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Abstract

Chaperone-usher pathway (CUP) pili are extracellular proteinaceous fibers ubiquitously found on 

Gram-negative bacteria, and mediate host-pathogen interactions and biofilm formation critical in 

pathogenesis in numerous human diseases1. During pilus assembly an outer membrane (OM) 

macromolecular machine called the usher catalyzes pilus biogenesis from the individual subunits 

that are delivered as chaperone-subunit complexes in the periplasm. The usher orchestrates pilus 

assembly using all five functional domains: a 24-stranded transmembrane β-barrel translocation 

domain (TD), a β-sandwich plug domain (PD), an amino-terminal periplasmic domain (NTD) and 

two carboxy-terminal periplasmic domains (CTD1 and CTD2)2–6. Despite extensive structural and 

functional characterization, the mechanism by which the usher is activated to initiate pilus 

biogenesis is unknown. Here we present the crystal structure of the full-length PapC usher from 

Escherichia coli in complex with its cognate PapDG chaperone-subunit complex in a pre-
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activation state, elucidating molecular details of how the usher is specifically engaged by allosteric 

interactions with its substrate preceding activation and how the usher facilitates the transfer of 

subunits from the NTD to the CTDs during pilus assembly. This work elucidates the intricate 

workings of a molecular machine that catalyzes CUP pilus assembly and opens the door for the 

development of potent inhibitors to block pilus biogenesis.

Main

Gram-negative bacteria assemble CUP pili to mediate adhesion to host and environmental 

surfaces, facilitate invasion into host tissues, and promote formation of intra- and extra-

cellular biofilm communities1. This has been best studied for urinary tract infections (UTIs), 

which affect 60% of women in their lifetime7,8. Escherichia coli (E. coli) carries at least 38 

CUP pili in its pan genome9. Uropathogenic E. coli (UPEC), the causative agent of 85% of 

community-acquired UTIs, utilizes type 1 and P pili to mediate host- and tissue-specific 

adherence critical in cystitis and pyelonephritis, respectively 10–14.

In CUP pilus assembly, individual pilus subunits or pilins are first exported across the inner 

membrane to the periplasm where they are guided to the OM usher via the chaperone15,16. 

Each pilin adopts an incomplete immunoglobulin (Ig)-like structure lacking a seventh C-

terminal β-strand17,18. In a process termed donor-strand complementation (DSC), the 

chaperone, a boomerang shaped protein comprised of two complete Ig-like domains, 

provides in trans its G1 β-strand to complete the pilin’s Ig-like fold in a non-canonical 

fashion17,18. Chaperone-pilin complexes are then guided to the OM usher, a β-barrel channel 

that catalyzes subunit-subunit interactions through a reaction called donor-strand exchange 
(DSE) wherein an N terminal extension on every subunit completes the canonical Ig fold of 

its neighboring subunit in a zip-in zip-out mechanism that drives the dissociation of the 

chaperone19–21.

DSE events are coordinated by the PapC usher and require all five functional domains of the 

usher for productive interactions between pilus subunits during fiber polymerization4,22. In 

biolayer interferometry (BLI) studies, the isolated NTD binds the chaperone-adhesin PapDG 

complex with the highest affinity relative to other chaperone-subunit complexes23. Thus, P 

pilus assembly is thought to begin with the recruitment of PapDG to the NTD of apo-PapC. 

Unlike the NTD, the PD and the PD-NTD complex bind the chaperone and all chaperone-

subunit complexes with nearly equal affinity23. Based on studies in the type 1 pilus system, 

chaperone-subunit complexes are transferred from the NTD to the CTD by an unknown 

mechanism4,22. The PapC CTD2 has been shown to promote the dissociation of PapDG 

from the NTD in vitro23. In BLI studies, CTD2 binds to all tested chaperone-subunit 

complexes except the PapDH complex23. Incorporation of PapH results in termination of 

pilus biogenesis24,25. Thus, the CTDs are thought to facilitate the hand-off of chaperone-

subunit complexes from the NTD to the CTDs by an unknown mechanism, resulting in their 

association at the usher CTDs during activation of the usher for the initiation of pilus 

assembly and all subsequent pilus assembly elongation steps4,22. We define usher activation 

as a complex multi-step mechanism, which begins with the interactions between the 

chaperone-adhesin and usher NTD and results in: i) its association with NTD in the 
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periplasm; ii) transfer of chaperone-adhesin from the NTD to CTDs and; iii) Plug domain 

displacement. Here we present an X-ray crystal structure of the ternary PapC-PapDG 

complex in the process of transitioning from an inactive to a post-activation state, termed 

here a pre-activation state, delineating detailed molecular interactions between PapDG and 

the NTD and CTD2 of PapC. Addition of the PapDF chaperone-pilin complex to the pre-

activated PapC-PapDG complex results in DSE between PapG and PapF. Mutations in the 

NTD-CTD2 interface significantly reduced pilus assembly in vivo and diminished the ability 

of PapC to promote PapG-PapF DSE in vitro. Together with functional characterization and 

comparison with the post-activation structures in the type 1 pilus system, our results reveal 

critical details about the molecular mechanism of usher activation and chaperone-adhesin 

translocation from the usher NTD to CTD.

The ushers that assemble the most well characterized CUP pili, the type 1 pilus and P pilus, 

have a sequence identity and similarity of 31% and 43%, respectively, but exhibit high 

structural similarity and are thought to share common assembly mechanisms. Thus, genetic, 

biochemical, and biophysical studies conducted in either pilus system are often combined to 

elucidate the molecular determinants of usher function during pilus biogenesis. However, 

variations in pilus assembly mechanisms have been noted in different pilus systems. In type 

1 pilus biogenesis, the FimH adhesin is sufficient to activate the FimD usher to initiate pilus 

assembly26,27. In marked contrast, in the P pilus system, efficient activation of the PapC 

usher involves a concerted mechanism involving both the PapG adhesin and the subsequent 

pilus subunit and adaptor protein, PapF28–30. In order to elucidate the mechanism by which 

PapC is primed for activation and its transition to a post-activation state we: i) reconstituted 

a ternary PapC-PapDG complex in vitro without PapF (Figs. 1a and 1b); ii) crystallized the 

ternary PapC-PapDG complex and; iii) determined the crystal structure at 3.7 Å resolution 

(Fig. 1d, Supplementary Table 1). To demonstrate the activity of the isolated PapC-PapDG 

complex we used a DSE assay to determine if the usher in the PapC-PapDG complex could 

promote DSE between PapG and PapF upon addition of the PapDF complex (Fig. 1c). 

Indeed, appearance of an SDS stable PapGF band appeared over time, albeit slowly, 

signifying that the purified PapC-PapDG ternary complex is capable of promoting DSE in 
vitro. In the time course tested, the DSE reaction between PapG and PapF does not achieve 

100% completion, but this is consistent with the reported DSE rate between PapG and PapF 

(~50% completion in 120 hours)31,32. Moreover, the sample at the end of the time course 

could be purified and was demonstrated to have formed a quaternary PapC-PapDFG 

complex (Supplementary Fig. 1). Though it is likely that the reconstituted PapC-PapDG 

complex exists as a mixture of pre-activated and post-activated conformations, the crystal 

structure reveals a pre-activated usher state transitioning to a post-activation state in which: 

i) the PD still resides within the β-barrel lumen and; ii) the NTD and CTDs interact with 

each other and both are also engaged in binding PapDG (Fig. 1d and Fig. 2a-b). This is in 

sharp contrast to the previously determined crystal structures of usher-chaperone-adhesin 

FimD-FimCH, and usher-tip fibrillum, FimD-FimCFGH complexes from the type 1 pilus 

system, in which the FimD usher has already transitioned to a post-activation state4,22. In the 

FimD-FimCH and FimD-FimCFGH structures: i) the PD of FimD has translocated into a 

periplasmic NTD-PD complex; ii) the chaperone-subunit complex has been transferred to 

the CTDs and; iii) the adhesin lectin domain (FimHL) is inserted into the β-barrel pore (Fig. 
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2a). Notably, the FimD-FimCH structure was achieved by limited proteolysis with trypsin 

prior to crystallization4, which resulted in cleavage of the N-terminal tail of the FimD usher, 

a critical motif for binding the chaperone-adhesin complex and subsequent chaperone-

subunit complexes33–35. Since the critical NTD tail was removed in that study, the NTD-

chaperone-adhesin and NTD-CTD2 interactions elucidated in our wild-type PapC-PapDG 

structure, in which the N-terminal tail of the PapC usher is critically engaged with both the 

chaperone-adhesin and in the NTD-CTD2 interface, could not be observed. Thus, it also 

raises the possibility that all (full-length) ushers, when incubated with their cognate 

chaperone-adhesin complex, remain in a pre-activation state until an additional subunit is 

recruited to the usher, competing for the N-terminal tail residues to release the chaperone-

adhesin from the NTD to undergo complete translocation to the CTDs and enter the TD 

lumen (Supplementary Fig. 2a).

In the PapC-PapDG structure, both the NTD and CTD2 are in substantially different 

positions as compared with the previous type 1 pilus post-activation structures (Fig. 2c-d). 

These large domain rearrangements are made possible by flexible linkers connecting the 

NTD to the TD and CTD2 to CTD1. CTD1 remains stationary between the pre-activation 

and post-activation states, suggesting that CTD2 is the dynamic component of the bi-partite 

CTD of the usher. The PapDG complex in our structure has an essentially identical structure 

to isolated PapDG (Supplementary Fig. 3). The adhesin lectin domain (PapGL) resides at 

the base of the β-barrel, burying ~490 Å2 of surface area, and does not interact with any 

periplasmic domains of the usher (Fig. 2e). The adhesin pilin domain (PapGP) moves along 

the same rotational axis as CTD2 (Fig. 2e). The initial binding of the PapC usher NTD and 

the PapDG chaperone-adhesin complex does not immediately elicit the PD displacement 

that primes the β-barrel for pilus extrusion through the pore. Conceptually, the PD 

displacement may occur concurrently with recruitment of the subsequent chaperone-subunit 

complex, PapDF, to the NTD and translocation of PapDG to the CTDs (Supplementary Fig. 
2a). Alternatively, complete translocation of PapDG to the CTDs might elicit PD 

displacement followed by recruitment of PapDF to an NTD-PD complex (Supplementary 
Fig. 2b).

While the PD resides within the pore lumen, the periplasmic domains make extensive 

contacts with PapDG as well as with each other, giving rise to a pre-activated usher in the 

process of activation. The PapC NTD interacts, via the first eleven amino acids of its N-

terminal tail, with PapD (Fig. 3a). In particular, the conserved F3 of PapC plugs into a 

hydrophobic pocket comprised of residues P30, L32, I93, and P95 of PapD (Fig. 3a). 

Mutation of F3 of the usher or L32 and I93 of the chaperone abolishes pilus assembly, 

suggesting that this interface is critical in usher function3,35. Additionally, the usher CTD2 

also contacts PapD, with D762 of CTD2 forming a salt bridge with K44 of PapD, an 

interaction also observed in the FimD-FimCH and FimD-FimCFGH structures (Fig. 3b)4,22.

Remarkably, direct intra-usher interactions between the usher NTD and CTD2 are also 

observed at the NTD-PapDG-CTD2 interface (Fig. 3c). Despite the medium resolution of 

the structure, the N-terminal tail residues 12–21 of the NTD are well resolved in the electron 

density map (Supplementary Fig. 4) and form extensive interactions with the bottom cleft 

of CTD2, particularly the β1-β2 and β5-β6 loops in CTD2 (Fig. 3c). While the interactions 
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between CTD2 and the chaperone are observed in the post-activation FimD-FimCH 

structure (Supplementary Fig. 5), the NTD-CTD2 interface is an unprecedented, unique 

feature in our pre-activation PapC-PapDG structure. This interface was not observed in the 

FimD-FimCH structure because the NTD motif was proteolytically removed by trypsin to 

aid in crystallization6. To evaluate the physiological relevance of this NTD-CTD2 interface, 

we made multiple mutations in amino acids comprising this interface, with a focus on an N-

terminal α-helix in the usher NTD that is positioned directly next to CTD2 (Fig. 3c)3,33. To 

investigate their functional importance, we tested the ability of each PapC mutant to 

complement a ΔpapC pap operon (papAHDJKEFG) in a hemagglutination assay, which is a 

measure of overall levels of piliation on the bacterial surface (HA titer analysis) (Fig. 3d). 

All mutations in this region, especially mutants destabilizing the α-helix, resulted in a 

significant reduction in HA titer, ranging from a complete ablation of HA titer to a 2- to 16-

fold decrease in HA titer (Fig. 3d). These defects in P pilus assembly are specific to this 

interface as mutations of surrounding residues on the N-terminal tail or CTD2 have no effect 

(Supplementary Fig. 6).

To further interrogate the role of this interface in usher activation, we selected four PapC 

mutants (D17P, (16–20)A, F21A, and F745A) and tested their ability to first form a stable 

ternary complex with PapDG and then to promote DSE between PapG and PapF (Fig. 4). 

Mutations destabilizing the N-terminal α-helix (D17P or (16–20)A) or a residue flanking the 

end of the α-helix (F21A) resulted in an inability of the mutant PapC ushers to form a stable 

ternary complex in vitro (Fig. 4a-c). Interestingly, the F21A PapC mutant had been 

previously characterized as exhibiting an HA titer defect and reduced association with 

PapDG, and was proposed to be involved in subunit discrimination during pilus assembly28. 

In light of our structure, it appears that this residue may play a role in stabilizing an NTD-

CTD2 interface during a pre-activation usher state. Contrary to the NTD mutants, the CTD2 

mutant (F745A) retained its ability to form a stable ternary complex with PapDG in vitro but 

was not able to efficiently promote DSE between PapG and PapF relative to wild-type PapC-

PapDG (Fig. 4d-f). Taken together, these results demonstrate that the NTD-CTD2 

interaction is essential for stable association of PapDG with the PapC usher and 

translocation of subunits from the NTD to CTDs, further suggesting that our wild-type 

PapC-PapDG structure represents a productive on-pathway intermediate rather than an off-

pathway conformation owing to detergent solubilization and crystallization, although 

additional studies will be required to address this possibility. Moreover, our structure-

function analysis of PapC-PapDG suggests that CTD2 drives subunit transfer, potentially by 

using the avidity of its interactions with both the NTD and PapD to competitively displace 

subunits from the NTD during pilus biogenesis (Fig. 3e). Several lines of evidence further 

support this competitive displacement mechanism. First, previous BLI studies have shown 

that in isolation CTD2 can promote dissociation of a chaperone-adhesin bound to the 

NTD23. Second, it has been shown in the type 1 pilus system that upon usher activation the 

CTDs are the high affinity binding site (Kd = 40 nM) in the full-length usher compared to 

the NTD (Kd = 389 nM)36. Therefore, these data suggest this differential affinity potentially 

drives translocation from the NTD to the CTDs, and our structure further demonstrates 

allosteric destabilization of the chaperone-subunits at the NTD may be facilitated by a direct 

interaction between the NTD and CTD2.
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The chaperone-usher pathway represents an ideal system in which to study the mechanisms 

by which binding and allosteric interactions drive sequential steps in a multi-domain 

assembly machine without ATP or other energy inputs. This work provides insight into the 

mechanism by which the outer membrane usher transfers substrates from its N-terminus to 

C-terminus via an unexpected interaction between two periplasmic domains. Previously, 

bicyclic 2-pyridone compounds termed pilicides were determined to be inhibitors of pilus 

biogenesis by specifically blocking chaperone-subunit interactions with the N-terminal tail 

of the usher NTD37. In light of our structure, structure-activity relationship (SAR) analysis 

could be utilized to design even more potent inhibitors that bind to this critical chaperone-

usher interface. Furthermore, our structure potentially provides a template for the design of 

novel small molecules that sterically block the NTD-CTD2 interface to selectively hinder the 

usher from acting as an assembly platform for the development of antibiotic-sparing 

therapeutics. In summary, the PapC-PapDG structure and analysis of its activity in vitro, 
provides an extraordinary view of a bacterial nanomachine caught in the act of being primed 

to catalyze macromolecular protein assembly across the outer membrane. Moreover, this 

structure may facilitate the development of new drugs that block chaperone-adhesin 

translocation to prevent assembly of one of the bacterium’s major virulence factors.

Methods

Expression and purification of the full-length wild-type PapC usher.

Plasmid pDG2 encoding wild-type PapC with a thrombin cleavage site and a 6× HIS tag 

added to the C-terminus and the multi-porin mutant BL21(DE3)Omp8 E. coli strain were 

used for PapC expression as previously described38. For protein expression, E. coli was 

grown at 37 ºC with aeration in LB medium supplemented with 100 μg/mL ampicillin and 

was induced at an OD600 of 0.6–0.8 for 2 hours at 37 ºC by the addition of 0.1% L-

arabinose. To isolate the outer membrane (OM) fraction, resuspended cells supplemented 

with 1× EDTA-free protease inhibitor cocktail (Pierce) and DNAse I were subjected to 

microfluidizer cell disruption via 4 passes at 30 kPsi. Unbroken cells were removed by 

centrifugation at 4,500 × g for 10–12 minutes at 4 ºC. Lysed cells were centrifuged at 39,000 

× g for 60 minutes at 4 ºC to pellet total membranes. Total membranes were resuspended 

using a dounce homogenizer and extracted with 1% Sarkosyl by stirring at 25 ºC for 45 

minutes. OM was pelleted by centrifugation at 39,000 × g for 60 minutes at 4 ºC and then 

was solubilized by resuspension using a dounce homogenizer in 20 mM Tris-HCl pH 8.0, 

300 mM NaCl, 1× Pierce Protease Inhibitor Cocktail, and 1% dodecyl-maltopyranoside 

(DDM, Sol-grade; Anatrace) and stirring overnight at 4 ºC. The OM extract was clarified by 

centrifugation at 39,000 × g for 30 minutes at 4 ºC. The clarified OM extract was added to 3 

mL nickel affinity resin equilibrated with 20 mM Tris-HCl pH 8.0, 300 mM NaCl, 0.2% 

DDM, 20 mM imidazole (Buffer A). OM extract/nickel resin slurry was stirred slowly at 4 

ºC for 3 hours to allow batching binding of PapC to nickel affinity resin. Batch bound resin 

was added to a 30 mL polypropylene column and washed with 10 column volumes (CV) of 

Buffer A. PapC was eluted with 3 CV 20 mM Tris-HCl pH 8.0, 100 mM NaCl, 0.1% DDM, 

400 mM imidazole (Buffer B).
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Expression and purification of the PapDG chaperone-adhesin complex.

Plasmids pDF1 (encoding PapD and pTrcGII (encoding PapG) and the E. coli C600 strain 

were used for PapDG expression21,39. Periplasm was prepared as described previously16. 

Periplasm was dialyzed into 1× PBS supplemented with 250 mM NaCl (Buffer C) and 

loaded onto a Cobalt HTC agarose column (Goldbio). PapDG was eluted with a linear 

gradient of Buffer C with 0–300 mM imidazole where the complex eluted in 210 mM 

imidazole. Fractions containing PapDG were pooled and dialyzed into 20 mM Tris-HCl pH 

8.0, 500 mM (NH4)2SO4 (Buffer D) for a second Butyl 4FF column (GE Healthcare). 

PapDG was eluted with a linear gradient of Buffer D at 250 mM (NH4)2SO4. Fractions 

containing PapDG were pooled for a final Cobalt HTC agarose column (Goldbio). Using a 

linear gradient of Buffer C with 0–300 mM imidazole, the complex was eluted in 180 mM 

imidazole. The fractions containing PapDG were dialyzed into 20 mM Tris-HCl pH 8.0, 100 

mM NaCl and 0.1% DDM (Sol-grade; Anatrace) for in vitro ternary complex reconstitution.

In vitro reconstitution and purification of wild-type and mutant PapC-PapDG.

Affinity purified PapC (ε at 280 nm = 156330 M−1 cm−1) and column-purified PapDG (ε at 

280 nm = 99615 M−1 cm−1) were mixed in a 1:1.2 molar ratio (2.2 μM-6.3 μM: 2.6–7.5 μM) 

in Buffer B and were allowed to form stable complex by rotating gently at 4 ºC for 1 hour, 

prior to size-exclusion chromatography (SEC). The mixture was concentrated using a 100 

kDa MWCO centrifugal device (Amicon), loaded onto a Superose 6 10/300 GL column (GE 

Healthcare), and purified at 4 ºC in buffer containing 20 mM Tris-HCl pH 8.0, 50 mM NaCl, 

and 5 mM 5-cyclohexyl-1-pentyl-β-d-maltoside (CYMAL-5, Anagrade; Anatrace) (Buffer 

E). The fractions corresponding to PapC-PapDG complex were collected and concentrated 

using a 100 kDa MWCO centrifugal device (Amicon) for crystallization or DSE 

experiments.

Donor strand exchange (DSE) assay of wild-type and mutant PapC-PapDG with PapDF.

SEC purified wild-type PapC-PapDG or F745A PapC-PapDG ternary complex (ε at 280 nm 

= 255945 M−1 cm−1) and PapDF (ε at 280 nm = 39100 M−1 cm−1) were mixed in a 1:3 

molar ratio (4 μM:12 μM) in Buffer E and allowed to undergo DSE at 25 ºC. Reactions were 

conducted using identical protein concentrations and reaction volumes. Samples were taken 

over a 48-hour time course and quenched with SDS loading buffer and stored at −20 ºC. 

Unboiled samples were analyzed by 12% SDS-PAGE to monitor the formation of a PapG-

PapF interaction over time. Bio-Rad Image Lab™ was used to analyze and quantify PapG-

PapF band at t = 48 hours for mutant PapC-PapDG sample relative to wild-type PapC-

PapDG sample. Subunit-subunit interactions are SDS-resistant when left unboiled at room 

temperature while chaperone-subunit interactions are not. Therefore, the formation of a 

stable PapG-PapF band is indicative of a productive subunit-subunit interaction and of a 

PapC usher capable of promoting DSE in vitro.

Purification of wild-type PapC-PapDFG.

Sample subjected to the DSE assay was concentrated using a 100 kDa MWCO centrifugal 

device (Amicon), loaded onto a Superose 6 10/300 GL column (GE Healthcare), and 

purified at 4 ºC in Buffer E. Fractions corresponding to the PapC-PapDFG complex were 
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individually collected and concentrated 5-fold using a 100 kDa MWCO centrifugal device 

(Amicon), and analyzed by 12% SDS-PAGE.

Crystallization and structure determination of PapC-PapDG.

Crystals of the PapC-PapDG ternary complex were grown using sitting-drop vapor diffusion 

by mixing 0.3 μL protein with 0.3 μL reservoir solution and incubating at 20 ºC. The 

crystallization drops contained 9–11 mg/mL (58.4–71.4 μM) of purified complex (ε at 280 

nm = 255945 M−1 cm−1), 50 mM sodium citrate pH 5.0–6.0, 50 mM lithium sulfate, 50 mM 

sodium sulfate and 7–14% PEG 4000. Crystals of two distinct morphologies appeared in the 

same drops, only plate-like crystals diffracted X-rays beyond 4 Å resolution. Crystals 

appeared in one week and grew to full size within two weeks. Plate-like crystals were flash-

cooled in liquid nitrogen using the mother liquor supplemented with 5 mM CYMAL-5 and 

30% (v/v) glycerol as cryoprotectant.

Diffraction data were collected at the Advanced Photon Source beamline 24-ID-E and were 

integrated and scaled using the HKL2000 package40. Because of strong anisotropy the 

dataset was corrected using the UCLA-DOE Diffraction Anisotropy server41. After 

truncation the resolution limit along the reciprocal cell directions a*, b*, and c* was 3.7, 4.6 

and 3.7 Å, respectively. An isotropic B-factor of −47.12 Å2 was applied to restore the 

magnitude of high-resolution reflections. The crystal belonged to space group C2221 with 

one PapC-PapDG complex per asymmetric unit.

Phasing was obtained by molecular replacement using Phaser with structures of the PapC 

translocation domain (PDB ID: 2VQI), PapD-PapG pilin domain (PDB ID: 2WMP), PapG 

lectin domain (PDB ID: 1J8S) and PapC CTD2 domain (PDB ID: 3L48) as search models42. 

Cycles of model building and refinement were carried out in Coot and REFMAC before 

building the remaining of the complex43,44. For model building of the PapC NTD and 

CTD1, the PapC NTD and CTD1 models were first generated based on the full-length FimD 

structure (PDB ID: 3RFZ) using the SWISS-MODEL server45. The NTD model was fitted 

into the electron density using rigid body fit in Coot and was then manually adjusted. The 

PapC NTD tail (residues 1–30) and the linker between the PapC NTD and the translocation 

domain were manually built. At the CTD1 location there was clear electron density 

corresponding to three β-strands, one of which connects to CTD2. Based on this 

observation, the CTD1 model was placed into the electron density and was then manually 

adjusted. The assignment of the sequence register for the PapC NTD and CTD1 was based 

on the model generated from SWISS-MODEL. The complete model was iteratively adjusted 

and refined. At the final refinement step the TLS and “jelly body” refinement were applied 

when running REFMAC. The final model, refined to Rwork/Rfree = 0.282/0.329, contains: 

PapC residues 1–54, 67–248, 252–347, 355–430, 435–588, 592–633, 651–662, 672–687, 

714–808; PapD residues 1–215; PapG residues 1–316. Residues without sidechain density 

were modeled as alanine. Percentage of residues in favored, allowed and disallowed regions 

of the Ramachandran plot were 92%, 8%, and 0%, respectively47.
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Calculation of domain movements using DynDom

Domain movements between the pre-activation and post-activation usher states were 

calculated using the DynDom Protein Domain Motion Analysis web server46. DynDom 

requires the use of two different conformations of the same protein or protein complex. In 

order to create a post-activation PapC-PapDG usher model, the individual TD, NTD, and 

CTD2 domains were superimposed to the corresponding domains in the FimD-FimCH 

structure (PDB ID: 3RFZ) and each resulting superimposed domain was exported as a 

molecule. Merging the coordinates of TD and NTD or TD and CTD2 created models of the 

post-activation TD-NTD and TD-CTD2 structures, where the TD was used as the static 

domain and the NTD or CTD2 were considered dynamic domains. To create an equivalent 

model in the pre-activation usher state, TD-NTD or TD-CTD2 were exported as molecules 

from our solved structure. Pre-activation TD-NTD or TD-CTD2 and post-activation TD-

NTD or TD-CTD2 molecules were input as conformer 1 and conformer 2, respectively. The 

resulting output reported the translation and rotation for the dynamic domain in question, 

which are described in the figure legends.

Functional analysis of PapC mutants

All PapC mutants were derived from plasmid pDG2 using site-directed mutagenesis38. We 

created the following mutations: i) substitution of residues 12–21 to alanine (12–21A); ii) 

substitution of residues 16–20 to alanine (16–20A); iii) introduction of a proline residue at 

position 17 (D17P) and position 19 (T19P) to specifically disrupt the beginning and middle 

of the NTD N-terminal α-helix; and iv) substitution of alanine for a conserved phenylalanine 

(F745A) in CTD2. All constructs generated with site-directed mutagenesis methods were 

sequenced to verify that the correct mutations were made. The HA titer of C600 cells 

harboring pEV3347, a Tetracycline (Tet)-resistant, tryptic soy agar (TSA)-inducible plasmid 

containing the entire pap operon with PapC inactivated by a XhoI linker, and each papC 
mutant plasmid was determined by overnight growth on selective TSA media supplemented 

with 100 μg/mL ampicillin, 15 μg/mL tetracycline, and 0.005% L-arabinose. HA titer assays 

were performed as previously described48. The HA endpoint was defined as the last dilution 

well before erythrocyte buttons formed. Titers are represented as the reciprocal of the 

endpoint dilution. The statistical significance of differences between wild-type and mutant 

PapC in experiments was determined by an unpaired two-tailed Mann–Whitney test. 

Statistical analyses were performed using Graphpad Prism 7.

Data availability

The data that support the findings of this study are available from the corresponding authors 

upon request. Atomic coordinates and structure factors for the reported crystal structure have 

been deposited into the Protein Data Bank (PDB) under accession code 6CD2.

Code availability

No new code was generated for this study. All software was obtained from publicly available 

sources; papers describing the software are cited in the text.

Omattage et al. Page 9

Nat Microbiol. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Statistical analysis

No statistical methods were used to predetermine sample size. The statistical significance of 

differences between samples in experiments was determined by an unpaired two-tailed 

Mann–Whitney test. Statistical analyses were performed using Graphpad Prism 7.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1 |. Structure of the PapC-PapDG ternary complex.
a, Schematic diagram of domain organization of PapC, PapD (PapD-D1, N-terminal domain 

PapD-D2, C-terminal domain), and PapG (PapGL, lectin domain PapGP, pilin domain). b, In 
vitro reconstitution of PapC-PapDG yields stable ternary complex indicated by size-

exclusion chromatography. SDS-PAGE shows that Peak A represents the PapC-PapDG 

ternary complex and Peak B represents excess PapDG. c, Donor-strand exchange (DSE) 

assay demonstrating that the purified PapC-PapDG complex is functional. PapC-PapDG was 

challenged at t= 0 with PapDF. SDS-PAGE visualized formation of PapG-PapF intermediate 

at each collected time point (See Methods for detail). n=3 replicates. d, Overall architecture 

of the PapC-PapDG ternary complex. Domains are distinctly colored.
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Figure 2 |. Comparison of the pre-activation PapC-PapDG and the post-activation FimD-FimCH 
structures.
a, Side-view of PapC-PapDG and FimD-FimCH (PDB ID: 3RFZ) structures. The 

chaperones (PapD and FimC), adhesins (PapG and FimH) and ushers (PapC and FimD) are 

colored identically. b-e, Domain movements required for transition from the pre-activation 

(PapC-PapDG) usher state to the post-activation (FimD-FimCH) usher state (PDB ID: 

3RFZ). FimD-FimCH is depicted in grey. Domain movements between the two 

conformational states were calculated using the DynDom protein domain analysis server31. 
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The reported translation/rotation values for the dynamic domains were the following: (b) PD 

(20 Å / 114°); (c) NTD (13 Å / 47°), (d) CTD2 (19 Å / 87°) and (e) PapGP (19 Å / 87°).
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Figure 3 |. Tripartite interface between PapD and the NTD and CTD2 of PapC.
a, NTD-PapD interface. F3 of the PapC NTD interacts with a hydrophobic pocket comprised 

of P30, L32, I93, P95 of the PapD chaperone. Chaperone residues are colored green for 

clarity. b, CTD2-PapD interface. A salt bridge is formed between K44 of PapD and D762 of 

PapC CTD2. Side chains are colored by atom types. c, NTD-CTD2 interface. Residues that 

play an important role at this interface, as measured by hemagglutination titer analysis (d) 

are highlighted. d, Hemagglutination assays were performed to test the ability of PapC 

mutants to complement a ΔpapC pap operon (papAHDJKEFG) for assembly of adhesive P 

pili on the bacterial surface. The HA titer represents the highest fold dilution of bacteria 

capable of agglutinating human red blood cells. Titers are represented as the reciprocal of 

the endpoint dilution. Data are represented as mean ± s.e.m. Statistical analyses were 

performed using unpaired two-tailed Mann-Whitney test; ***P= 0.0002 and ***P=0.0009 

(T19P PapC). n= 8 replicates. Replicates are biological. e, Proposed mechanism of subunit 

transfer from NTD to CTD2. Superposition of PapC-PapDG with FimD NTD-FimC-FimHP 

(PDB ID: 1ZE3) demonstrates that CTD2 would directly clash with the NTD as it interacts 

with chaperone-adhesin during the initial targeting step. Subunit transfer may occur when 

CTD2 reaches over to interact with the N-terminal tail and chaperone (1), which results in 

displacement of the NTD from the main interaction interface (2).
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Figure 4 |. PapC NTD and CTD2 mutants are defective for usher activation.
a-c, In vitro reconstitution of NTD mutated PapC-PapDG does not yield stable ternary 

complex indicated by size-exclusion chromatography. SDS-PAGE shows that Peak A 

represents the mutant PapC alone and Peak B represents excess PapDG. n=1 replicate. d, In 
vitro reconstitution of CTD2 mutated PapC-PapDG yields stable ternary complex indicated 

by size-exclusion chromatography. SDS-PAGE shows that Peak A represents the mutant 

PapC-PapDG ternary complex and Peak B represents excess PapDG. n=1 replicate. e, 

Donor-strand exchange (DSE) assay demonstrates F745A PapC-PapDG is less efficient at 

promoting DSE at each time point compared to wild-type PapC-PapDG (Fig. 1c). F745A 

PapC-PapDG was challenged at t= 0 with PapDF. SDS-PAGE analysis visualized formation 

of PapG-PapF intermediate at each collected time point. f, Quantification of PapG-PapF 

band at t= 48 h demonstrates reduction in F745A PapC-PapDG mediated DSE relative to 

wild-type PapC-PapDG.
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