry analysis of WT FhaC. (A) Model of FhaC with H1 
and the linker in yellow, and the POTRA domains 1 and 2 in pink and green, respectively. (B) 
Mass spectrum of WT FhaC released from its bOG micelle. The spectra at increasing collision 
energy are shown in Supplement 1. (C) Collision-induced unfolding (CIU) experiments show 
two dominant transitions that are likely linked to unfolding of the POTRA domains (see text), 
although the order in which they unfold is unknown. CIU profiles of control b-barrel proteins 
are shown in Supplement 2, and profiles of the FhaCC4+C391 variant with H1 locked in the 
barrel are in Supplement 3. 
 
 
 



 
Figure 7 Supplement 1. Native MS analysis of FhaC in bOG micelles. The spectra were 
obtained at increasing collisional energy.  
 
 

 
Figure 7 Supplement 2. Mass spectra and CIU plots of control OMPs. (A) SphB1-ab is a 
truncated autotransporter (AT) containing only the b barrel with the preceding helical linker inserted 
in the barrel pore. (B) The TonB-dependent transporter BfrG is composed of a b barrel with a soluble 
N-terminal plug domain inserted in the barrel.  The structural models shown are those of related 
transporters (PDB 1UYN and 3QLB, respectively), as the structures of SphB1-ab and BfrG are not 
available. The mass spectra of the two OMPs released from their bOG micelles are shown at the top, 
and the CIU plots are below. Both show a single CIU transition, which suggests that the b barrels 
remain intact, while the soluble domains are ejected and unfold.  
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Figure 7 Supplement 3. CIU plots of FhaCC4+C391. (A) Comparison of the CIU plots of wt FhaC 
(blue) and the FhaCC4+C391 variant (green). (B) Overlay of the CIU plots of unbound FhaCC4+C391 (blue) 
and FhaCC4+C391 with the b5-b6 peptide bound (red). As for wt FhaC (see Figure 8), binding of the 
peptide to FhaCC4+C391 increased CCS values at both low and high CE, suggesting that it induces 
enlargement of the b barrel, even with H1 inside. 
 
 
 
 



 
 
Figure 8. Binding of synthetic peptides to FhaC. (A) Mass spectrum of FhaC incubated 
with the b5-b6 peptide at a collisional energy of 150 V shows binding of the peptide to the 
protein under high-energy conditions. Schematic representations of the barrel with bound 
peptides are shown at the right. (B) Under similar conditions, little binding was detected for 
the L-H4 peptide. (C) Quantification of the binding of synthetic peptides to FhaC (light grey) 
and to the control b-barrel protein SphB1-ab (SB1ab, dark grey; used to correct for non-
specific binding). Orange bars show normalized values. The peptides used in this study are 
shown in Supplement 1. 
 
 



 
 
Figure 8 Supplement 1. Synthetic peptides used in this study. The first 5 peptides are 
shown in red on the structural model of FhaC, and the last one on the structural model of the 
N-terminal portion of FhaB (PDB 1RWR). The b5-b6 peptide 
(GKTGNITIVPADEYGYSYLDLQLQR) corresponds to the last two b strands of the 
POTRA2 domain that form an amphipathic b hairpin immediately preceding B1, the first 
strand of the b barrel. The b2-b3 peptide (SIVTFVPPGVVDGVLKLKVEWGR) 
encompasses the last two b strands of the POTRA1 domain. The Lk peptide 
(RPPVELNPQSEAAAPARKPDATSGH) corresponds to the linker between the H1 helix and 
the POTRA1 domain. The L+H4 peptide (AMPGWQDKVLNVFDIDQAIYNINNG) 
encompasses the loop (extended) region that precedes the H4 a helix and the H4 helix of the 
POTRA2 domain. The B4+L peptide (RIKGWLIDGKPLEGTRDR) corresponds to the b 
strand b4 of the POTRA2 domain followed by a loop region. Finally, the FHA-NT peptide 
(QTQVLQGGNKVPVVNIADPNS) corresponds to the N-terminal b strands b2 and b3 of 
FhaB forming a short hairpin, preceded and followed by loop regions. 
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Figure 9. Collision-induced unfolding of FhaC with bound b5-b6 peptide. (A) Overlay of 
the CIU plots of FhaC with (green) and without (blue) one b5-b6 peptide bound. Increased 
CCS values are observed both under native conditions (low CE) and conditions in which the 
POTRA domains are most likely unfolded (high CE). (B) Comparison of the CIU plots of 
unbound FhaC (blue) and FhaC with two b5-b6 peptides bound (orange), which shows an 
additional CCS increase compared to FhaC with a single peptide bound. (C) CCS of FhaC 
with various peptides determined at low and high CE (listed before and after the slash). The 
measured values indicate that only b5-b6 enlarges FhaC in both conditions. The CIU plots of 
wt FhaC with the b4L and FhaNT peptides are shown in Supplement 1. The CIU plot of 
FhaCC4+C391 with the b5-b6 peptide are shown in Figure 7 Supplement 3. 
 
 



 
 
 
Figure 9 Supplement 1. CIU plots of FhaC incubated with synthetic peptides. (A) FhaC 
without (blue) or with (green) the FHA-NT peptide. (B)  FhaC without (blue) or with (green) 
the B4+L peptide. In both cases the presence of the peptide causes an increased CCS at low 
collision voltage, but not at elevated collisional activation.  
 


