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The pilus usher controls protein interactions via domain
masking and is functional as an oligomer

Glenn T Werneburg!2, Nadine S Henderson!2, Erica B Portnoy!-2, Samema Sarowar4, Scott ] Hultgren>S,

Huilin Li3* & David G Thanassil>2

The chaperone-usher (CU) pathway assembles organelles termed pili or fimbriae in Gram-negative bacteria. Type 1 pili expressed
by uropathogenic Escherichia coli are prototypical structures assembled by the CU pathway. Biogenesis of pili by the CU pathway
requires a periplasmic chaperone and an outer-membrane protein termed the usher (FimD). We show that the FimD C-terminal
domains provide the high-affinity substrate-binding site but that these domains are masked in the resting usher. Domain masking
requires the FimD plug domain, which serves as a switch controlling usher activation. We demonstrate that usher molecules can
act in trans for pilus biogenesis, providing conclusive evidence for a functional usher oligomer. These results reveal mechanisms
by which molecular machines such as the usher regulate and harness protein-protein interactions and suggest that ushers may
interact in a cooperative manner during pilus assembly in bacteria.

The CU pathway is a conserved secretion system dedicated to the
assembly of virulence-associated organelles termed pili or fimbriae
in Gram-negative bacterial~% The type 1 and P pili expressed by
uropathogenic E. coli are prototypical structures assembled by the
CU pathway>®. CU pili are linear polymers composed of multiple
different subunit proteins (pilins). The assembled pilus adopts a com-
posite architecture consisting of a rigid helical rod that is anchored
to the outer membrane (OM) and a flexible tip fiber that contains the
adhesive subunit (adhesin). The type 1-pilus rod contains more than
1,000 copies of the FimA major pilin; the type 1-pilus tip contains
the FimH adhesin at its distal end, which is followed by single copies
of the FimG and FimF adaptor subunits”-8 (Fig. 1a). FimH binds to
mannosylated proteins present on the bladder epithelium, and this
can lead to bacterial invasion and the development of cystitis®.

The CU pathway assembles and secretes pili in a highly regulated
manner (Fig. 1a). Nascent pilins enter the periplasm via the Sec
translocon® and then form binary complexes with the periplasmic
chaperone in a process termed donor-strand complementation
(DSC)!0:11 In DSC, the chaperone donates a B-strand to complete
the incomplete immunoglobulin-like fold of the subunit!%-12
(structure shown in Supplementary Fig. 1a). For assembly of subunits
into a pilus fiber and secretion to the cell surface, chaperone-subunit
complexes must interact with the OM usher. The usher catalyzes the
exchange of chaperone-subunit for subunit-subunit interactions!3.
Subunit-subunit interactions form by a mechanism termed donor-
strand exchange (DSE)!214, in which the N-terminal extension of an
incoming subunit replaces the donated chaperone 3-strand from the

preceding subunit (Supplementary Fig. 1b). Type 1 pili are assembled
starting with the FimH adhesin, and the pilus extends by stepwise
addition of new chaperone-subunit complexes to the base of the
fiber (Fig. 1a). Each subunit specifically interacts with its appropriate
neighbor in the pilus, with the specificity of binding determined
by the DSE reaction!>!6. In addition, the usher aids in ordered
pilus assembly by differentially recognizing chaperone-subunit
complexes!6-19,

Ushers are large integral OM proteins composed of five domains?0-23;
a periplasmic N-terminal (N) domain, a transmembrane [3-barrel
channel domain, a plug domain located within the B-barrel region
and two periplasmic C-terminal domains (C1 and C2) (Fig. 1 and
Supplementary Fig. 1). The N domain provides the initial binding
site for chaperone—subunit complexes?!24-26 (schematic and structure
shown in Figs. 1a and 2a, respectively). The CI and C2 domains
provide a second binding site and anchor the growing pilus fiber?3-27:28
(schematic and structure shown in Figs. 1a and 2b, respectively). In
the resting apo-FimD usher, the plug domain occludes the lumen
of the B-barrel channel?%2223 (structure shown in Supplementary
Fig. 1c). The usher must be activated for pilus biogenesis by binding
of a FimC-FimH complex to the N domain!31829  Activation
results in displacement of the plug to the periplasm, insertion of the
FimH adhesin into the channel lumen and transfer of FimC-FimH
from the usher N domain to the C domains?? (structure shown in
Fig. 2b). The mechanism and specific sequence of events driving
usher activation and handoff of chaperone-subunit complexes from
the N to the C domains is not understood. The usher N and C domains
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bind to the same surface of the chaperone, and handoff requires
rotation of the chaperone-subunit complex, concomitant with trans-
location of the pilus fiber through the usher channel toward the cell
surface?!2326.27 The usher exists in the OM as an oligomer20:28:30:31,
However, the pilus fiber is secreted through only one protomer of the
usher oligomer, and the usher monomer appears to be sufficient for
pilus biogenesis?%2327:32, Therefore, whether and how the additional
usher molecules contribute to the catalysis of pilus assembly in vivo
has been a subject of debate.

In this study, we sought to understand how the usher controls and
coordinates protein-protein interactions during pilus biogenesis.
We used site-directed photo-cross-linking to confirm the usher N,
C1 and C2 domains as specific binding sites during pilus assembly
in vivo. Using a fluorescence-based affinity assay to compare binding
of FimC-FimH to wild-type (WT) and domain-deleted FimD ushers
(Fig. 1b), we show that the FimD C domains provide the high-
affinity binding site, thus suggesting that handoff of chaperone-subunit
complexes from the N to the C domains is driven by differential
affinity. We provide evidence that the C domains are masked in
apo-FimD through interaction with the plug domain, thus explain-
ing why FimC-FimH must first bind to the N domain to activate
the usher. We also show that the plug domain is essential for fiber
polymerization and acts as a switch controlling usher activation.
Finally, by using a plug-deletion mutant to preactivate the usher, we
demonstrate that the usher is functional as an oligomer in vivo.

RESULTS

FimD N and C domains are in vivo binding sites for FimC-FimH
We used site-directed photo-cross-linking via unnatural amino acid
mutagenesis to map points of contact between chaperone-subunit
complexes and the usher (Fig. 2a,b), as predicted by crystal structures
of FimC-FimH bound to the FimD N domain or the complete FimD
usher?!:23, We constructed amber stop-codon (TAG) substitutions for
residues in the N, C1 and C2 domains of FimD. We then transformed
each FimD amber mutant together with a FimC-FimH expression
plasmid into an E. coli strain containing plasmid pEVOL-pBpF, to

Figure 1 Models for type 1-pilus biogenesis and a
usher domain architecture. (a) Assembly of type
1 pili by the CU pathway. Pilus subunits traverse
the inner membrane (IM) via the Sec translocon.
Upon entering the periplasm, the subunits form
binary complexes with the FimC chaperone
(yellow). The chaperone enables proper folding
of pilus subunits via the DSC mechanism
(structural details in Supplementary Fig. 1a).
Chaperone-subunit complexes next interact
with the FimD usher. The usher is depicted as

a monomer, with its B-barrel channel domain

in the OM and its N, plug, C1 and C2 domains N
indicated. Binding of a chaperone—adhesin
complex (FimC-FimH) to the N domain
activates the usher for pilus biogenesis. The
plug is expelled from the usher channel to
accommodate the FimH adhesin, and the FimC—
FimH complex is handed off from the N to the

C domains. The N domain is then free to recruit
additional chaperone-subunit complexes, which
undergo DSE with the last-incorporated subunit
bound at the C domains (structural details in
Supplementary Fig. 1b). Repeated rounds

of subunit recruitment and DSE result
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allow incorporation of the photoreactive phenylalanine derivative
p-benzoyl-phenylalanine (pBpa) at the position of the amber stop
codon?3. We exposed bacteria grown in the presence of pBpa to UV
light to promote reaction of the carbonyl oxygen of pBpa with nearby
carbon-hydrogen bonds, to form stable cross-links33-34,

We constructed and analyzed nine different FimD amber mutants,
obtaining cross-links between the usher and the FimC chaperone or
FimH adhesin for each mutant except one (Supplementary Fig. 2a).
Each of these FimD amber mutants formed a stable usher in the OM
in the presence of pBpa, and each was functional for pilus assembly
(data not shown). We obtained the most efficient cross-linking when
pBpa was located at FimD positions Phe4 in the N domain, Tyr704
and Thr717 in the C1 domain and Tyr788 in the C2 domain (Fig. 2
and Supplementary Figs. 2 and 3). Cross-linked products that
reacted with anti-FimC-FimH antibody were visible for each of
these FimD amber mutants (Fig. 2¢). The anti-FimC-FimH antibody
cross-reacts with the histidine-tag epitope and thus also detects the
histidine-tagged FimD usher. Immunoblotting with anti-histidine-tag
antibody verified the presence of the usher in the cross-linked
products, and analysis of a strain expressing a streptavidin-tagged
FimD (which does not cross-react with the anti-FimC-FimH
antibody) confirmed the presence of the chaperone or adhesin
(Supplementary Fig. 2b,c). In addition, the cross-linked bands for the
FimD Phe4, Thr717 and Tyr788 mutants, but not the Tyr704 mutant,
reacted with anti-FimC-FimG antibody, which recognizes the FimC
chaperone but not the FimH adhesin (Fig. 2c). When taken together,
these results confirm the predicted interactions of FimD residues
Phe4, Thr717 and Tyr788 with FimC, and FimD residue Tyr704 with
FimH. More broadly, these results validate the N, C1 and C2 domains
of the usher as specific binding sites for chaperone-subunit complexes
during pilus biogenesis in vivo.

The bands obtained for the FimD Phe4 and Tyr788 amber mutants
migrated at the expected size for a cross-linked FimD-FimC product
(114 kDa; 91 kDa and 23 kDa for mature FimD and FimC, respec-
tively) (Fig. 2c). We obtained a doublet for the FimD Phe4 mutant,
with the lower band reacting with both the anti-FimC-FimH and
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in assembly of the pilus fiber in a top-down manner and secretion through the usher channel to the bacterial surface. (b) Cartoon representations
of WT FimD and the FimD domain-deletion mutants used in this study. The N, plug (P), C1 and C2 domains are indicated.
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Figure 2 /n vivo detection of FimC-FimH binding to the FimD usher.

(a) Structure of the FimD N domain (blue) bound to a FimC-FimH pilin-
domain (FimHjin) complex (yellow and green, respectively) (PDB 1ZE3
(ref. 21)). FimD residue Phe4 is depicted in red in stick representation.
Phe4 is in proximity to the FimC chaperone (additional data in
Supplementary Fig. 2a). (b) Structure of the FimD-FimC-FimH complex
(PDB 3RFZ23). FimH is in green, FimC is in yellow, and the FimD domains
are colored as in Figure 1. Residues Tyr704 (C1), Thr717 (C1) and Tyr788
(C2) are depicted in red in stick representation. Tyr704 is in proximity to
the FimH adhesin domain (FimH ectin), whereas Thr717 and Tyr788 are in
proximity to the chaperone (additional data in Supplementary Fig. 2b).

(c) SDS-PAGE and immunoblot analysis of in vivo site-directed photo-
cross-linking. Samples are purified histidine-tagged WT FimD or FimD
Phe4 (N domain), Tyr704 (C1 domain), Thr717 (C1 domain) or Tyr788
(C2 domain) amber mutants and associated cross-linked products.
Additional controls are shown in Supplementary Figure 2. The position

of the FimD monomer is indicated at right for each panel. The asterisks
mark FimD-cross-linked products. Uncropped images are shown in
Supplementary Data Set 2. MW, molecular weight.

anti-FimC-FimG antibodies, thus identifying it as the usher-
chaperone complex (Fig. 2¢). Mass spectrometry analysis confirmed
the presence of FimD and FimC in the lower FimD Phe4 band as
well as in the FimD Tyr788 cross-linked band (Supplementary
Data Set 1). Mass spectrometry analysis of the upper band of the
FimD Phe4 doublet suggested that this was a cross-link with the
abundant OM protein OmpA (Supplementary Data Set 1). This is
consistent with the usher having a dynamic and flexible N domain
that is able to sample the periplasm for chaperone-subunit complexes.
An ompA-mutant strain assembled type 1 pili similarly to the parental
WT strain, as determined by hemagglutination (HA) assay (data not
shown), a result indicating that that OmpA does not have a direct
role in pilus biogenesis. In contrast to the FimD Phe4 and Tyr788
cross-linked products, the bands obtained for the FimD Tyr704 and
Thr717 mutants migrated with slower relative mobility than expected
for either a FimD-FimH complex (120 kDa, in comparison to 29 kDa
for mature FimH) or a FimD-FimC complex, respectively (Fig. 2c).
Mass spectrometry confirmed the presence of FimH and FimC in the
cross-linked bands and did not identify other cross-linked partners for
the FimD Tyr704 and Thr717 mutants (Supplementary Data Set 1).
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Therefore, although we do not know the basis for the altered
mobilities, the Tyr704 and Thr717 cross-linked products represent
FimD interactions with FimH or FimC, respectively.

FimD C1 and C2 domains are the high-affinity binding site

Having validated the usher N and C domains as binding sites for
chaperone-subunit complexes, we next sought to determine the
relative contributions of each domain to affinity for FimC-FimH,
measuring affinity (Ky) with a fluorescence-based assay!7-3>. We first
measured binding affinity of WT FimD for FimC-FimH, in a system in
which FimC was labeled with the thiol-reactive probe coumarin male-
imide (CPM) at Q19C, T51C or N86C single-cysteine-substitution
mutations. We chose these labeling sites because of their proximity
to the usher when the chaperone-adhesin complex is bound at
either the N or C domains?!:23 (structures shown in Fig. 3a,b and
Supplementary Fig. 4). Each of the FimC substitution mutants
expressed stably and functioned similarly to WT FimC with regard
to pilus assembly in bacteria (data not shown). Binding assays with
these FimC constructs yielded Ky values of 9.50-12.6 nM (Fig. 3¢
and Supplementary Fig. 5). The measured affinities were not sig-
nificantly different (P = 0.18), thus indicating agreement among the
different labeling sites. Moreover, these values correspond well with

Figure 3 Binding affinities of FimC-FimH chaperone-adhesin complexes
for WT and domain-deleted FimD ushers. (a,b) Structures of the FimD

N domain bound to a FimC-FimH pilin-domain complex (a) and the
FimD-FimC-FimH complex (b). The structures and colors are as in
Figure 2. The FimC cysteine-substitution sites Q19, T51 and N86 are
shown in red in stick representation. These sites are in proximity to the
usher when FimC-FimH is bound at either the N or C domains (additional

FimD Ky (nM)

WT 126403 structures in Supplementary Fig. 4). (c) Binding curve of FimCqj9c—

AC2 213+ 21* FimH for WT FimD. The graph represents normalized changes in total

AC1AC2 389 + 50* fluorescence emission intensity (a.u., arbitrary units) plotted as a function

Aplug 125 4.1 of FimD concentration, with a total change in intensity of 20%. The data

AN >1,200* points represent means + s.e.m. of three independent experiments, with

ANAplug 40.8+2.9" three replicates per experiment. (Additional data in Supplementary Fig. 5).
(d) Affinities of FimC—-FimH for FimD WT and domain-deletion mutants.
Affinities were calculated as in c. (Additional binding curves of FimC-FimH
for FimD WT and domain-deletion mutants are shown in Supplementary
Fig. 5.) *P < 0.005 compared to WT FimD by two-tailed ¢ test.
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Figure 4 FimC-FimH binds to the N, C1 and C2 domains of the FimDpjyg
usher in vivo. Anti-FimC-FimH immunoblot analysis of in vivo site-
directed photo-cross-linking. Samples are purified histidine-tagged

WT or FimDpjug Ushers containing amber mutations at positions Phe4

(N domain), Tyr704 (C1 domain), Thr717 (C1 domain) or Tyr788 (C2
domain), and associated cross-linked products. The positions of the WT
and FimDpjug monomers are indicated on the right, and the asterisks
mark the cross-linked products. The uncropped image is shown in
Supplementary Data Set 2.

a previously reported Ky of 9.1 nM determined by surface plasmon
resonance!'®. We chose the FimCq9c CPM-labeling site (K4 of
12.6 nM) for subsequent affinity measurements.

To examine the contribution of the usher C domains to affinity for
chaperone-subunit complexes, we measured the binding to FimC-
FimH of deletion mutants lacking either the C2 or both the C1 and
C2 domains (FimDc, and FimDcjacy, respectively). Both of these,
and all other usher deletion mutants used in this study, expressed
stably and folded properly in the bacterial OM (data not shown).
We obtained Ky values of 213 nM and 389 nM for the FimDc, and
FimDpciacy mutants, respectively (Fig. 3d and Supplementary
Fig. 5). The decreased affinities obtained for these mutants compared
to WT FimD identify the C domains as the high-affinity binding site
on the usher for chaperone-subunit complexes. These results also
reveal that the usher N domain, which remains available for binding
in the FimD ¢, and FimDcjac, mutants (Fig. 1b), has lower affinity
for FimC-FimH. In the P-pilus system, the isolated usher plug
domain was previously shown to interact with chaperone-subunit
complexes!®36. To determine whether the plug contributes to affinity
for FimC-FimH in the context of the full-length usher, we examined
a mutant lacking the plug (FimDap1,,). The affinity of FimD apjyg for
FimC-FimH (12.5 nM; Fig. 3d and Supplementary Fig. 5) was similar
to that of WT FimD. This indicates no direct role for the plug domain,
at least for binding to the initiating chaperone-adhesin complex.

The plug domain masks the C domains in the inactive usher
Given that the C domains provide the high-affinity binding site, it
is not clear why the N domain is required for the initial binding of
chaperone-subunit complexes to the usher. To address this question,
we measured the affinity of an N domain-deletion mutant (FimDy)
for FimC-FimH. Despite the presence of the C domains, there was
no appreciable binding of FimC-FimH to FimD sy (K4 >1,200 nM;
Fig. 3d and Supplementary Fig. 5). This
suggests that the high-affinity C domains

are unavailable for binding in the absence of the N domain. In
its apo state, the usher plug domain resides within the lumen
of the B-barrel channel (refs. 20,22,23 and Supplementary
Fig. 1¢c). We reasoned that in this position the plug could interact with
the C1 and C2 domains, thus keeping the C domains inaccessible until
activation of the usher by binding of a chaperone-adhesin complex to
the N domain and expulsion of the plug to the periplasm. To test this,
we constructed a FimD usher lacking both the N and plug domains
(FimDanaplug) (Fig. 1b). The affinity of FimDnaplug for FimC-FimH
was 40.8 nM (Fig. 3d and Supplementary Fig. 5), which is dra-
matically increased compared to the affinity of the FimD,y mutant
and close to the affinity of WT FimD. This result indicates that the
high-affinity C1 and C2 domains become accessible to chaperone-
subunit complexes in the absence of the plug domain, thus supporting
our hypothesis that the plug functions to mask the C domains in the
inactive usher.

The plug domain is required for higher-order pilus assembly
Previous studies have demonstrated that the plug domain is essen-
tial for pilus assembly by the usher?>37-38, Our results indicate that
the plug functions to maintain the usher in the inactive state by
masking the C domains, but this does not explain why the plug is
necessary for pilus biogenesis. One possibility is that in the absence
of the plug domain, chaperone-subunit complexes no longer bind to
the N domain. We used site-directed photo-cross-linking to detect
binding of FimC-FimH to the N and C domains of the FimDpjyg
mutant. We obtained a similar pattern of cross-links for the FimD apjyq
mutant as for WT FimD (Fig. 4). Notably, the level of FimDjpyg in
the OM was lower than for WT FimD, and this explains the weaker
appearance of the cross-linked bands for the plug-deletion mutant.
Thus, chaperone-subunit complexes still interact with both the N and
C domains in the absence of the plug domain.

To further investigate the role of the plug in pilus assembly, we
expressed histidine-tagged WT FimD or the FimD |, mutant in
bacteria together with the FimC chaperone and FimH and FimG pilus
tip subunits. These experimental conditions allow testing of the ability
of the usher to polymerize pilus fibers (consisting of FimH followed by
multiple copies of FimG) with a copurification assay?°. FimC, FimG
and FimH copurified with both WT FimD and the FimD ), mutant,
as revealed by immunoblotting with anti-FimC-FimG or anti-FimC-
FimH antibodies (Fig. 5). Subunit-subunit, but not chaperone-
subunit, interactions are stable in SDS at low temperatures®. Analysis
of the WT FimD samples incubated at 25 °C revealed a ladder of
higher-molecular-mass species, which indicated polymerization of
FimG into a pilus fiber with FimH at its tip (Fig. 5). In contrast,
examination of the FimDp,4 samples incubated at 25 °C demon-
strated that the mutant was greatly impaired in its ability to promote

WT Aplug b WT Aplug

MW 25°C 95°C 25°C 95°C Mw 25°C  95°C 25°C 95°C
Figure 5 Assembly of type 1-pilus tip (kDa) fggE — g e (kDa) 230 B
fibers by the WT and FimD,pj,g Ushers. 138» = <D 199 : )
(a,b) Anti-FimC~FimG (a) or anti-FimC-FimH (b) 55 P GGGH 55 B < GGGH
immunoblots. Samples are purified histidine- < GGH <« GGH
tagged WT or FimD spjug Ushers and associated 35 <4GH 35 P <GH
pilus assembly intermediates incubated 27 - 27 pp <4H

at 25 or 95 °C in SDS sample buffer. The
identities of the pilus proteins and assembly
intermediates are indicated on the right as
single letters (C, FimC; G, FimG; H, FimH,;
D, FimD). Uncropped images are shown in
Supplementary Data Set 2.

Anti-FimC-FimG

Anti—-FimC—-FimH
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Figure 6 Coexpression of FimDnapiug @and FimDyc1ac2 ushers results in
pilus assembly on the bacterial surface. (a) Cartoon representations of
the FimDaciac2 (usher 1) and FimDanapiug (usher 2) deletion mutants
coexpressed in c. The N, plug (P), C1 and C2 domains present in each
usher construct are indicated. (b—d) Whole-bacteria, negative-stain
transmission EM of E. coli strain MM294AfimD expressing WT FimD (b),
FimDanaplug together with FimDaciac2 (€) or vector only (d). The FimD -
expression plasmids used are listed in Table 1. Scale bars, 500 nm.

fiber polymerization (Fig. 5). Concordantly, bacteria express-
ing the FimDjp| g mutant were unable to assemble pilus fibers of
sufficient length on the bacterial surface to agglutinate red blood
cells (Supplementary Table 1). Taking these findings together,
we conclude that the plug domain is dispensable for the binding
of chaperone-subunit complexes to the usher and for initiation of
pilus assembly, but it is essential for efficient polymerization of the
pilus fiber.

Plug deletion reveals a functional usher oligomer

The usher exists as an oligomer in the OM; however, only one usher
protomer is involved in secretion of the pilus fiber, and the function
of the oligomer is not known?%-2330-32_ One possibility is that the
N domains of the nontranslocating ushers recruit chaperone-subunit
complexes to the OM assembly platform, and these complexes are
then transferred to the C domains of the actively translocating usher.
If this is true, then coexpression of FimDyciacz and FimDanaplug
usher mutants (with N and C domains available, respectively;
Fig. 6a) should allow reconstitution of pilus biogenesis. Indeed,
coexpression of the FimDanaplg and FimDaciacy constructs
resulted in assembly of functional type 1 pili, as measured by the
HA assay (Table 1). Notably, the FimDanaplug and FimDaciace
mutants did not assemble pili when expressed individually (Table 1).
We confirmed pilus biogenesis on the bacterial surface in the strain
coexpressing FimDaciacz and FimDanaplug by EM, which revealed
levels of pilus fibers comparable to those in the strain expressing
WT FimD (Fig. 6b-d). Concordantly with our finding that the plug
domain masks the C domains in the inactive usher, coexpression of

ARTICLES

a FimDy mutant (with plug domain intact) with FimDxcjac, did
not result in pilus assembly (Table 1). In additional experiments,
we found that coexpression of FimD anaplug With a FimDapiugaciace
mutant did not restore pilus assembly, and neither did coexpression of
FimD y with a FimDplugaciac, mutant (Table 1). This indicates that
a plug domain must be present for successful complementation, but
the plug cannot be located together with the C domains. These data
demonstrate that individual usher molecules are capable of function-
ing in trans for pilus biogenesis in bacteria and provide confirmation
that the plug domain masks the C domains in the inactive usher.

DISCUSSION

The usher is a remarkable molecular machine that catalyzes ordered
polymerization of the pilus fiber and provides the channel for secre-
tion of the fiber to the cell surface. The usher performs its functions
in the absence of an external energy source such as ATP, relying
instead on harnessing protein-protein interactions*’. Our findings
reveal mechanisms by which the usher controls access to its domains
and show how these domains act in concert to ensure the assembly
of adhesive organelles. We also demonstrate that individual usher
molecules can act in trans for pilus biogenesis in bacteria, providing
conclusive evidence for a functional usher oligomer.

Using site-directed photo-cross-linking, we confirmed that the
usher N, C1 and C2 domains function as binding sites for chaperone—
subunit complexes during pilus biogenesis in bacteria. The
cross-linked products obtained for the FimD Tyr704 and Thr717
mutants, located in the Cl1 domain, migrated with slower-
than-expected relative mobility. We did not identify other potential
binding partners by mass spectrometry, and only the usher is capable
of forming a cross-link in our experimental system. One possibility
for the slower mobility is that these cross-linked products migrate
aberrantly during electrophoresis. A second possibility is that these
complexes represent higher-order assembly intermediates comprising
FimD-FimD as well as FimD-FimH or FimD-FimC contacts,
consistently with the usher oligomer forming an actively engaged
assembly unit in vivo.

Our comparison of full-length and domain-deleted FimD ushers
revealed that the C domains provide the high-affinity binding site
for FimC-FimH chaperone-adhesin complexes. From our results,
we conclude that the Ky measured for WT FimD (12.6 nM) reflects
the contribution of the C domains to affinity for FimC-FimH, and
the Ky measured for FimDacjac (389 nM) reflects the contribution
of the N domain to affinity for FimC-FimH. In contrast to our
results, Volkan et al. found that the C2 domain of the P-pilus usher
PapC had lower affinity for chaperone-subunit complexes com-
pared to the N domain!®. This difference probably arose because the
PapC C2 domain was studied in isolation rather than in its native

Table 1 Assembly of adhesive pili on the bacterial surface by
coexpression of WT or domain-deleted FimD ushers

FimD Plasmids HA titer2
WT + WT pNH382 + pNH213 128
AN + AC1AC2 pNH383 + pNH295 0
ANAplug + AC1AC2 pGW217 + pNH295 32
ANAplug + vector pGW217 + pMMB66 0
Vector + AC1AC2 pTRYC + pNH295 0
AN + AplugAC1AC2 pNH383 + pNH423 0
ANAplug + AplugAC1AC2 pGW217 + pNH423 0

aHA titer is the maximum fold dilution of bacteria (strain MM294AfimD expressing the
indicated FimD constructs) able to agglutinate guinea pig red blood cells.
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orientation in the context of the C1 domain and the rest of the
usher protein. Chaperone-subunit complexes bind first to the usher
N domain and then transfer to the C domains through an unknown
mechanism?1:23-2527.28 Qur results suggest that this handoff is driven
by differential affinity, with the high-affinity C domains outcompet-
ing the lower-affinity N domain for the common binding site on the
chaperone. Handoff may also be facilitated by allosteric destabili-
zation of the N domain-chaperone-subunit complex, by the C2
domain or by interactions with the plug, as suggested by studies in
the P-pilus system?!9:36.

Our finding that the C domains have higher affinity than the
N domain for FimC-FimH raised the question of why chaperone-
subunit complexes first bind to the N domain of the apo usher. We
demonstrated that the C domains are not available for binding in
the absence of the N domain but become available in the absence of
the plug. On the basis of these results, we propose that the apo usher
uses a domain-masking strategy, which is dependent on interaction
of the C domains with the plug, to keep the C domains inaccessible
(Supplementary Fig. 6). Only FimC-FimH chaperone-adhesin
complexes are able to activate the FimD usher!318:2%. Therefore,
masking of the C domains would allow the usher to sample
chaperone-subunit complexes in the periplasm via its N domain, with
only FimC-FimH initiating pilus assembly by triggering release of the
plug from the channel and freeing the C domains (Supplementary
Fig. 6). Domain masking thus provides a mechanism to ensure assem-
bly of a functional pilus fiber with the adhesin at its tip, poised to bind
host-cell receptors.

The plug domain is essential for the function of the usher in pilus
biogenesis?>37:38. The plug occupies the channel of the apo usher,
and we show here that the plug masks the C domains. However,
these functions are related to maintenance of the usher in its
inactive state. We found that the plug domain is not needed for
recruitment of chaperone-subunit complexes to the usher or for
formation of stable pilus assembly intermediates in vivo. Instead, we
found that the plug is required for efficient polymerization of the
pilus fiber. The catalytic activity of the usher in fiber polymerization
is postulated to be due to optimal positioning of chaperone-subunit
complexes to promote the DSE reaction?3. In the activated usher,
the plug resides in the periplasm, adjacent to the N domain?32”
(structure shown in Supplementary Fig. 1d). We propose that the
plug contributes to catalytic activity by fixing orientation of the
N domain relative to C domains. Thus, the location of the plug may
act as a central switch that determines the activation state of the
usher. In the resting usher, the plug closes the channel and masks
the C domains. Expulsion of the plug to the periplasm then activates
the usher by (i) opening the channel, (ii) unmasking the C domains
and (iii) ensuring optimal positioning of the N domain to promote
subunit-subunit interactions.

The usher exists as an oligomeric complex in the bacterial
OM?20:23,30-32 byt whether the oligomer makes a functional contri-
bution to pilus biogenesis has been a subject of debate. We show here
that coexpression of FimDanaplug and FimDaciacs ushers results in
assembly of adhesive pili on the bacterial surface. Pilus biogenesis by
these ushers necessitates cooperative interaction between the N and
C domains from different usher molecules; this provides a mechanistic
basis for the function of the usher oligomer (Supplementary Fig. 6).
Analysis of various combinations of FimD deletion mutants revealed
that a plug domain is required for successful complementation, but
the plug cannot be present on the same usher as the C domains. The
requirement for the plug together with the N domain emphasizes
the active role of the plug in the catalytic activity of the usher. The

finding that complementation does not work when the plug is present
together with the C domains reflects our finding that the plug masks
the C domains in the inactive usher. In a prior study, we found that
PapC C terminal-deletion mutants could interact with FimD to drive
assembly of P pili on the bacterial surface by the Fim system?8. This
supports the existence of cooperative interactions between different
ushers in bacteria. The FimH adhesin was also required for functional
interaction between PapC and FimD in the prior study, thus suggest-
ing that FimD needed to be activated by binding to the adhesin?3. In
light of the results from the current study, we can now understand that
the C domains of FimD were masked and unavailable to participate
in pilus assembly before usher activation.

We propose that identical usher molecules act in an asymmetric
manner during pilus biogenesis, with multiple ushers serving to
recruit chaperone-subunit complexes to the OM but only one usher
providing the active translocation channel (Supplementary Fig. 6).
Such an arrangement may enhance the catalytic activity of the usher
by increasing the local concentration of chaperone-subunit complexes
and may allow for greater regulatory control of fiber polymerization
through usher-usher interactions or changes in the oligomeric state of
the usher. Other transporters found in both prokaryotes and eukary-
otes also exist as oligomeric complexes*!-44. Studies have suggested
that these complexes may also function in an asymmetric manner,
with the oligomeric arrangement providing additional binding sites
or allowing regulatory interactions*!44-46, Thus, the use of identical
channels in an asymmetric manner may be a common strategy used
by diverse transport systems.

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the online
version of the paper.
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ONLINE METHODS

Strains and plasmids. The bacterial strains and plasmids used in this study
are listed in Supplementary Table 2. Unless otherwise noted, bacteria were
grown at 37 °C with aeration in LB medium. When appropriate, the growth
medium was supplemented with antibiotics as follows: 100 pg/ml ampicillin
(Amp); 50 pug/ml kanamycin (Kan); 100 pg/ml spectinomycin (Spec); 25 pg/ml
chloramphenicol (Clm); and 15 pig/ml tetracycline (Tet).

The molecular-biology techniques and primers used to construct the plas-
mids made in this study are listed in Supplementary Table 3. E. coli DH50. was
used as the host strain for plasmid manipulations. The FimD amber mutants
used for site-directed photo-cross-linking were derived from plasmids pNH213
or pNH400 with QuikChange site-directed mutagenesis (Stratagene). Plasmid
pNH213 encodes the FimD usher with a C-terminal, thrombin-cleavable poly-
histidine tag (His tag) under isopropyl-B-p-thiogalactoside (IPTG)-inducible
expression. For pNH400, the His tag of plasmid pNH213 was switched to a
streptavidin (strep) tag with site-directed, ligase-independent mutagenesis
(SLIM)#7#8. The FimC cysteine mutants for fluorescence labeling were derived
from pETS1000 with QuikChange mutagenesis. Plasmid pETS1000 encodes the
FimC chaperone with a C-terminal His tag under arabinose-inducible expression.
Plasmid pNH324, encoding FimD s, was derived from pNH213 with SLIM to
delete residues 244-323. In addition to deletion of the plug domain, an N243G
substitution mutation was created. Similarly, the plug domain was deleted from
plasmids pNH295 and pNH296, encoding FimDxcjac, and FimDyy, respec-
tively, to make plasmids pNH423 and pGW117. All constructs generated with
SLIM or QuikChange mutagenesis methods were sequenced to verify that the
correct mutations were made.

In vivo site-directed photo-cross-linking. Strain SF100 was transformed with
plasmid pEVOL-pBpE, encoding an arabinose-inducible amber suppressor
tRNA and aminoacyl-tRNA synthetase, to allow incorporation of pBpa at amber
stop codons (TAG)3. Strain SF100/pEVOL-pBpF was then transformed with
plasmid pNH212, encoding IPTG-inducible FimC and FimH proteins. Finally,
strain SF100/pEVOL-pBpF + pNH212 was transformed with plasmids for
IPTG-inducible expression of His-tagged WT FimD (pNH213) or FimD
Phe4 (pNH319), Tyr704 (pNH320), Thr717 (pNH321), or Tyr788 (pNH329)
amber-codon mutants. Overnight cultures were diluted 1:20 into 30-50 ml fresh
LB containing 0.2 mM pBpa (VWR). Cultures were induced at an ODgj of 0.6
with 0.1% arabinose and 50 pM IPTG for 1-2 h. Cultures were pelleted and
resuspended in 1 ml 20 mM Tris-HCI, pH 8.0, transferred to wells in an
untreated six-well culture plate (CytoOne), and exposed to a UV lamp (365 nm,
100 W, Fisher Scientific) for 10 min. Exposed bacteria were then transferred to
microcentrifuge tubes and pelleted at maximum speed in a microcentrifuge for
15 min at 4 °C. Pellets were weighed and resuspended in 500 pl BugBuster Master
Mix (Novagen) per 0.1 g wet weight. EDTA-free cOmplete protease inhibitor
(Roche) was added, and the samples were rocked for 20 min at room temperature.
Samples were then spun at maximum speed in a microcentrifuge for 20 min
at 4 °C, and supernatant fractions were transferred to clean tubes. Imidazole
was added to 20 mM, 50 ul of 50% Ni-NTA agarose beads (Qiagen) was then
added and samples were rocked for 30 min at room temperature. The beads were
washed three times with 1 ml 20 mM Tris-HCI, pH 8.0, 0.3 M NaCl and 20 mM
imidazole, and then boiled in 60 pl of 2x SDS-PAGE sample buffer. Boiled sam-
ples were separated by SDS-PAGE and analyzed either by staining with Coomassie
blue or immunoblotting with anti-His tag (BioLegend, cat. no. MMS-156P;
validation profile provided on manufacturer’s website), anti-FimC-FimH20
or anti-FimC-FimG?? antibodies. The blots were developed with alkaline
phosphatase-conjugated secondary anti-mouse (Sigma cat. no. A9316) or
anti-rabbit (Sigma cat. no. A3812) antibodies and BCIP (5-bromo-4-chloro-3-
indolylphosphate)-NBT (nitroblue tetrazolium) substrate (KPL).

For some experiments, SF100/pEVOL-pBpF + pNH212 strains expressing
strep-tagged instead of His-tagged FimD were used (plasmids pNH400 through
pNH404). For these experiments, after UV exposure, OM fractions were isolated
as previously described?*. The OM fractions were separated by SDS-PAGE and
analyzed by immunoblotting with anti-His tag or anti-FimC-FimH antibodies,
as described above. The expression and folding of the FimD amber mutants in
the OM was compared with WT FimD, as described below. SF100/pEVOL-pBpF
was used as the host strain for these experiments, and the bacteria were grown in
the presence of 0.2 mM pBpa. The ability of the FimD amber mutants to assemble

adhesive pili on the bacterial surface was compared with that of WT FimD
with the HA assay, as described below. For these assays, MM294AfimD/pEVOL-
pBpF was used as the host strain, and the bacteria were grown in the presence
of 0.2 mM pBpa.

Mass spectrometry analysis of cross-linked products. Excised gel pieces
were destained, reduced, alkylated and digested with trypsin (Promega Gold,
mass-spectrometry grade), essentially as previously described*’. The resulting
concentrated peptide extract was diluted into a solution of 2% acetonitrile (ACN)
and 0.1% formic acid (FA) (buffer A) for analysis. The peptide mixture was
analyzed by automated microcapillary liquid chromatography—tandem mass
spectrometry. Fused-silica capillaries (100 um i.d.) were pulled with a P-2000
CO, laser puller (Sutter Instruments) to a tip with i.d. <5 um and packed with
10 cm of 5 um ProntoSil 120-5-C18H material (Agilent) with a pressure bomb.
The column was installed inline with an Eksigent Nano2D High Performance
Liquid Chromatography (HPLC) pump running at 300 nl min~!. The column
was equilibrated in buffer A, and the peptide mixture was loaded onto the col-
umn with an autosampler. The HPLC separation was provided by a gradient
between buffer A and buffer B (98% ACN and 0.1% FA). The HPLC gradient
was held constant at 100% buffer A for 10 min after peptide loading, and this
was followed by a 35-min gradient from 0% buffer B (100% buffer A) to 40%
buffer B. Then another gradient was performed for 3 min to 80% buffer B, at
which point it was held constant for 2 min. Finally, the gradient was changed
from 80% buffer B to 100% buffer A over 1 min and then held constant at 100%
buffer A for 29 more minutes. The application of a 1.8-kV distal voltage elec-
trosprayed the eluted peptides directly into a Thermo Fisher Scientific LTQ XL
ion-trap mass spectrometer equipped with a custom-built nanoLC electrospray
ionization source. Full mass spectra (MS) were recorded on the peptides over
a400-2,000 m/z range; this was followed by five tandem mass (MS/MS) events
sequentially generated in a data-dependent manner on the first, second, third,
fourth and fifth most intense ions selected from the full MS spectrum (at 35%
collision energy). Mass spectrometer scan functions and HPLC solvent gradients
were controlled by the Xcalibur data system (ThermoFinnigan). The resultant
MS/MS spectra were extracted from the RAW file with Readw.exe (http://
sourceforge.net/projects/sashimi/). The resulting mzXML file contains all the
data for all MS/MS spectra and can be read by the subsequent analysis software.
The MS/MS data were searched with InsPecT? and GPM X!Tandem against the
Ecoli_K12 UniProt database (downloaded 3/19/2013) with optional modifications:
+16 on methionine, +57 on cysteine, and +80 on threonine, serine and tyrosine.
Only peptides with a P value <0.01 were analyzed further. Common contaminants
(for example, keratins) were removed from the database. Proteins identified by at
least two distinct peptides within a sample were considered valid.

Purification of FimD and FimC-FimH for affinity measurements. The
WT FimD usher and FimD domain-deletion mutants contained C-terminal,
thrombin-cleavable His tags and were purified as previously described®!. Briefly,
6-1 cultures of strain Tuner containing plasmid pNH213 (WT FimD), pNH295
(FimD,zc1aco), pNH317 (FimD xc,), pNH296 (FimDay), pNH324 (FImDppi,)
or pGW117 (FimDanaplug) were induced for usher expression at an ODggq of
0.6 with 100 uM IPTG and grown overnight at room temperature. Bacteria were
lysed with a French press, and the OM fraction was isolated by sarkosyl extraction
and centrifugation. OM fractions were then solubilized in 20 mM Tris-HCI, pH
8, 0.3 M NaCl and 1% dodecyl-maltopyranoside (DDM; Anatrace). Imidazole
was added to 20 mM, and the samples were loaded onto a cobalt affinity column
with an FPLC apparatus (GE Healthcare). The bound FimD protein was eluted
with an imidazole step gradient in buffer 20 mM Tris-HCI, pH 8, 0.3 M NaCl and
10 mM lauryl(dimethyl)amine oxide (LDAO; Anatrace). The His tag was cleaved
by digestion with thrombin overnight, and then the sample was passed again over
a cobalt affinity column coupled to a benzamidine column (GE Healthcare). The
pure, His tag—free FimD was collected in the flow-through fraction. The puri-
fied usher was dialyzed into 20 mM HEPES, pH 7.5, 150 mM NaCl and 5 mM
LDAO, and concentrated with a Millipore Ultrafree centrifugal concentrator
(50-kDa molecular-weight cutoff). Protein concentrations were determined
with the bicinchoninic acid (BCA) protein assay (Pierce).

FimC-FimH complexes were purified from strain Tuner/pHJ20 containing
plasmid pGW1 (FimCrs;c), pGW2 (FimCygec) or pGW3 (FimCqjoc).
Plasmid pHJ20 encodes IPTG-inducible FimH, and plasmids pGW1-3 encode
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arabinose-inducible, His-tagged FimC with the indicated cysteine substitutions.
Purification was performed as previously described”!. Briefly, 2-1 cultures were
grown at 37 °C and induced at an ODgg of 0.6 with 0.002% arabinose and 1 mM
IPTG for 2 h. Periplasm fractions were isolated by EDTA-lysozyme treatment
and dialyzed into 20 mM Tris-HCI, pH 8.0, and 0.3 M NaCl. Imidazole was
added to 20 mM, and samples were loaded onto a nickel affinity column with
an FPLC apparatus. Bound FimC-FimH complex was eluted with an imidazole
step gradient. Fractions containing FimC-FimH were pooled and dialyzed into
20 mM MES, pH 5.4. The samples were then run on a Resource S column
(GE Healthcare) and eluted with a linear NaCl gradient to separate excess unbound
FimC chaperone from the FimC-FimH chaperone-adhesin complex.

Fluorescence-based affinity assay. Fluorescence-labeling reactions and titra-
tion experiments were performed as previously described!”*°. FimCqjgc—
FimCrs;c- and FimCyggc-FimH complexes (500 nM) were labeled with the
thiol-reactive probe coumarin maleimide (Life Technologies) for 2 h at 4 °C at
a 5:1 probe/protein molar ratio. For labeling, the pH of the protein solution was
first raised to 8.0 via the addition of K,;HPO,. Unbound probe was removed via
dialysis against 20 mM HEPES, pH 7.5, and 150 mM NaCl. 5 mM LDAO was
added to the final exchanged solution. Labeling efficiency was calculated with
Beer’s Law and was typically >80%.

Fluorescence measurements were performed with a PC1 photon-counting
spectrofluorometer (ISS), as previously described!’. Coumarin-labeled
chaperone-subunit complexes were diluted to 25 nM, and 120 pl was transferred
to a 3-mm microcuvette. Purified FimD was then titrated into the FimC-FimH
solution. The fluorophore was excited at 384 nM, and its emission spectrum was
measured from 420-520 nm with a step size of 2 nm. Variability in lamp inten-
sity was accounted for with Vinci (ISS) data-acquisition software. The integral
of the curve was calculated, thus providing the total emission intensity. Buffer
measurements were also performed, and background emissions were subtracted.
Data were normalized to account for dilution during titration and were set to a
scale of 0 (starting value) to 1 (the final value). Apparent equilibrium bimolecular
dissociation constants (Ky) were obtained by fitting the data with a sigmoi-
dal curve function in Prism (GraphPad) and solving for the inflection point.
Each titration curve shown is the result of at least three independent experi-
ments with three replicates per experiment. All of our observed Ky values were
independent of starting FimC-FimH concentrations (below the dissociation
constant) and thus were dependent only on the mass action of the titrant, FimD.
Statistical comparison of Ky values for FimD mutants with WT FimD was per-
formed with two-tailed t tests in Prism (GraphPad). Comparison of the different
FimC cysteine-substitution mutants was performed with one-way analysis
of variance and Tukey’s multiple-comparison post test. P values <0.05 were
considered significant.

Analysis of usher expression and folding in the OM. The expression levels and
folding of the FimD mutants in the OM were compared to WT FimD, as previ-
ously described*. Briefly, OM fractions were isolated by French-press disrup-
tion and sarkosyl extraction, and proper folding of the ushers was determined
by heat-modifiable mobility on SDS-PAGE. Strain SF100 was used as the host
strain for these studies.

Hemagglutination (HA) assay. HA assays were performed by serial dilution in
microtiter plates, as previously described®. HA titers were determined visually
and are reported as the greatest fold dilution of bacteria able to agglutinate guinea

pig red blood cells (Colorado Serum Company). For each HA assay;, at least three
independent experiments were performed, with three replicates per experiment.
Analysis of the FimC WT and cysteine-substitution mutants was performed in
strain MM294AfimC, which contains a fimC deletion in the chromosomal fim
operon. Analysis of the FimD WT and mutant ushers was performed in strain
MM294AfimD, which contains a fimD deletion in the chromosomal fim operon.
The experiments in which FimD WT or domain deletion-mutant ushers were
coexpressed were also performed in strain MM294AfimD. Bacteria containing
appropriate FimD or FimC plasmids were grown statically for 24-48 h to induce
the chromosomal fim genes, and then FimD or FimC expression was induced with
50 WM IPTG or 0.15% arabinose, respectively, for an additional 3 h with shaking
at 100 r.p.m. To test the role of OmpA in type 1-pilus biogenesis, HA titers were
determined for strain JF568 and its isogenic ompA-~ derivative JF699. The strains
were grown statically for 24-48 h to induce the chromosomal fim genes. For
analysis of assembly of FimG-FimH type 1-pilus tips, strain AAEC185/pNH222
(encoding FimC, FimG and FimH) was transformed with the FimD-expression
plasmids pNH213 (WT FimD) or pNH324 (FimDAPlug). HA titers were deter-
mined from strains grown with aeration and induced at an ODgg of 0.6 with
50 uM IPTG and 0.1% arabinose for 1 h.

Electron microscopy (EM). Whole-bacteria negative-stain transmission EM was
performed as previously described?*. Aliquots (1 ml) of cultures grown for the
HA assay were washed with PBS and resuspended in 1.5 ml PBS. Bacteria were
fixed with 1% glutaraldehyde in PBS, washed with PBS followed by water and then
stained for 20 s with phosphotungstic acid. Grids were examined on a TECNAI
12 BioTwin G02 microscope (FEI), and representative images were acquired with
an XR-60 CCD digital camera system (Advanced Microscopy Techniques).

Copurification of type 1-pilus assembly intermediates with WT and FimD g
ushers. Copurification assays were performed as previously described®. Briefly,
OM fractions were isolated by French-press disruption and sarkosyl extraction
from strain AAEC185/pNH222 containing plasmids pNH213 or pNH324, grown
as described for the HA assay. OM fractions were solubilized with the nondena-
turing detergent DDM, and the His-tagged FimD was purified by cobalt affinity
chromatography. FimD-containing fractions from the column were incubated for
10 min at 25 or 95 °C in SDS-PAGE sample buffer, separated by SDS-PAGE, and
immunoblotted with anti-FimC-FimH?’ or anti-FimC-FimG?’ antibodies to
detect pilus assembly intermediates that copurified with the usher. Immunoblots
were developed with alkaline phosphatase—conjugated secondary anti-rabbit
(Sigma cat. no. A3812) antibody and BCIP-NBT substrate (KPL). Original images
of gels and blots used in this study can be found in Supplementary Data Set 2.
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