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SUMMARY
The type IV filament superfamily comprises widespreadmembrane-associated polymers in prokaryotes. The
type II secretion system (T2SS), a virulence pathway in many pathogens, belongs to this superfamily. A
knowledge gap in understanding of the T2SS is the molecular role of a small ‘‘pseudopilin’’ protein. Using
multiple biophysical techniques, we have deciphered how this missing component of the Xcp T2SS architec-
ture is structurally integrated, and thereby unlocked its function. We demonstrate that low-abundance XcpH
is the adapter that bridges a trimeric initiating tip complex, XcpIJK, with a periplasmic filament of XcpG
subunits. Each pseudopilin protein caps an XcpG protofilament in an overall pseudopilus compatible with
dimensions of the periplasm and the outer membrane-spanning secretin through which substrates pass. Un-
expectedly, to fulfill its adapter function, the XcpH N-terminal helix must be unwound, a property shared with
XcpG subunits. We provide an experimentally validated three-dimensional structural model of a complete
type IV filament.
INTRODUCTION

Bacteria have sophisticated secretory nanomachines that

evolved to deliver exoproteins to the bacterial cell surface, into

the surrounding medium, or directly into host cells. Among

these, the type II secretion system (T2SS) is a trans-envelope

apparatus specialized for secretion of folded proteins from

Gram-negative bacteria (Korotkov and Sandkvist, 2019). In

many cases, these secreted substrates are virulence factors: ex-

amples include cholera toxin of Vibrio cholerae, exotoxin A of

Pseudomonas aeruginosa, and heat-labile toxin of enterotoxi-

genic Escherichia coli (Cianciotto and White, 2017). The confor-

mational constraint of transporting folded substrates is shared

by the type VII, or ESX, system (Sysoeva et al., 2014) and the

T9SS (Lasica et al., 2017), but is in clear contrast to the linear

export of unfolded polypeptides by the T3SS (Evdokimov

et al., 2003) or the T4SS (Trokter and Waksman, 2018). The sub-

strates of the T2SS are not known to share any sequence or 3D

structural motifs (Thomassin et al., 2017), and thus an open
question is how substrates are individually recognized and ush-

ered out. Dynamic and changing interactions, potentially

involving nucleation of structure in intrinsically disordered re-

gions, must be at the heart of this selection process (Gu

et al., 2017).

The T2SS accomplishes its task with a distinctive mode of

transport involving a pilus-like structure (the pseudopilus) in

the periplasmic space, at the interface between an inner mem-

brane assembly platform and a large outer membrane secretin

(Hu et al., 2002). Structural, functional, and evolutionary com-

monalities to the extracellular type IV pili (T4Ps) critically inform

the T2SS field and vice versa (Berry and Pelicic, 2015). Thanks

to recent spectacular developments in cryoelectron micro-

scopy, the 3D structures of T2SS secretins (Chernyatina and

Low, 2019; Hay et al., 2017, 2018; Yan et al., 2017) and the fila-

ment formed upon overexpression of the pseudopilin subunit

PulG (Lopez-Castilla et al., 2017) have been solved, and they

reveal important features. While secretins form a tightly gated

giant double b-barreled pore of 80 Å diameter in the outer
Structure 29, 1–12, October 7, 2021 ª 2021 Elsevier Ltd. 1

mailto:loic.quinton@uliege.be
mailto:voulhoux@imm.cnrs.fr
mailto:forest@bact.wisc.edu
https://doi.org/10.1016/j.str.2021.05.015


ll
Article

Please cite this article in press as: Escobar et al., Structural interactions define assembly adapter function of a type II secretion system pseudopilin,
Structure (2021), https://doi.org/10.1016/j.str.2021.05.015
membrane, PulG adopts a right-handed homopolymeric helix

with a 70 Å diameter, compatible with observations that a fila-

ment extends through the secretin when the pseudopilin is

overexpressed (Durand et al., 2005; Vignon et al., 2003). In

this pseudopilus, inter-subunit contacts occur along hydropho-

bic N-terminal a helices, with a special role for negatively

charged glutamic acid at position 5 in both recruiting and sta-

bilizing interactions (Craig et al., 2019; Nivaskumar et al., 2016;

Parge et al., 1995; Pasloske et al., 1989). It has long been

assumed that under native expression levels the pseudopilin

forms a short and transient thread entirely within the periplasm

during secretion (McLaughlin et al., 2012), a model that has

been difficult to verify experimentally until recently, when a

cryoelectron tomography reconstruction of the Legionella

pneumophila T2SS revealed pseudopilus density in �20% of

complexes, which was absent in mutant strains lacking pseu-

dopilins (Ghosal et al., 2019).

In addition to the major pseudopilin, additional low-abun-

dance (or minor) pseudopilins have been identified in the

T2SS, based on being encoded within the same operon and

sharing amino acid sequence with the pseudopilin, plus under-

going maturation by prepilin peptidase (Bally et al., 1992;

Bleves et al., 1998; Nunn and Lory, 1993). The four minor pseu-

dopilins are generally designated as H, I, J, and K proteins

(variously prefixed with Gsp-, Pul-, or Xcp-, depending on the

particular T2SS, see STAR Methods). While none of these

has been directly observed in a T2SS pseudopilus, the peri-

plasmic domains of minor pseudopilins GspI, GspJ, and

GspK have the ability to assemble into a ternary complex

whose crystal structure has been solved (Korotkov and Hol,

2008; Zhang et al., 2018). The four periplasmic domains of

GspH, GspI, GspJ, and GspK form a quaternary complex

(Douzi et al., 2009; Zhang et al., 2018), but its structure has

been elusive. As a group, the minor pseudopilins are known

to play a role in initiation and control of pseudopilus assembly

and potentially retraction. The complex furthermore interacts

with secretion substrates (Douzi et al., 2011) and with periplas-

mic domains of the secretin (Reichow et al., 2010). Korotkov

and Hol (2008) proposed that if the GspIJK complex is associ-

ated with the GspG filament it can be positioned only at the tip

of the pseudopilus and not at the base, in order to be compat-

ible with the a-helical organization of GspG homomultimers.

Regrettably, minor pseudopilin subunits could not be resolved

in the L. pneumophila T2SS cryoelectron tomograms described

above (Ghosal et al., 2019). However, cryoelectron tomography

studies carried out on the closely related envelope-embedded

T4P revealed a short stem-like structure in the periplasm that

depends on expression of the minor pilins, which are analogous

to the T2SS minor pseudopilins (Chang et al., 2016). More

recently, a stub was shown to remain in subtomogram aver-

ages even in the absence of the major pilin and was thus pro-

posed to be the priming complex of minor pilins (Treuner-Lange

et al., 2020). Taken together these lines of evidence imply that

minor pseudopilins form a short priming complex in the inner

membrane, extending into the periplasm, under which the ma-

jor pseudopilin subunits assemble. The molecular organization

of this complex remains to be determined.

Whilemany reports have established the importance of themi-

nor pseudopilins and minor pilins as a group for initiation and/or
2 Structure 29, 1–12, October 7, 2021
assembly of (pseudo)pili, fewer have analyzed their individual

contributions to secretion. Nonetheless, specific roles have

been assigned or proposed for all four minor pseudopilins:

GspJ primes filament assembly through the recruitment of other

minor pseudopilins (Cisneros et al., 2012), GspI serves as a pro-

tein-protein interaction hub (Douzi et al., 2009), and GspK con-

trols pseudopilus length and/or number (Cisneros et al., 2012;

Douzi et al., 2009). GspH interacts with GspJ through its globular

domain and with the structurally similar major pseudopilin via its

N-terminal hydrophobic a helices (Nivaskumar et al., 2016; Douzi

et al., 2009; Korotkov and Hol, 2008; Yanez et al., 2008a); thus, it

is tempting to suggest GspH plays an adapter function between

a pseudopilus tip complex and the body of the pseudopilus.

However, the essentiality of GspH for secretion has been called

into question because its absence can be overcome by overpro-

duction of other minor pseudopilins (Cisneros et al., 2012). There

are no molecular data on how GspH is embedded in the quater-

nary complex.

Based on X-ray crystallographic structures of periplasmic

domains of GspH, GspI, GspJ, and GspK from several microbi-

al species solved alone and/or in dimeric or trimeric subcom-

plexes (Zhang et al., 2018; Franz et al., 2011; Lam et al.,

2009; Korotkov and Hol, 2008; Yanez et al., 2008a, 2008b),

each pseudopilin fold resembles major T2SS pseudopilins

and T4P major pilins characterized by an extended N-terminal

a helix, the first half of which (a1N) is not included in the soluble

crystallography targets but is expected to be exposed to the

membrane environment, and the second half of which (a1C)

is partially buried in a globular a/b domain. Despite this com-

mon overall topology, it is important to bear in mind that the

periplasmic domains of the minor pseudopilins interact to

form the soluble quaternary complex in the absence of a1N,

and since these minor subunits are at the tip of the pseudopi-

lus, they cannot depend on vertical interactions with major sub-

units for upward assembly. Within this general framework, each

minor pseudopilin has hallmarks. GspH is most similar in size,

sequence, and structure to the major pseudopilin. GspI is the

smallest of the four. GspJ is larger, and displays a pronounced

groove on its surface. Finally, GspK carries an additional struc-

tural domain of over 100 amino acids. GspH, GspI, and GspJ

share the glutamate at position 5 with GspG, whereas GspK

does not.

Based on two crystal structures of ternary complexes of minor

pseudopilin periplasmic domains (PDB: 3CI0 from the entero-

toxigenic E. coli Gsp T2SS, and PDB: 5VTM from the

P. aeruginosa Xcp T2SS equivalent minor pilins XcpIJK [Korot-

kov and Hol, 2008; Zhang et al., 2018]), we know stabilizing inter-

actions among the periplasmic domains GspIp, GspJp, and

GspKp include buried salt bridges between a1C residues for all

three pairwise interactions: XcpIp D51 to XcpKp R45, XcpJp
E58 to XcpKp R45, and XcpIp D51 to XcpJp E58. (Note that peri-

plasmic domains are designated here with a subscript ‘‘p’’,

numbering begins with the first residue of the mature subunit;

see Table S1 for amino acid ranges of each construct.) The inter-

action is also stabilized by salt bridges involving amino acids of

XcpIp a1 and XcpJp b11, including XcpIp D51 and XcpKp R195.

Contacts at the bottom of the bundle of helices lock the ternary

complex in place. Double involvement of XcpIp D51 in XcpIp:Jp
and XcpIp:XcpKp interfaces is evidence to bolster the original



A

B C

Figure 1. Minor pseudopilins are required

for T2S

(A) Secretion of LasB assayed by Coomassie-

stained SDS-PAGE of supernatants of PAO1, Dxcp

(DZQ40), DxcpH, DxcpI, DxcpJ, and DxcpK strains

harboring empty vector (EV), or complementing

plasmid encoding XcpH (pxcpH), XcpI (pxcpI),

XcpJ (pxcpJ), or XcpK (pxcpK).

(B) LasB protease activity on a skim milk plate is

indicated by a casein degradation halo. Colonies

representing wild type (PAO1), Dxcp, or com-

plemented Dxcp strains are labeled accordingly.

Note that DxcpH is complemented by pxcpH or by

pJN105 expressing the XcpH deletion of the b3-b4

loop, pxcpHD34.

(C) Secretion of LasB by DxcpH/pxcpHD34.
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finding that XcpIp supports the linear organization of XcpJp:Ip:Kp

interactions in the complex (Douzi et al., 2009). Somewhat per-

plexingly, the largest buried surface area between any two of

the soluble proteins in both ternary complexes is between XcpJp
(GspJp) and XcpKp (GspKp), with a total buried surface area of

�3,600 Å2 in 5VTM. And yet, these two subunits do not interact

with each other in solution in the absence of XcpIp (Douzi

et al., 2009).

Several lines of evidence support downward addition of

XcpH to the base of the XcpJ:I:K complex through an interac-

tion between globular domains of XcpH and XcpJ. XcpHp com-

pletes the quaternary complex by interacting with XcpJp (Douzi

et al., 2009). In addition, a1 of XcpH is essential in this interac-

tion and XcpHp can be positioned most convincingly in a small-

angle X-ray scattering envelope of the quaternary complex

below XcpJp (Zhang et al., 2018). The structural compatibility

of the ternary tip complex GspIpJpKp with downward addition

of GspH below GspJ mirrors the suggestion that GspH can

be positioned at the top of a GspG fiber but not at the bottom

(Korotkov and Hol, 2008; Yanez et al., 2008a). The lack of Glu5

in GspK can also be taken as evidence that GspK does not

require helix:helix packing stabilization via a salt bridge with a

higher subunit in the filament and thus is located at the top of

the pseudopilus (Ng et al., 2016).

In this study we set out to validate the biological importance

of XcpH and to decipher the molecular details of the XcpH:I:J:K

interaction. Because all data suggest a dynamic and/or small

interaction interface, we turned to a collection of compatible

techniques suited to interrogation of such interactions. We

show that XcpH is indeed critical for efficient T2S in

P. aeruginosa. We demonstrate that it interacts specifically

with the a1 helix of XcpJ, and we narrow the interaction resi-

dues to a well-defined interface comprising evolutionarily

coupled amino acids in XcpH and XcpJ. Our experimentally

determined constraints allow us to synthesize a molecular

model of the XcpHIJK quaternary structure, and to place this

model in the context of the complete pseudopilus filament,
with biological implications for the role

of the GspH/XcpH low-abundance

pseudopilin. Moreover, the molecular or-

ganization involving an inner membrane

platform, priming by minor pilins, and a
helical subunit assembly is conserved both evolutionarily and

structurally in other type IV filamentous nanomachines (Berry

and Pelicic, 2015; Denise et al., 2020), including the canonical

T4P (Craig et al., 2019; Ng et al., 2016; Nguyen et al., 2015),

competence pilus (Dubnau and Blokesch, 2019; Sheppard

et al., 2020), and, to some extent the archaellum (Albers and

Jarrell, 2018; Braun et al., 2016; Poweleit et al., 2016). Thus

our work has wide-ranging implications for understanding the

assembly of several fundamental microbial organelles.

RESULTS

The four minor pilins are essential for secretion
In our quest to understand the structure-function relationship of

the minor pseudopilin complex, we assessed the independent

requirement of each of the four minor pseudopilins of the

P. aeruginosa Xcp T2SS during the secretion process. In-frame

deletion mutants were constructed in the PA01 reference strain

for xcpH, xcpI, xcpJ, and xcpK (see STAR Methods for nomen-

clature). Each mutant was assessed for its ability to secrete the

major Xcp T2SS effector LasB (Figure 1A) and for the ability of

secreted LasB to degrade casein on milk plates (Figure 1B). All

four deletion strains were similar in their inability to secrete

LasB and lacked protease activity, like the negative control strain

missing the entire T2SS operon, thus demonstrating the abso-

lute requirement of each minor pseudopilin in the Xcp T2SS

secretion process. This finding is supported by complementa-

tion of each secretion-deficient phenotype by introduction of

the corresponding wild-type gene on a plasmid. Our data are

apparently in conflict with a 2018 publication suggesting that

XcpH and XcpK are not required for T2S in P. aeruginosa (Zhang

et al., 2018). This discrepancy could be due to different experi-

mental procedures or to the use by Zhang et al. of transposon-

insertion mutants from an unverified library. Our finding that

XcpH is indispensable for secretion prompted us to further

explore the 3D integration of XcpH into the XcpHIJK quaternary

complex.
Structure 29, 1–12, October 7, 2021 3
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Figure 2. XcpHp NMR assignments and secondary structure deter-

mination

(A) 2D 1H-15N HSQC spectrum showing amino acid assignments.

(B) Secondary chemical shifts were calculated for XcpHp using a- and b-car-

bon chemical shifts obtained after backbone sequential assignments. Positive

values indicate a helix, while negative values correspond to b strands. Amino

acids not assigned or overlapped are represented by a value of zero. Sec-

ondary structure elements in the XcpHp models are shown above.
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Chemical-shift perturbation studies of labeled XcpHp in
the presence of XcpJp
XcpHp solution NMR assignments

To discover sites of interaction between XcpH and XcpJ, we per-

formed solution NMR experiments. We isotopically labeled the

�16 kDa XcpHp, a feasible NMR target, with 15N and 13C, and

carried out amino acid assignments. Regions heavily crowded

in the heteronuclear single quantum coherence (HSQC) spec-

trum were excluded, leading to 85% coverage of the XcpHp

amino acid sequence (Figure 2A). The high signal dispersion of

the HSQC spectrum indicates an overall well-folded protein,

while the area in the spectrum with high resonance overlap

and strong signal (around 8.2 ppm in the 1H dimension and

121 ppm in the 15N dimension) implies a highly dynamic region

of the protein.

We employed these assignments to experimentally determine

the secondary structure elements within XcpHp (Figure 2B).
4 Structure 29, 1–12, October 7, 2021
Furthermore, we generated two 3D homology models of XcpHp

using PDB: 2KNQ (Zhang and Jin, 2009) and PDB: 2QV8 (Yanez

et al., 2008a), which have 38.6% and 36.1% similarity, over 153

or 166 amino acids, to XcpH, respectively. Each 3D model

matched our experimental secondary structure assignments

well (not shown).

A subset of XcpHp amino acids, in particular lysines, could not

be assigned in our NMR spectra, implying a flexible region of the

backbone. We tested the role of these residues in secretion by

creating an in-frame deletion of amino acids 108–117, which

form a long excursion between b3 and b4, resembling an old-

fashioned mouse trap spring in one homology model (Figure S1).

We found that trans-complementation with the xcpHD34 deletion

restores LasB secretion and activity to the DxcpH strain (Figures

1B and 1C). Thus residues 108–117 are not required for LasB

secretion, and therefore a disorder-to-order transition of this re-

gion cannot be required for secretion of LasB either.

Specific sites of spectral changes along the XcpHp helix

suggest binding interface: chemical-shift perturbation

With XcpHp chemical shifts in hand, we performed chemical-

shift perturbation (CSP) analysis to identify affected structural re-

gions in XcpHp upon binding of its partner XcpJp. Resonances

from residues close to the protein-protein interface are shifted

by the presence of the binding partner. Thus, a sample of

100 mMuniformly 15N-labeled XcpHp was titrated with increasing

amounts of XcpJp, and the 2D 1H-15N HSQC spectrum was

collected. XcpJp concentrations above 80 mM displayed signifi-

cant signal intensity loss due to the large size of the complex.

Significant CSPs were observed in multiple places in the amino

acid sequence (Figure 3A). By mapping these CSPs on a struc-

tural model of XcpHp, we observed one subset of amino acid res-

idues close to the tip of the helical spine of XcpHp (residues G42

to G59 in a1C, and G130 and G131 on the nearby b4-b5 loop)

that are perturbed by the presence of XcpJp (Figure 3B). In addi-

tion, there is a second set of residues with significant CSP

located on the C-terminal b sheet of XcpHp (residues F135 to

R138 in b5, L149 and S153 in b6, and E162 and A164 in b7).

These additional perturbed sites may indicate a secondary point

of interaction with XcpJp, or changes in XcpHp propagated

through its structure after binding to XcpJp. Global smaller ampli-

tude changes across much of XcpHp suggest that the XcpHp:Jp
interaction subtly affects the dynamics or the structure of the

entire XcpHp molecule.

Site-specific cysteine incorporation in XcpJp provides
XcpHp:Jp interaction sites
Cysteine cross-linking

The knowledge that a significant structural interaction interface

for the major pseudopilins is the packing of their a1 helices (Lo-

pez-Castilla et al., 2017), combined with our CSP results impli-

cating the XcpH a1C in the XcpHp:Jp interaction, led us to hy-

pothesize that a1C:a1C packing forms a major interaction

between these twominor pseudopilins. We introduced cysteines

at surface-exposed a1C positions in XcpHp (V46, D49, L53) and

XcpJp (R46, R53) and mixed purified proteins under oxidizing

conditions. In every instance, homodimers were formed (Fig-

ure 4). Heterodimers between XcpHp and XcpJp were also

observed in some prominent cases, most notably for

XcpJR46C:HL53C (Figure 4). Heterodimers were weak or absent
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A Figure 3. XcpHp chemical-shift perturba-

tions due to interaction with XcpJp
(A) CSP values for XcpHp were calculated using NH

chemical-shift differences obtained from the

XcpHp spectrum collected with 0 or 80 mM XcpJp.

CSP values above 0.06 are significant. Value zero

corresponds to residues unassigned or over-

lapped.

(B) CSP values mapped onto an XcpHp model

based on E. coli GspH (PDB: 2KNQ). Non-signifi-

cant changes are white, significant values are de-

picted in a gradient of red. Amino acids with no

data are in gray.
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when XcpHpV46C was one of the partners. Although these results

provided no quantitative measure of affinity or specificity, they

served as motivation to use XcpJp a1C cysteine variants as

probes of specific sites of interaction in our NMR platform.

Paramagnetic relaxation enhancement

To identify local interactions and specific amino acid involve-

ments in the XcpH:XcpJ interface, we performed paramagnetic

relaxation enhancement (PRE) experiments guided by cysteine

cross-linking results. In this approach, the effect of a specifically

incorporated spin label (1-oxyl-2,2,5,5-tetramethylpyrroline-3-

methyl) methanethiosulfonate (MTSL) within XcpJp on the 15N

XcpHp spectrum is observed; in particular, XcpHp residues in

proximity to the label on XcpJp will experience a decrease in

signal intensity. XcpJp cysteine variants R46C and R53C were

spin labeled, as these positions in XcpJp were implicated, in

cysteine cross-linking experiments described above, as partici-

pating in an XcpH a1C-XcpJ a1C packing interaction. In addi-

tion, XcpHpT178C and XcpHpE180C were created and used for

spin labeling; these amino acids are on the face of XcpJ opposite

a1C, where we did not expect any change in signal from spin-la-

bel incorporation.We chose to perform PRE experiments using a

10:3 molar ratio of 15N XcpHp to spin-labeled XcpJp variants.

Although a 1:1 ratio would in theory have provided more quanti-

tative results, for this protein pair, it would have led to signal loss

as seen in the previously described titration.
MTSL at position 46 or 53 within XcpJp
has a marked effect on XcpHp signal in-

tensities (Figure 5A). XcpJpR46C-MTSL

induced a signal reduction on XcpHp

a1C (residues 42 to 54), with a maximum

effect on D49. Residues located in

the loop between XcpHp b4 and b5

were also affected (G130 and E131) (Fig-

ure 5), in agreement with CSP results.

XcpJpR53C-MTSL had an effect on similar

amino acid residues. Within XcpHp a1C

the overall signal intensity decrease was

slightly less compared with the C46 label,

but, interestingly, the effect was shifted up

the helix, with the residue most greatly

affected by the paramagnetic label,

XcpHp-N55, located at the tip of XcpHp

(Figure 5). No significant effect was

observed on XcpHp when XcpJp was

labeled at position T178C or E180C
(Figure S2). Thus, the PRE experiment clearly supports that the

interface between XcpHp and XcpJp is mediated by a1C interac-

tions with involvement of residues in the b4-b5 loop of XcpH. In

addition, the difference in signal intensity decrease and the shift

on the most affected residue toward the tip of XcpHp when the

MTSL label is at XcpJ position 53 as opposed to 46 suggest

that the helical register is organized with XcpJp above XcpHp

in the heterodimer.

Cross-linking mass spectrometry using acidic cross-
links via the DMTMM activating reagent
To extend our site-specific information from engineered disulfide

bonds and PREmeasurements, we applied a recently developed

methodology for cross-linking of acidic side chains within a

defined distance, followed by mass spectrometry identification

of cross-linked peptides (Leitner et al., 2014). We established

our pipeline using a 1:1 molar ratio of XcpHp and XcpJp (STAR

Methods and Figure S3). Previous work has established that

XcpJp is indispensable for XcpHp involvement in the quaternary

complex, which was the motivation for using this pair in our NMR

experiments, also (Douzi et al., 2009; Zhang et al., 2018). Subse-

quently, we interrogated the complete quaternary complex of

XcpHpIpJpKp, known already to form in vitro a quaternary com-

plex with a molar ratio of 1:1:1:1 (Zhang et al., 2018). These ex-

periments confirmed that the set of acidic cross-links between
Structure 29, 1–12, October 7, 2021 5



Figure 4. Cysteine cross-linking suggests XcpHp:XcpJp a1C

packing

Cysteine substitutions were made in the indicated positions within XcpHp (by

column) and in XcpJp (by row). Purified proteins were incubated under

oxidizing conditions and visualized by Coomassie blue staining of non-

reducing SDS-PAGE. In each of the six pairwise combinations, lane 1 is XcpHp

alone, lane 2 is XcpHp + XcpJp, and lane 3 is XcpJp alone. Monomer, dimer,

and heterodimer sizes are indicated along the right-hand side for all three gels

in each row.
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XcpHp and XcpJp is the same in the heterodimer as in the heter-

otetramer, and thus we focus on quaternary complex results.

The four minor pseudopilin soluble constructs XcpHp, XcpIp,

XcpJp, and XcpKp contain 25, 14, 36, and 42 acidic residues,

respectively, distributed along their primary sequences.

Thus the use of adipic acid dihydrazide (ADH) coupled to 4-

(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl-morpholinium chlo-

ride (DMTMM) as a coupling reagent appeared promising.

DMTMM activates carboxylic acid functionalities, usually poorly

reactive, allowing coupling of the cross-linking reagent ADH to

the extended amino acid side chains with high efficiency (Leitner

et al., 2014). When added in large excess to a freshly prepared

aqueous solution containing a 1:1:1:1 molar ratio of XcpHp,

XcpIp, XcpJp, and XcpKp, DMTMM/ADH reagents formed cova-

lent bonds (Figure 6A), which connected proximal acidic func-

tionalities with a maximum linking distance of 20–25 Å (Fajardo

et al., 2019). The most likely tetramer band observed on SDS-

PAGE of this mixture was excised and analyzed by a classical

proteomic bottom-up approach to validate the presence of all

four proteins. Each protein was identified unambiguously, with

a sequence coverage of 92% for XcpHp (61 peptides), 78% for

XcpIp (31 peptides), 86% for XcpJp (71 peptides), and 91% for

XcpKp (146 peptides).

Due to the long length of the linkers, these cross-links provide

complex and valuable information to constrain a model of the

quaternary structure of the assembled XcpHpIpJpKp complex.

Most revealing for our goals of understanding the placement of

XcpH within the pseudopilus complex were cross-links between

glutamate or aspartate side chains of XcpHpwith any of the other

three soluble pseudopilin subunits. Many inter-subunit cross-

links between XcpHp and XcpJp were identified between a1C

of XcpHp, in particular within the peptide LAGLIGVLT-
6 Structure 29, 1–12, October 7, 2021
DEAVLDNR, and the several peptides that together span the

analogous a1C of XcpJp and the b hairpin that follows it (Figures

6B and 6C). An example tandem mass spectrometry spectrum

reveals intense peaks defining the connection between the two

peptides (Figure 6B), with both chains unambiguously character-

ized by many fragment ions distributed along the sequences.

Moreover, the large mass difference between y6a
+ and y7a

+

characterizes precisely the position of cross-linking. The same

a1C region of XcpHp also cross-links with two regions of XcpKp

and one region of XcpIp, therefore suggesting they are in physical

proximity (Figure 6C, Table S3). Interestingly, an acidic residue

located in the XcpHp b4-b5 loop shown by PRE analysis to be

in close proximity to the a1C region of XcpJp (Figure 5B) is

also involved in cross-links with XcpJp, XcpIp, and XcpKp (Fig-

ure 6C, Table S3).

Cross-links between XcpIp and XcpJp as well as a single

cross-link identified between XcpIp and XcpKp were all in agree-

ment with the crystallographically determined structures of

GspIpJpKp and XcpIpJpKp. Moreover, intra-subunit cross-links

agreed with known protein 3D structures (data not shown).

This rich library of cross-links between amino acid side chains

within the quaternary complex provides strong constraints for

modeling a 3D structure of the XcpHpIpJpKp complex.

Integrating experimental data to build quaternary
complex model
XcpHpIpJpKp complex

Data from spin-labeling studies and acidic cross-linking mass

spectrometry were used as restraints on the interaction of XcpHp

with XcpIpJpKp to model the quaternary complex using

HADDOCK software for protein-protein docking. Docking used

the structure of the XcpIpJpKp ternary complex (PDB: 5VTM),

the XcpHp homology model, PRE experimental results, and

acidic cross-linking interactions as input (Tables S3 and S4).

The best model obtained is in good agreement with these exper-

imental restraints (Figure 7). In this model, the a1C of XcpHp is in

direct contact with that of XcpJp, and runs approximately parallel

to the helical bundle in the XcpIpJpKp complex. XcpHp interac-

tion with the ternary complex is maintained by a large network

of electrostatic interactions and hydrogen bonds. One group of

contacts corresponds to an electrostatic interaction between

helices, in particular including a salt bridge between side chains

XcpHp D49 and XcpJp R42 (possibly also to XcpJp R46, given ro-

tamers available to Arg and resolution of this model) as well as

numerous main-chain and side-chain H bonds. A second group

comprises b-strand to b-strand contacts. In this interaction,

XcpHp loop b6-b7 G155 and F156 backbone carboxyl groups

form hydrogen bonds with XcpJp b7 R131 side chain and

Q133 main chain, respectively. Other contacts observed be-

tween XcpHp and XcpJp correspond to: (1) XcpHp loop a1-b1

and XcpJp loop b4-b5 (N55-R92) and (2) XcpHp loop b4-b5 and

XcpJp loop b4-b5 (S129-R92). Remarkably, although no data

from the CSP experiments were explicitly included in the

HADDOCK restraints, many of the interactions in the model are

recapitulated as CSPs; for example, the very high signal interac-

tion within XcpHp b7 is explained by its close approach to XcpJp.

The use of acidic cross-linking restraints for XcpHp with the

two other subunits from the quaternary complex disambiguates

the XcpHp position vis-à-vis these proteins; for example, the
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Figure 5. PRE experiments on XcpHp in the

presence of MTSL-labeled XcpJp
(A) PRE effect of a1CMTSL-labeled XcpJp variants

on XcpHp spectra. Significant signal intensity

changes are designated with a gradient of red.

Residues with no assignments or overlapped have

values of zero.

(B) PRE effects of XcpJpR46C-MTSL or XcpJpR53C-

MTSL are mapped onto the XcpHp 3D model.
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cross-links to XcpKp help to position the tip of XcpHp a1C close

to the XcpKp b sheet, allowing additional contacts that stabilize

the complex. These include XcpHp-XcpKp residues E50-R283,

D54-R283, R56-D282, R56-R284, and N55-G309 (Figure 7).

We were able to further support this quaternary structure by

analyzing the co-evolution of residues in XcpHp and XcpJp (Fig-

ure S4). The analysis similarly points to XcpH polar amino acids

at the tip of a1C (D49, E57) and in the b4-b5 loop (S128, S129,

E131) and pairs them with two sets of XcpJ co-evolved amino

acids located within a large flap at the tip of XcpJ (R92 and

R99, forming electrostatic interactions) or in the vicinity of a1C

(V45, R189, andW107, potentially contributing to packing geom-

etry). This co-evolution result adds credence to the robustness

and physiological relevance of our XcpH:XcpJ interactionmodel.

Altogether, we present a model of the XcpHpIpJpKp quaternary

complex supported by experimental evidence, which shows

that the interaction of XcpH with XcpJ and XcpK is maintained

by several electrostatic interactions.

Filament model

The quaternary complex presented here reveals the interaction

of the minor pseudopilin soluble domains and, in particular, pla-

ces XcpHp in this ensemble. However, these proteins also

interact via their missing hydrophobic a helices (a1N) in the bio-

logical context of the pseudopilus. Thus, we used available

experimental data and chemically reasonable restraints to

model the complete T2SS pseudopilus. For that purpose, hy-

drophobic a1N was added to the XcpHpIpJpKp proteins in the

soluble quaternary complex model. In addition, the major pseu-

dopilin XcpG filament was modeled using as template the
structure of the PulG filament (PDB:

5WDA) (Lopez-Castilla et al., 2017).

Then, the quaternary complex was

added to the tip of the XcpG filament

by aligning XcpH to the first XcpG unit.

Finally, the whole model was minimized

using PyRosetta (Chaudhury et al.,

2010). The best model was selected

based on the lowest root-mean-square

deviation with respect to the HADDOCK

model (Figure 8). An important feature

included as a restraint in calculating this

model was the salt bridge between

N-terminal amino groups and the carbox-

ylic acid of E5 of each preceding unit in

the filament, including XcpHIJK at the

tip of the pseudopilus. This contact neu-

tralizes these charges in the transmem-

brane helices as seen in other filament
structures such as P. aeruginosa PAK pilus (PDB: 5VXY)

(Wang et al., 2017). As expected, E5-F1 contacts continue

into the minor pseudopilin complex in the following sequence:

XcpG-XcpH-XcpJ-XcpI-XcpK. This arrangement maintains the

right-handed nature of the major pseudopilin filament structure.

In the filament model, the average distance between the E5

carboxyl group and the F1 amino group is 3.58 ± 0.34 Å be-

tween adjacent subunits. In addition, Cisneros et al. (Cisneros

et al., 2012) showed the close contact between residues 16

and 10 of neighboring subunits (PulJ-PulI and PulI-PulK).

Even though these contacts were not used as restraints during

modeling, the current model reproduces them between the mi-

nor and the major pseudopilins throughout the filament (Figure 8

and not shown). Thus, the Ca-Ca distance from residue 10 to

residue 16 of the neighboring subunits in the PulG filament is

8.5 Å; in the model, that distance is on average 8.9 ± 1.4 Å.

Strikingly, to maintain the restraint contacts, in particular the

E5 to F1 salt bridge between XcpH and XcpJ, it was necessary

to allow XcpH a1N between residues 20 and 26 to unravel.

Although there is no other experimental evidence that the

XcpH helix adopts this melted secondary structure, the equiv-

alent amino acids in the major T2SS pseudopilin and the major

T4P pilin are strikingly extended in high-resolution filament

models (Kolappan et al., 2016; Lopez-Castilla et al., 2017). In

addition, the presence of a glycine at XcpH position 25 sup-

ports this conclusion, since glycine and proline residues desta-

bilize a helices.

Another feature observed in the filament model, specifically

related to the minor pseudopilin tip, is the capping of each
Structure 29, 1–12, October 7, 2021 7
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A B Figure 6. Acidic cross-linking of

XcpHpIpJpKp

(A) SDS-PAGE of cross-linked proteins. Boxed

band was identified by proteomics as cross-linked

XcpHpIpJpKp tetramer.

(B) Tandem mass spectrometry spectrum of a

relevant cross-link pair between XcpHp and XcpJp.

The spectrum shows intense ions identified as y-

and b-type ions, allowing unambiguous identifica-

tion of the two partners (mass accuracy for the

parent <2 ppm and for the fragment <10 ppm).

(C) Circular representation of all significant cross-

linked pairs detected in the tetramer. (See also

Figure S3.)
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XcpG protofilament by a minor pseudopilin and the off-center

placement of XcpK. If the major pseudopilin filament is sepa-

rated into four protofilaments, each one is capped by a minor

pseudopilin (Figure 8). The exception to this is XcpJ; although

the XcpJ globular domain is directly above one protofilament,

a small gap exists between XcpJ and the XcpG unit directly

below it. An additional consequence of capping one XcpG pro-

tofilament with XcpH is that the XcpK globular domain protrudes

beyond the major pseudopilin filament diameter, giving the

appearance of a hook-like structure to the filament tip (Figure 8).

While our model cannot be considered an atomic structure of

the T2SS pseudopilus, it provides a valuable path to testable

predictions, such as the importance of XcpH helix unraveling,

possible substrate binding sites available on the filament tip,

the presence of dynamic contacts between XcpG and minor

pseudopilins, and the importance of the XcpK globular domain

for secretion.

DISCUSSION

Study of dynamic interactions prioritized by binding affinity is

challenging, but we have used chemical, structural, microbiolog-

ical, and computational approaches to describe the complete ul-

trastructure of the T2SS pseudopilus and to propose a specific
8 Structure 29, 1–12, October 7, 2021
and testable model for the location of

the adapter unit XcpH (GspH) between

XcpIJK and the filament formed by

XcpG. Addition of XcpH would be

the next step in a dynamic chronological

pathway following XcpIJK association

at the periplasmic membrane. Subse-

quently, XcpG addition absolutely re-

quires the a1N helices, as there is no

interaction between the soluble domains

of XcpH and XcpG (Figure S5), nor indeed

between the soluble domain of XcpG and

that of any of the quaternary complex sol-

uble domains individually (Douzi et al.,

2009). We have amassed independent

and complementary data from several

techniques in this integrative study. In

particular, the pioneering methodologies

in acidic cross-linking represent an impor-

tant technical breakthrough in the experi-
mental approach to studying protein-protein interactions in mul-

tipartner complexes.

This study provides a rationale for the observation that, at least

in the P. aeruginosa Xcp T2SS, XcpH is required for secretion. It

serves as the adapter that connects the regular helical assembly

of XcpG subunits to the asymmetric complex that catalyzes initi-

ation of the filament and interacts with substrates and other

components of the T2SS. It is possible that XcpH serves other

as-yet-unverified roles. For example, given its very strong struc-

tural homology to the major XcpG subunit, XcpH might occa-

sionally integrate into the filament and thereby destabilize it,

possibly initiating disassembly of the pseudopilus (Ng

et al., 2016).

Previous interaction studies using surface plasmon resonance

(Douzi et al., 2009) testing pairwise interactions of the soluble do-

mains of XcpG, H, I, J, and K, as well as our current NMR results

(Figure S5), reveal that XcpH interacts exclusively with XcpJ. In

addition, the binding of XcpH to XcpJ is more efficient when

XcpJ is engaged in the XcpIJK ternary complex (Figures 2 and

3 in Douzi et al., 2009). These data suggested that conforma-

tional changes in XcpJ upon binding to XcpI and XcpK create

a more favorable docking platform for XcpH and/or favor the

downward addition of XcpH to the ternary complex over that of

XcpG when both are available within the inner membrane. Our



Figure 7. 3D model of XcpHpIpJpKp

Center: model of the quaternary complex (XcpHp gray, XcpIp blue, XcpJp green, and XcpKp wheat) obtained via HADDOCK docking. Top: acidic cross-linking-

derived restraints (yellow dotted lines), PRE restraints (spin-labeled residues as sticks and most affected XcpHp residues as blue spheres at the amide nitrogen),

and cysteine proximity validation. Bottom: a subset of predicted side-chain and main-chain interactions from the model, including XcpHpJp salt bridges and

hydrogen bonds (yellow dotted lines).
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current data supporting many pairwise interactions between mi-

nor pseudopilins in the quaternary complex, including between

XcpH and each of the other three, fit well with the hypothesis

that, alone, the soluble domains have weak and transient inter-

actions, which in some cases are below detection, but that within

the full ensemble, these interactions are revealed. Our model

furthermore accentuates that the central a helices are, not sur-

prisingly, fundamentally important for more stable interactions.

Future experiments will rely on the a1N helical tails being part

of the interactions.

Based on the near-atomic resolution of the XcpD secretin (Hay

et al., 2017) and taking into account that the pseudopilus tip

physically interacts with the secretin (Reichow et al., 2010), a
satisfying outcome of our data-driven modeling of the complete

pseudopilus is the observation that the filament (�6 nm) docks

readily into the periplasm-facing vestibule (�8 nm) (Hay et al.,

2017) of the XcpD secretin (Figure S6). Moreover, the positioning

of the Xcp pseudopilus plus secretin complex into the cryo-

tomographic map of the complete T2SS in its natural context,

the bacterial envelope (Ghosal et al., 2019), indicates that 8 to

16 pseudopilin subunits in addition to the tip complex are

required to span the periplasm between the inner membrane

and the entry into, or the internal periplasmic gate of, the secretin

interior, respectively (Figure S6).

Our results provide insights into not only the P. aeruginosa

T2SS, but indeed into the dozens of T2SS recovered in
Structure 29, 1–12, October 7, 2021 9



A B Figure 8. Model of T2SS pseudopilus

(A) XcpHIJK tip complex and XcpG filament shown

as a solvent-accessible surface. Top and bottom

views (top) and side views (bottom) of the pseu-

dopilus model are shown. Color coding of each

XcpG protofilament is a lighter shade of the

respective tip subunit color from which it origi-

nates.

(B) Transmembrane a1N contacts between

neighboring subunits include canonical F1-E5 salt

bridge (included as restraint during minimization)

and hydrophobic residues at positions 16 and 10

previously described (Cisneros et al., 2012) but not

used as a modeling restraint. Structure images in

Figures 3, 5, 7, and 8 were generated us-

ing PyMOL.
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proteobacteria with similar genome content of five pre-pseudo-

pilins equivalent to XcpG, H, I, J, and K (Cianciotto and White,

2017). The sequence conservation of these proteins across spe-

cies implies that their protein-protein interaction interfaces are

also conserved, and co-evolved, as shown here for the

XcpHp:XcpJp interface. By extension, both the minor pseudopi-

lins of the T2SS and the minor pilins of the T4P can be expected

to form a similar quaternary complex in which an adapter minor

(pseudo)pilin subunit sets the stage for downward addition of the

major (pseudo)pilin subunit to form the extended filament by in-

teracting via its periplasmic domain with the three upper minor

subunits and via its unraveled a1C with the first major subunit.

Correspondingly, the set of E. coli T4P minor pilins restores

assembly of the major T2SS pseudopilin PulG in the absence

of minor pseudopilins PulHJIK (Cisneros et al., 2012). An open

question is whether the secretion ATPase motor protein, GspE,

is required for insertion and/or a1C unraveling in this adapter mi-

nor pilin at the junction between the tip complex and the filament

itself.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

E. coli K-12 DH5a Laboratory collection N/A

E. coli BL21(DE3) pLysS Laboratory collection N/A

P. aeruginosa PAO1 WT Laboratory collection N/A

P. aeruginosa PAO1 DxcpH This study N/A

P. aeruginosa PAO1 DxcpI This study N/A

P. aeruginosa PAO1 DxcpJ Franz et al., 2011 N/A

P. aeruginosa PAO1 DxcpK Bleves et al., 1998 N/A

P. aeruginosa PAO1 Dxcp or DZQ40 Ball et al., 1999 N/A

Chemicals, peptides, and recombinant proteins

15N-U ammonium chloride Cambridge Isotope Laboratories Cat# NLM-467-1
13C-U glucose Cambridge Isotope Laboratories Cat# CLM-1396-2

Ni-NTA agarose resin Qiagen Cat# 30210

6xHis-TEV protease Prepared In-Lab N/A

Adipic acid dihydrazide (ADH) Sigma Aldrich (Merck) Cat#A0638

4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-

methyl-morpholinium chloride (DMTMM)

Sigma Aldrich (Merck) Cat# 74104

NuPageTM Invitrogen Cat# NP0322PK2

Lys-C Protease Pierce, MS grade ThermoFisher Scientific Cat# 90307

Trypsin Protease Pierce ThermoFisher Scientific Cat# 90058

2,2-dimethyl-2-silapentane-5-

sulfonate (DSS)

Sigma Cat# 178837-1G

1-Oxyl-2,2,5,5-tetramethylpyrroline-3-

methyl) methanethiosulfonate (MTSL)

Santa Cruz Biotechnology Cat# SC-208677

XcpHp, XcpJp, XcpJp, XcpKp This study N/A

XcpHpV46C, XcpHpD49C, XcpHpL53C This study N/A

XcpJpR46C, XcpJpR53C, XcpJpT178C,

XcpJpE180C

This study N/A

Deposited data

E. coli GspH Zhang and Jin, 2009 https://www.rcsb.org

PDB: 2KNQ

V. cholera EpsH Yanez et al., 2008a https://www.rcsb.org

PDB: 2QV8

P. aeruginosa XcpIJK ternary complex Zhang et al., 2018 https://www.rcsb.org

PDB: 5VTM

PulG filament cryoEM reconstruction Lopez-Castilla et al., 2017 https://www.rcsb.org

PDB: 5WDA

NMR structure of XcpT Alphonse et al., 2010 https://www.rcsb.org

PDB: 2KEP

P. aeruginosa Type IV pilus

cryoEM reconstruction

Wang et al., 2017 https://www.rcsb.org

PDB: 5VXY

ETEC GspIJK ternary complex Korotkov and Hol, 2008 https://www.rcsb.org

PDB: 3CI0

NMR Data for XcpH, XcpH + XcpJ

CSP, XcpH + XcpJ PRE

This study https://bmrb.io

BMRB 50449

Acidic Crosslinking Mass Spectrometry

Dataset for XcpH & XcpI

This study https://massive.ucsd.edu/

#MSV000086916
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Acidic Crosslinking Mass Spectrometry

Dataset for quaternary complex

This study https://massive.ucsd.edu/

#MSV000086915

XcpHpIpJpKp quaternary complex This study https://pdb-dev.wwpdb.org

PDBDEV_00000086

XcpGHIJK pseudopilus filament

structural model

This study https://pdb-dev.wwpdb.org

PDBDEV_00000087

Oligonucleotides

Twelve mutagenic primers,

listed in Table S2

Integrated DNA

Technologies

N/A

Recombinant DNA

pETG-20A A. Gerloof (EMBL) N/A

pETG-20A-XcpHp Douzi et al., 2009 N/A

pETG-20A-XcpIp Douzi et al., 2009 N/A

pETG-20A-XcpJp Douzi et al., 2009 N/A

pETG-20A-XcpKp Douzi et al., 2009 N/A

pETG-20A-XcpHpV46C This Study N/A

pETG-20A-XcpHpD49C This Study N/A

pETG-20A-XcpHpL53C This Study N/A

pETG-20A-XcpJpR46C This Study N/A

pETG-20A-XcpJpR53C This Study N/A

pETG-20A-XcpJpT178C This Study N/A

pETG-20A-XcpJpE180C This Study N/A

pET-XcpGp Durand et al., 2005 N/A

pET-XcpHp This Study N/A

pJN105 Newman and Fuqua, 1999 N/A

pxcpH This Study N/A

pxcpHD34 This Study N/A

pMMB F€urste et al., 1986 N/A

pxcpI This Study N/A

pxcpJ This Study N/A

pxcpK Bleves et al., 1998 N/A

pKN-DH Durand et al., 2005 N/A

pKN-DI Durand et al., 2005 N/A

Software and algorithms

NMRPipe Delaglio et al., 1995 https://www.ibbr.umd.edu/

nmrpipe/index.html

NMRFAM-Sparky Lee et al., 2015 https://nmrfam.wisc.edu/

nmrfam-sparky-distribution/

High ambiguity driven protein-

protein Docking (HADDOCK)

van Zundert et al., 2016 https://alcazar.science.uu.nl/

services/HADDOCK2.2/

Phyre2 Kelley et al., 2015 http://www.sbg.bio.ic.ac.

uk/�phyre2/html/page.cgi?id=index

Pymol Schrödinger and DeLano, 2020 https://pymol.org/2/

Chimera UCSF https://www.cgl.ucsf.edu/chimera/

EVcomplex Hopf et al., 2014 https://v1.evcouplings.org/complex

Spectrum Identification Machine

SIM-XL version 1.5.0.14

Lima et al., 2015 http://patternlabforproteomics.

org/sim-xl/

Python 3.7.4 Python Software Foundation https://www.python.org/

Python scripts for filament modeling This study https://github.com/Escobar

CA/Helix-modeling
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Other

Sephacryl S-100 HiPrep 16/60 Cytiva Cat#17116501

HisTrap FF Cytiva Cat# 17525501

HiPrep 26/10 desalting column

(SephadexTM G-25)

Cytiva Cat# 17508701

ZebaSpinDesalting Column ThermoFisher Cat# 89882

Symmetry C18 Trap Column

(5 mm, 180 mm x 20 mm)

Waters Cat# 186007496

HSST3 C18 analytical column

(1.8 mm, 75 mm x 250 mm)

Waters Cat# 186007474
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the Lead Contact, Katrina T. Forest

(forest@bact.wisc.edu).

Materials availability
Protein expression plasmids are available upon request. Strains are available upon request.

Data and code availability
NMR experimental data have been deposited to the BMRB with accession number 50449.

Acidic cross-linking mass spectrometry data are available in the MassIVE database, entries #MSV000086916 and #MSV00

0086915.

Python scripts used for filament modeling can be found in GitHub (see Key Resources Table for details).

Molecular models have been deposited in the PDB-Dev database (Berman et al., 2019) with accession codes PDBDEV_00000086

for the XcpHIJK quaternary complex and PDBDEV_00000087 for the XcpGHIJK pseudopilus filament.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bacterial strains and plasmids
Escherichia coliK-12 DH5a (laboratory collection) and BL21(DE3) pLysS (laboratory collection) were used for cloning procedures and

soluble protein production, respectively. Pseudomonas aeruginosa PAO1 wild type (laboratory collection), PAO1 DxcpH (this study),

DxcpI (this study), DxcpJ (Franz et al., 2011) and DxcpK (Bleves et al., 1998) or PAO1 Dxcp (also called DZQ40) (Ball et al., 1999)

strains were used for in vivo complementation assays. Construction of the xcpH and xcpI P. aeruginosa PAO1 deletion strains

was performed as described previously (Durand et al., 2005) using the pKN-DH and pKN-DI mutator plasmids (Table S1). These cells

were usually grown at 37�C in LB media. Plasmids used in this study are listed in Table S1. Polymerase Chain Reactions (PCR) were

performed using the Q5 high fidelity DNA polymerase (New England BioLabs) for routine cloning or Pfu Turbo (Agilent) for high fidelity

and quick-change mutagenesis. Custom oligonucleotides, listed in Table S2, were synthesized by IDT Integrated DNA Technologies

(IDT). P. aeruginosa chromosomal DNA was used as a template to clone xcpH and xcpHD34 into the pJN105 backbone using SLIC

technology (Jeong et al., 2012) and xcpI and xcpJ into the pMMB backbone using EcoRI restriction site. Site directed mutagenesis

was performed using quick change technology or inverse PCR. Plasmid pET-XcpHp was constructed following the strategy used by

Durand et al. (2005) to construct pET-XcpGp. All constructs have been verified by DNA sequencing.

METHOD DETAILS

Gene and protein nomenclature
Here we have extended the general T2SS nomenclature to the P. aeruginosa Xcp T2SS components. Thus, former XcpT, U, V, W and

X proteins are now labelled XcpG, H, I, J and K in agreement with their homologs in other T2SSs. All pseudopilin soluble domains

(deleted for their N-terminal hydrophobic domains (a1N)) used in this study are designated with a subscript p indicating periplasmic.

According to the standard in the field, polypeptides are numbered with amino acid 1 as the first residue in the mature pseudopilin

following prepilin peptidase cleavage.

LasB secretion and protease activity on plates
Preparation of culture supernatants from P. aeruginosa for analysis of secreted proteins has been described (Viarre et al., 2009). Gel

analysis was standardized so that the volume of supernatant equivalent to 2 OD600 units of culture was used for each sample.
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mailto:forest@bact.wisc.edu


ll
Article

Please cite this article in press as: Escobar et al., Structural interactions define assembly adapter function of a type II secretion system pseudopilin,
Structure (2021), https://doi.org/10.1016/j.str.2021.05.015
Protease activity was tested by spotting 5 ml of bacterial culture grown in LB to early stationary phase on TSA plates containing 1.5%

lyophilized milk and appropriate antibiotics, followed by 14 h incubation at 30�C.

Protein production and purification
Production and purification of proteins for cysteine cross-linking

Production and purification of XcpHp, XcpIp, XcpJp, XcpKp, XcpHpV46C, XcpHpD49C, XcpHpL53C, XcpJpR46C and XcpJpR53C for

cysteine cross-linking (and cross-linking MS experiments was performed in BL21(DE3) pLysS E. coli carrying the corresponding

pETG-20A plasmid (Table S1) as published (Douzi et al., 2009).

Cell were grown in ZYP-5052 auto induction medium at 37�C until OD600 reached 0.8. The cultures were incubated at 17�C for

additional 24 hours. Cell were resuspended in Buffer A containing 1 mm EDTA, 0.5 mg/ml lysozyme, phenylmethylsulfonyl fluoride.

Cell lysis was performed by a combination of three freeze and thawing cycles and sonication. Lysatewas centrifuged at 16,000 xG for

30 min and then dialyzed against 50 mm Tris, 150mmNaCl, pH 8.0. lysate was loaded to a HisTrapTM FF column, which was washed

with Buffer A containing 10 mM imidazole. Elution was performed using Buffer A containing 250 mM imidazole. Imidazole was

removed by passing protein sample through a HiPrep 26/10 desalting column (SephadexTM G-25; Amersham Biosciences). His-

tag was cut by incubating protein samples with TEV protease (1mg/mL) for 18 h at 4 �C and removed by passing the sample through

a nickel column, untagged protein was collected in the flow-through. Sample buffer was exchanged to 50 mm phosphate, 150 mm

NaCl, pH 7 using a Sephadex G75 column.

Production and purification of XcpHp and XcpJp for NMR

Production and purification of XcpHp and XcpJp with or without cysteine substitutions for NMR purposes was carried out with minor

modifications from published procedures (Douzi et al., 2009). Expression was performed in BL21(DE3) pLysS E. coli carrying the

plasmids pETG-20A-XcpHp or pETG-20A-XcpJp. For
13C and 15N uniform protein labeling, cells were grown in 3 L of LB at 37�C

to OD600�0.6. Cells were collected and washed with M9media without glucose or ammonium chloride to remove remaining LBme-

dia. After washing, cells were transferred to 1 L M9 media supplemented with 1 g of 15N-U ammonium chloride and 2 g of 13C-U

glucose (Cambridge Isotope Laboratories) and incubated at 25�C for 2 hours before inducing with 1 mM IPTG overnight. Purification

of XcpHp proceeded using a combination of nickel affinity and size exclusion chromatography. The cell pellet was resuspended in

Buffer A (50 mM tris-HCl buffer pH 8.0 containing 300 mM NaCl) and lysed using a French press. Supernatant from lysate clarified

by centrifugation at 25,000 x G for 30 min. was loaded into a 5 mL Ni-NTA column (Quiagen) and washed with 100 mL of Buffer A

containing 50 mM imidazole. Protein was eluted from the column using Buffer A with 500 mM imidazole. Peak fractions containing

target protein were pooled and treated with TEV protease (purified in house) added to a final concentration of �40 mg/mL and the

sample was dialyzed overnight at 4�C against Buffer A to remove imidazole. Removal of TEV protease proceeded by loading samples

into a 1mLNi-NTA columnwhich waswashed with the same buffer. Fractions containing XcpHp were collected and concentrated for

size exclusion chromatography in a Sephacryl S-100 HiPrep 16/60 column (GE). During this step, buffer was exchanged to NMR

buffer (25 mM sodium phosphate buffer pH 6.5 containing 25 mM NaCl). XcpJp was expressed and purified using the identical pro-

tocol but without 13C and 15N labeling.

Production and purification of XcpGp and XcpHp for NMR CSP

Protein purification for NMR experiment shown in Figure S5 was carried out following the procedures published in (Alphonse et al.,

2010) for the 15N labelled XcpGp and in (Durand et al., 2005) for the cold XcpHp with minor modifications. For 15N-XcpGp produc-

tion, BL21 carrying the plasmid pET-XcpGp was grown in M9 minimal medium supplemented with labeled 15NH4Cl (0.5 g/l). When

the OD600 of the culture reached 0.6, over-expression was induced with 0.1 mM IPTG and incubation was continued for 13 h. For

XcpHp production, BL21 carrying the plasmid pET-XcpHp was grown for 4 days in ZYP-5052 auto-inducing medium developed by

Studier (Studier, 2014). After growth, the periplasmic fractions containing the soluble recombinant XcpGp and XcpHp proteins were

obtained from osmotically shocked bacteria and dialyzed overnight at 4�C in dialysis tubing (Sigma) against buffer (50 mM sodium

phosphate buffer pH 7, 150 mM NaCl).

In vitro cysteine cross-linking
40 mMof a single cysteine variant or two variant proteins in 1:1 molar ratio were incubated in Tris-HCl 50 mM, NaCl 100mM, pH 8 in a

total volume of 500 mL. The mixture was supplemented with DTT (20 mM) to allow reduction of intra-chain disulfide bands formed

during purification steps. The mixture was dialyzed against 300 mL of Tris-HCl 50 mM, NaCl 100 mM, pH 8 buffer for 2 h at RT to

allow DTT removal and cysteine oxidation. To analyze disulfide bond formation, 75 mL of each reaction was mixed with 25 mL of

Leammli loading buffer with or without reductant as appropriate. The samples were heated for 5 min at 95�C and then visualized

by 12% Coomassie blue stained SDS-PAGE.

Acidic cross-linking of XcpHp + XcpJp and XcpHp + XcpIp + XcpJp + XcpKp

Preparation of multimers

For assembling the dimer, 17 mL of XcpHp at 4mg/mLweremixed to 25 mL of XcpJp at 4mg/ml, leading to amixture of 4 nmol of each

protein (molar ratio 1:1). For the tetramer, 17 mL of XcpHp (4 mg/mL), 12 mL of XcpIp (4 mg/mL), 25 mL of XcpJp (4 mg/mL) and 34 mL of

XcpKp (4 mg/mL) were mixed to yield a 4 nmol solution of each protein (molar ratio 1:1:1:1). Samples were dried under vacuum, and

dissolved in 100 mL of PBS buffer pH 7.4 to achieve a final concentration of each protein of 40 mM. Proteinswere kept at 25�C for 1 h to

let the association of the dimer or tetramer occur.
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Cross-linking reaction

To cross-link the dimer, 10 mL of ADH (adipic acid dihydrazide) and 16 mL of DMTMM ((4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl-

morpholinium chloride) were added to the solution of XcpHp:Jp complex, reaching final concentrations of ADH and DMTMM equal to

46 mM (8 and 12.7 mg/mL, respectively). For the tetramer, 23 mL of ADH and 36 mL of DMTMM were added to the solution of

XcpHp:Ip:Jp:Kp complex, reaching final concentrations of ADH and DMTMM equal to 81 mM (14.5 and 22.6 mg/mL, respectively).

These concentrations were chosen to impose amolar excess of cross-linking reagent of more than 1,000. Themixture was incubated

2 h at 37�C under agitation (750 rpm) to allow intensive cross-linking reaction. The reaction was quenched by reagent removal using a

ZebaSpinDesalting Column (0.5 mL, 7k, Pierce), employed according to the manufacturer recommendations. The resulting sample

was dried using a Speedvac system.

SDS-PAGE

Cross-linked species were imaged by classical SDS-PAGE analysis. The protein mixture was suspended in 170 mL of 8M urea, lead-

ing to a total protein concentration of 48 mM. 20 mg of protein (=10 mL) were dried before being solubilized in 20 mL of Laemmli buffer

(Tris HCl pH 6.8 (65mM), SDS 2%, glycerol 20% and DTT 350mM) and a spatula tip of bromophenol blue. The sample was heated at

100�C for 5min, and 10mL (�10 mg) were loaded on the gel (NuPageTM 4-12%Bis-Tris-Gel, 1.0 mm x 10 wells). Migration began with

200 V applied for 40 min (stacking), and then 150 V for the separation. The electrophoresis system was switched-off when the migra-

tion blue line reached the extremity of the gel. The gel was fixed 3 h in a bath of 50% ethanol, 47% water and 3% phosphoric acid,

washed three times with ultrapure water, and finally incubated in water containing 34% methanol, 17% ammonium sulfate and 3%

phosphoric acid. Coloration of bands was accomplished over 3 days with Coomassie blue G250 added at 360 mg/l in the solution.

The gel was finally washed several times in pure water to remove the excess of Coomassie blue.

In-gel digestion

The bands corresponding to the XcpHp:XcpJp dimer or XcpHp:XcpIp:XcpJp:XcpKp tetramer, respectively, were excised, and cut into

small pieces. Resulting pieces of gel were then washed by 50 mL of 50mMNH4HCO3 then centrifuged (5 min, 600 rpm) to remove the

supernatant. The same step was repeated with 50mL of 50/50 (v/v) 50 mM NH4HCO3/acetonitrile. The two previous steps were

repeated twice. To ensure a good penetration of the enzymes into the pieces of gel, the latter were dehydrated twice with 50 mL

of pure acetonitrile removed by centrifugation (5 min, 600 rpm). The gel was then rehydrated at 0�C with 3mL of a solution containing

1/100 of Lys-C and 1/50 of trypsin in 50 mM NH4HCO3. The digestion was performed at 37�C for 4 hr. Enzymatic activity was

quenched by acidifying themedium using 25 mL of 1% trifluroroacetic acid. Resulting peptides were eluted from the gel by incubating

the sample overnight at 20�C under 600 rpm.

LC-MS/MS

1 mg of the digested material was analysed using a UPLC nanoACQUITY (Waters, UK) coupled to a Q-Exactive Plus Hybrid Quad-

rupole-Orbitrap Mass Spectrometer (Thermo Scientific, USA). The chromatographic system is equipped with two columns. The first

one, dedicated to the trapping of peptides, is a Symmetry C18 (5 mm, 180 mmx 20mm,Waters, UK). The second one which performs

the analytical separation is a HSST3 C18 (1.8 mm, 75 mm x 250 mm, Waters). The dimensions given for the columns are in the order:

particle diameters, internal diameters and column lengths. Solvent A was water, acidified with 0.1% formic acid and solvent B was

acetonitrile, also acidified with 0.1% formic acid. Cross-linked peptides were first trapped for 3min (98/2, v/v, A/B) at a flow rate of

20mL/min before being eluted with a gradient of 57min at a flow rate of 700 nL/min. The elution started with a linear gradient of B from

2% to 7% in 5 min, followed by an increase from 7% to 40% in 25 min, then to 85% in 3 min. This composition A/B 15/85 is kept for

5 min before changing to 98/2 for reconditioning the analytical column. The Q-Exactive Plus spectrometer was set in a nanoESI pos-

itivemode acquisition for 57min. The acquisition was recorded in full scanMS and data dependentMS/MS, in amass rangem/z 400-

1,750. For theMS stage, resolving power was set at 70,000@m/z 200, with an automatic gain control (AGC) target at 1e6 (or 50ms as

a maximum injection time). For MS/MS, a ‘‘Top 12’’ experiment was applied, meaning that the twelve most intense ions of each MS

scan were selected for fragmentation. Singly charged ions, ions with undetermined charge (for example, electronic noise) and ions

with signal intensities below the AGC threshold set at 1e3were excluded from this selection. For precursor ions, the selection window

was 2.0m/z, the AGC target was 1e5 (or 50ms as amaximum injection time) and the resolving power of 17,500@m/z 200. Normalized

collision energy was 25. A dynamic exclusion of 10s was also applied to avoid the redundancy of MS/MS spectra of the same ions.

NMR experiments
All solution NMR experiments (except XcpHp/Gp chemical shift perturbation) were run at 37�C in a Bruker 900 MHz NMR spectrom-

eter at the National Magnetic Resonance Facility at Madison. Sample condition used was NMR buffer containing 0.01% sodium

azide, 50 mM 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) (Sigma) and 8% D2O.

XcpHp NMR assignments

Backbone sequential assignments were carried out using standard 3D NMR experiments including HNCO, HN(CA)CO, HNCACB,

CACB(CO)NH. These experiments were collected using non-uniform sampling (NUS). Data processing of NUS data was performed

using NMRPipe (Delaglio et al., 1995). Chemical shift referencing was done using DSS as reference. Backbone assignments were

facilitated using NMRFAM-Sparky software (Lee et al., 2015). Calculation of secondary chemical shifts for secondary structure esti-

mation was done using random coil chemical shifts calculated for the XcpH amino acid sequence using ncIDP library (Tamiola et al.,

2010). Secondary chemical shifts were calculated as DdCa – DdCb, where DdCa = (dCaXcpH – dCarandom coil) and DdCb = (dCbXcpH –

dCbrandom coil). This step effectively removes any error in chemical shift referencing.
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XcpHp and XcpJp chemical shift perturbation assays

Chemical shift perturbation assays were carried out using 100 mM 15N-U XcpH and increasing amounts of unlabeled XcpJ (20 mM,

50 mM, and 80 mM). An independent 1H-15N HSQC spectrum was collected for each sample. Total change of the amide proton and

nitrogen chemical shift (DdNH) was calculated for each residue as ((DdH)2 - 1/6 (DdN)2 )½, were DdH and DdN correspond to the dif-

ference in chemical shift of proton and nitrogen respectively. DdNHwas calculated using the control spectrum as the initial point and

the spectrum with 80 mM XcpJ as the endpoint.

XcpHp and XcpJp paramagnetic relaxation enhancement assay

To perform paramagnetic relaxation enhancement (PRE) experiments, four different XcpJp cysteine mutant constructs (R46C, R53C,

T178C, E180C) were used to attach the spin label (1-Oxyl-2,2,5,5-tetramethylpyrroline-3-methyl) methanethiosulfonate (MTSL)

(Santa Cruz Biotechnology). XcpJp variants were purified as above in Buffer A containing 1 mM DTT. MTSL labeling of XcpJp was

performed in NMR buffer and 0.5 mM DTT. XcpJp samples were incubated with a 20x molar excess of MTSL for 4 h at room tem-

perature. Additional 20xmolar excess ofMTSLwas added to the sample whichwas further incubated at room temperature overnight.

Excess MTSL was removed by dialysis against the NMR buffer. The NMR sample contained 80 mM 15N-U XcpHp and 24 mMof MTSL

labeled XcpJp. The ratio of XcpH to XcpJp was selected based on the chemical shift perturbation assay to avoid signal loss due to

complex formation. A 2D 1H-15N HSQC spectrum was acquired for each sample. After collecting the HSQC experiment of the

oxidized or paramagnetic form of MTSL, 2 mM sodium ascorbate (Sigma-Aldrich) was added to the sample and incubated at

room temperature for at least one hour before collecting the spectrum of the reduced or diamagnetic MTSL form. Effects of the para-

magnetic label were quantified as the ratio of signal intensity of the spectrum collected with MTSL in paramagnetic versus diamag-

netic form (Ipara/Idia).

XcpGp and XcpHp chemical shift perturbation

2D 1H-15N HSQC spectra were collected for 120 mM 15N XcpGp alone or in the presence of unlabeled XcpHp at 480 mM in 25 mM

sodium phosphate buffer pH 6.5 containing 125 mM NaCl and 8% D2O. Independent 2D 1H-15N HSQC spectrum was collected

for each sample in a Bruker Avance III 600MHz NMR spectrophotometer.

Quaternary complex computational modeling
Modeling of the XcpHpIpJpKp quaternary complex was achieved using high ambiguity driven protein-protein Docking (HADDOCK)

(van Zundert et al., 2016). Structures used for HADDOCKcorresponded to the XcpIpJpKp crystal structure (PDB: 5VTM) and an XcpHp

model prepared based on the structure of EpsHp from Vibrio cholerae (PDB: 2QV8) using the Phyre2 server (Kelley et al., 2015). Al-

lowed distances for acidic cross-linking restraints between Ca carbons were set between 8-18 Å, while 6-18 Å were used for PRE

restraints (Tables S3 and S4). Docking the XcpHpmodel onto the XcpIpJpKp structure was performed using the HADDOCK 2.2 server

(van Zundert et al., 2016). The highest scoring structure obtained from HADDOCKwhich also did not have perpendicular a1C helices

in the pseudopilins was selected for further analysis of the XcpHpIpJpKp complex.

Biological filament modeling
Modeling of the XcpG T2SS pseudopilus was based on the PulG filament structure from Klebsiella oxytoca (Lopez-Castilla et al.,

2017) (PDB: 5WDA) using PyMOL (Schrödinger and DeLano, 2020). Modeling was divided in the following steps: (1) adding missing

transmembrane helices to each of the five XcpGp, XpcHp, XcpIp, XpcJp, and XcpKp proteins, (2) positioning the XcpHIJK complex

onto the PulG electronmicroscopy reconstruction filament (3) fitting XcpHIJK helices to the positions of PulG transmembrane helices

within this filament (4) fitting XcpG (Alphonse et al., 2010) units to the PulG filament and (5) relaxing the whole system to remove

atomic clashes. Each of these steps is described in more detail below.

Modeling of missing transmembrane helices

Missing transmembrane helices inminor andmajor pseudopilins were initially predicted using the Phyre2 server inputting the respec-

tive amino acid sequence of the complete N-terminal alpha helix (a1N + a1C). The XcpG helix was modeled based on the PulG tem-

plate from the EM reconstruction to include the unraveled section. The XcpHIJK helices were initially based on 1OQW template, as

chosen by Phyre2. Subsequently, the XcpH helix was also modeled based on the PulG template from the EM reconstruction to

include the unraveled section.

The following steps were performed in PyMOL. To position the modeled a1 helices, each was computationally aligned to the

respective a1C in the HADDOCK model or the XcpGp solution NMR structure (PDB: 2KEP) (Alphonse et al., 2010). Special care

was taken to manually reposition if needed so that the C-terminal atom in the missing a1N region was within covalent bonding dis-

tance from theN-terminal atom in the soluble construct a1C helix. Then, atoms in themodeled helices belonging to the a1C sequence

were deleted. Finally, the modeled helices were added to the XcpHpIpJpKp complex and XcpGp PDB files. At this stage, the trans-

membrane helices were not in a biologically relevant conformation, which was addressed at a later stage (see below, ‘‘Modeling of

transmembrane helix positions’’).

Positioning the XcpHIJK complex onto the PulG filament

In PyMOL, the XcpHIJK complex with its full-length helices was positioned onto the PulG filament by aligning the XcpH soluble

domain with the fourth PulG unit soluble domain. The positioning of XcpH to the fourth PulG unit (counted from the tip), rather

than the first, was decided to allow PulG units 1 to 3 to serve as reference for the modeling of XcpIJK transmembrane helices. During

this phase, globular domains of XcpH, XcpI, and XcpK were fixed and no attention was paid to how they mapped onto PulG globular

domains.
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Modeling of transmembrane helix positions

XcpHIJK model transmembrane helices were modeled semi-manually to fit the interior cavity of the PulG filament. To guide the

modeling, the transmembrane helix of the PulG unit closest to a given minor pseudopilin was used as a reference. Thus, PulG units

1, 2, 3 and 4 were the reference for XcpK, XcpI, XcpJ and XcpH respectively. The goal of this stage was a coarse arrangement of

subunit helices. We expected the subsequent relaxation step (described below) would further address helix packing, improve geom-

etry and enforce the F1-E5 salt bridge. Custom Python scripts were used to modifyF andJ dihedral angles for some residues in the

transmembrane helices.F andJ dihedral angles were systematically varied to each of 39F/J pair values observed in a1 residues in

the XcpH Phyre2 model structure; these smoothly populated the a helical region of the Ramachandran plot from F = -38.4 to -116.4

and J = -11.1 to 81.4.

The general modeling process proceeded as follows. First, residues ranges for optimization were chosen by simplemanual inspec-

tion of where along a1 slight deviations in its trajectory would be likely to bring it into closer alignment with the PulG reference helix for

that subunit. Secondly, for each of these n residues, one at a time iteratively starting nearest the C-terminus, theF andJ angles were

exchanged for the newF/J pair value from the list, generating 39 new structures at each step. The script outputs a pdb file with each

model included as a state, which can be viewed as amovie in PyMOL (seemovie for example in GitHub link in key resources table). At

each step, these 39 models were ranked within the Python script to favor the smallest distance from the N-terminal residue Ca of the

modified helix to the PulG reference N-terminal residue Ca in order to promote favorable close packing of helices in the filament. In

addition, caution was taken to avoid significant clashes with other helices, this was evaluated by simple observation of the models. A

model was selected and used as input for the same modification process at the next residue, thus iterated n times. The logic for the

order of residues to which the algorithm was applied was that F/J angles closer to the C-terminus would have significant impact on

the helix trajectory, followed by residues closer to the N-terminus for finemodification. Thus in total n*39 newmodels were evaluated.

This entire procedure was repeated until it converged with a close match between the modified and reference PulG helices.

After modeling was completed, the presence of the N-term to E5 salt bridge was evaluated. XcpI and XcpJ distances were 4.6 Å

and not further modified. For XcpX, the N-terminus of the PulG subunit 1 reference helix itself was in a clashing position and therefore

the above procedure could not lead to a satisfactory outcome. Thus, additional iterations were performed on XcpX residues 1-5 using

the N-term to E5 salt bridge as a ranking measure.

XcpHwas a special case for which early on in the procedure it was clear no satisfactory solution would be achieved using the initial

XcpH helix model derived from 1OQW. Using the subsequent unraveled model, only residues 1 to 18 were modified in the procedure

described above, so as not to impact the unraveled region which was already a fairly good match to PulG. In this case, the N-term to

E5 salt bridge was used for the output ranking for all iterations.

Modeling of XcpG filament

To model the XcpG pseudopilus, PulG subunits were simply replaced with XcpG to complete the filament. In PyMOL, the modeled

XcpG unit was copied and aligned to each PulG unit. Finally, all PulG units (including the reference) were removed and the final XcpG

filament was saved as a new object.

Relaxing the Xcp pseudopilus

Ultimately, the complete filament model was relaxed with pyRosetta (Chaudhury et al., 2010). During this procedure, the known salt

bridge between E5 carboxyl group andN-terminal amino group of the next subunit in the filament was enforced as a distance restraint

of 2.8 Å. Other restraints were added from the Haddock quaternary model protein:protein interactions to maintain the quaternary tip

complex structure (�10 for each pseudopilin pair for a total of 53 restraints ranging from 5.3-28.2 Å) and from the XcpG filament (10

total ranging from 2.8 – 21.5 Å). Restraints are listed in Tables S5 and S6. Ten filament models were produced, from which the best

was selected based on favourable XcpG subunit packing and the lowest RMSD of the XcpHpIpJpKp tip structure with respect the

HADDOCK model.

Positioning of the pseudopilus into secretin and T2SS maps
The pseudopilus model generated in this study was manually fitted into the XcpD EM map (EMD 8820) using Chimera. Fitting of the

pseudopilus-secretin model into the ETCmaps of the L. pneumophila T2SSwas carried out following these steps: themodel of pseu-

dopilus-secretin built and presented in panel (a) was superimposed on the subtomogram average based on the position of the

secretin gate by using the ECTmap of the L. pneumophila (EMD 20713). The resultingmodel was superimposed on the subtomogram

average of the ECT map of L. pneumophila (EMD 20712) based on the OM position. Both images were made using Chimera.

Evolutionarily coupled residues between XcpHp and XcpJp
The amino acid sequences of XcpHp and XcpJpwere analysed using the EVcomplex submission tool of the ‘‘EVolutionary Couplings’’

webserver with default parameters (Hopf et al., 2014) (https://v1.evcouplings.org/complex). 2052 homolog sequences were identi-

fied and aligned with a quality ratio of 3.01, considered ‘‘good’’ by the program. Based on amino acid conservation in all aligned se-

quences, the program generated a set of residues that are evolutionarily coupled. Only residue pairs with a probability score greater

than 0.92 were included in the subsequent analysis. Analysis is represented on a graph where X and Y axes correspond to input se-

quences (the 144 residues of XcpHp followed by the 210 residues of XcpJp) whereas, evolutionarily-coupled residues between XcpHp

and XcpJp are indicated by grey dots circled following a color code at the position corresponding to XcpHp and XcpJp sequence

coordinates. The identified EV-coupled residues have been highlighted on the 3D structure of the quaternary complex following

the color code used on the graph.
Structure 29, 1–12.e1–e8, October 7, 2021 e7

https://v1.evcouplings.org/complex


ll
Article

Please cite this article in press as: Escobar et al., Structural interactions define assembly adapter function of a type II secretion system pseudopilin,
Structure (2021), https://doi.org/10.1016/j.str.2021.05.015
QUANTIFICATION AND STATISTICAL ANALYSIS

Cross-linking data analysis
Spectrum Identification Machine SIM-XL version 1.5.0.14 (Lima et al., 2015) was used for identification of cross-linked peptides.

ADH-DMTMM cross-linker was set up in the software to create a mass shift of 138.0905 Da for each cross-link and 156.1012 for

hydrolyzed monolinks. The possible reaction sites were restricted to C-terminal extremities and acidic side chains of Glu and Asp

amino acids. Accuracy on mass measurements was 2 ppm for the precursor and 10 ppm for the fragment ions, to reduce to their

maximum the false positives and to increase the reliability of the results. Oxidation of methionine, due to experimental conditions,

has also been considered as a variable modification. Only the cross-linked peptides characterized by a SIM-XL internal score of

2.5, 3.0, 2.3, 3.0 or 2.5 and higher have been retained for XcpIK, IJ, HJ, HI, or HK pairs, respectively. All the detected cross-linked

peptides have been manually validated by analyzing their corresponding MS/MS spectra for exact masses, numbers of identified

fragments, and signal intensity (e.g. Figures 6B and S3B).
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