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T
ype 1 pili from uropathogenic E. coli strains are filamentous, 
highly oligomeric protein complexes anchored to the outer 
bacterial membrane and are responsible for the attachment of 

the bacteria to the host tissue1–3. Type 1 pili are composed of two 
different subassemblies: a 1- to 2-μm-long and 7-nm-thick helical, 
rod-like structure containing up to 3,000 copies of the main struc-
tural subunit FimA and a flexible tip fibrillum containing one or 
several copies of the minor subunits FimG and FimF and a single 
copy of FimH at the tip of the pilus2–5 (Fig. 1a). Each subunit has an 
incomplete immunoglobulin-like pilin fold1 lacking the C-terminal 
β-strand. In addition, each subunit (except for FimH) has an 
N-terminal extension (‘donor strand’), which is donated to the  
preceding subunit in the pilus, thereby completing its fold1,6,7.

Type 1 pili are assembled in vivo via the ‘chaperone-usher path-
way’8, involving the soluble periplasmic chaperone FimC9 and the 
assembly platform (‘usher’) FimD in the outer membrane10–12. The 
pilus subunits enter the periplasm in an unfolded conformation 
and are recognized by the chaperone FimC, which catalyzes their 
folding13. FimC also provides a β-strand that complements the fold 
of the bound subunits and is inserted in a parallel orientation rela-
tive to the last (F) strand of the subunit (Fig. 1b). The chaperone– 
subunit complexes then diffuse to the outer membrane usher FimD, 
where the N-terminal extension of the incoming subunits replaces 
the donor strand of the chaperone on the previously incorporated 
subunit at the growing pilus end in a reaction termed donor strand 
exchange7,11,14–16. In contrast to the ‘parallel’ orientation of the donor 
strand in FimC–subunit complexes, the donor strand complement-
ing the fold of neighboring subunits in the pilus has an antiparallel 
orientation relative to the F strand of the acceptor subunit. During 
pilus assembly in vivo, hundreds of donor strand exchange reac-
tions occur on the timescale of several minutes17,18. These reactions 
generate a chain of subunits, which, once translocated through the 
usher, forms the mature pilus on the surface of the bacterium.

The pilin domains of all pilus subunits contain two cysteine resi-
dues that form an invariant structural disulfide bond connecting 

β-strands A and B (Fig. 1b). Several studies have demonstrated the 
importance of disulfide bond formation in pilus biogenesis19. The 
periplasmic disulfide oxidoreductase DsbA is the principal oxidant 
of periplasmic proteins with structural disulfide bonds20,21. DsbA is 
essential for the in vivo assembly of pili and other disulfide-bonded 
virulence factors, as deletion of the dsbA gene from E. coli abolishes 
pilus biogenesis22–24.

Here we focus on the initial steps in type 1 pilus assembly, namely 
binding of the unfolded pilus subunit to the chaperone FimC,  
followed by chaperone-catalyzed folding. We used the major struc-
tural subunit FimA to investigate the role of the disulfide bond in 
chaperone–subunit (FimC–FimA) complex formation and subunit 
folding. The disulfide bond in FimA connects residues Cys21 and 
Cys61, which are situated in the first two β-strands, the A′ strand 
and the B strand (Fig. 1b). Our results show that unfolded, reduced 
FimA (FimAU

red) is unable to bind the chaperone and that only 
unfolded, disulfide-intact FimA (FimAU

ox) is recognized by FimC. 
As only FimC-bound subunits are assembly competent25, this mech-
anism ensures that each subunit in the assembled pilus has its struc-
tural disulfide bond. We determined the crystal structure of FimA 
bound to FimC and propose a plausible model for FimC-catalyzed 
subunit folding, in which FimC lowers the topological complexity of 
the subunits during folding.

RESULTS
FimC only interacts with disulfide-intact unfolded FimA
FimC is a monomeric two-domain protein (22.7 kDa) that inter-
acts with pilus subunits mainly via its N-terminal domain1,25–27 (the 
structure of the FimC–FimA complex is described in detail below). 
The only two tryptophan residues (Trp36 and Trp84) of FimC are 
located in its N-terminal domain, close to the subunit-binding 
site. As FimA lacks tryptophan residues, we first tested whether 
binding of FimA can be detected via a tryptophan fluorescence 
change in FimC. Figure 2a shows that addition of a two-fold excess 
of FimAU

ox to FimC under native conditions resulted in a ~25% 
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decrease in tryptophan fluorescence. Stopped-flow fluorescence 
kinetics performed with equimolar concentrations of FimC and 
FimAU

ox proved to be consistent with a bimolecular reaction and 
yielded a rate constant of 2.91 × 104 M−1 s−1 for complex formation  
(Fig. 2b and Supplementary Results, Supplementary Table 1). In 
contrast, no fluorescence change was observed when FimC was mixed 
with FimAU

red under the same conditions. As previous experiments 
had shown that FimC-catalyzed folding of FimAU

ox is completed 
within less than 1 min under similar experimental conditions28, we 
concluded that the decrease in FimC fluorescence upon addition of 
FimAU

ox results from binding of the unfolded, disulfide-intact subunit 
and/or subunit folding on the surface of FimC and that FimC is unable 
to recognize unfolded subunits lacking the disulfide bond. The lack 
of secondary structure in both FimAU

ox and FimAU
red after the onset 

of refolding, verified with far-UV CD spectroscopy (Supplementary 
Fig. 1), confirmed that no major structure formation in FimAU

ox is 
required for recognition by FimC. The reported half-life of 1.6 h (kf = 
0.425 h−1) of spontaneous FimAU

ox folding28 was confirmed, and spon-
taneous folding of FimAU

red proceeded even six times slower with a 
half-life of 9.9 h (kf = 0.070 h−1) (Supplementary Fig. 1).

Oxidation of FimAU
red by DsbA rescues binding to FimC

We next investigated the ability of FimC to selectively bind FimAU
ox 

using analytical cation-exchange chromatography. This allowed 
direct detection of the native FimC–FimA complex and the rescu-
ing of unfolded FimAU

red for binding to FimC by oxidation with 
DsbA. Figure 2c shows that FimAU

ox formed a complex with FimC 
within the dead time of the experiment (about 1 min) after rapid 
dilution of FimAU

ox into native buffer containing a two-fold excess 
of FimC. Formation of the FimC–FimA complex was detected 
via an additional peak and a decrease in the FimC peak intensity 
(Fig. 2c and Supplementary Fig. 2). When the same experiment 

was performed with FimAU
red instead of FimAU

ox, no FimC–FimA 
complex was formed even after incubation for 24 h, and FimA was 
detected in the flow-through (Fig. 2c). However, when an excess 
of oxidized DsbA (DsbAox) relative to FimAU

red was added to the 
mixture of FimAU

red and FimC before application to the column, the 
FimC–FimA complex was fully recovered (Fig. 2c). FimAU

red is thus 
unable to bind FimC, even after prolonged incubation, but is readily  
converted to its native, FimC-bound and assembly-competent state 
through oxidation with DsbA. In analogous experiments, we tested 
whether the ability of the subunit FimG and the pilin domain of 
FimH (FimHp, residues 160–279) to bind pilus subunits and cata-
lyze their folding was also dependent on disulfide bond forma-
tion (Supplementary Fig. 3a,b). Again, neither unfolded FimG 
nor unfolded FimHp bound FimC in the reduced form, but the  
disulfide-intact subunits quantitatively formed the native FimC–
subunit complexes, confirming the requirement of disulfide bond 
formation for chaperone-catalyzed subunit folding.

Kinetics of DsbA- and FimC-catalyzed FimA folding
The rate constants of oxidation of FimAU

red by DsbA and binding 
of FimAU

ox to FimC at pH 7.0 were first measured separately under 
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Figure 1 | Schematic of type 1 pilus assembly by the chaperone-usher 

pathway. (a) The periplasmic chaperone FimC forms complexes with 

the newly translocated pilus subunits (FimA, FimG, FimF and FimH) in 

the periplasm that diffuse to the assembly platform (usher) FimD. The 

usher then catalyzes pilus subunit assembly and mediates translocation 

of folded subunits through the outer membrane2,10. Subunits are only 

assembly competent when bound to FimC2,10. OM, outer membrane; IM, 

inner membrane. (b) Topology diagram of the main structural pilus subunit 

FimA49. The location of the single, conserved disulfide bond that connects 

the N terminus of the first A strand with the C terminus of the second B 

strand is depicted in yellow with the corresponding residue numbers.  

The polypeptide segment of FimC that complements the FimA fold in 

FimC–subunit complexes (donor strand, G strand) is indicated in red.
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Figure 2 | Complex formation between FimAU
ox and FimC at pH 7.0 and 

25 °C. (a) Tryptophan fluorescence spectra of 2 μM FimC, 4 μM FimAU
red, 

4 μM FimAU
ox, a mixture of 2 μM FimC and 4 μM FimAU

ox and a mixture 

of 2 μM FimC and 4 μM FimAU
red (excitation at 280 nm). Dashed black 

line indicates the sum of the spectra of 2 μM FimC and 4 μM FimAU
red. 

(b) Stopped-flow fluorescence kinetics of the refolding of 3 μM FimAU
ox 

(solid black trace) and 3 μM FimAU
red (dotted black trace) in the presence 

of 1 equiv. FimC (3 μM FimC). The solid red line represents a fit according 

to a second-order reaction (equation (1)). (c) Analytical ion exchange 

chromatography of complex formation. FimAU
red or FimAU

ox (2.5 μM) was 

mixed with a two-fold excess of FimC (5 μM). After incubation for >5 min, 

the reaction components, FimC, the FimC–FimA complex (arrow) and  

free FimA were separated by cation exchange chromatography at 4 °C. The 

identity of the different peaks was verified by SDS-PAGE (Supplementary 

Fig. 2). Addition of DsbAox to the mixture of FimC and FimAU
red rescued 

formation of the FimC–FimA complex. Runs with isolated FimAU
ox and 

isolated FimC are also shown.
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pseudo–first-order conditions with fluorescence spectroscopy after 
stopped-flow mixing. The oxidation of FimAU

red (1 μM) with DsbAox 
(added in five-fold excess) was traced via the tryptophan fluores-
cence increase of DsbA upon reduction29 and yielded a rate constant 
of 1.56 × 104 M−1 s−1 (Fig. 3a and Supplementary Table 1). This rate 
constant is smaller than typical rate constants of polypeptide oxida-
tion by DsbA at pH 7.0, which are in the range of 105–107 M−1 s−1  
(ref. 30), but is still sufficiently fast to ensure complete oxidation of 
FimAU

red within 100 s under the above conditions (Fig. 3a). FimAU
ox 

refolding in the presence of FimC (five-fold excess of FimC over 
FimAU

ox) yielded the same rate constant as that measured with 
equimolar initial concentrations (k = 2.91 × 104 M−1 s−1; Fig. 2b) 
(Fig. 3b and Supplementary Table 1).

The kinetics of the combined oxidation and folding reaction were 
recorded with stopped-flow fluorescence at initial concentrations of 
5 μM FimC, 5 μM DsbAox and 1 μM FimAU

red, and the fluorescence 
change was analyzed according to two consecutive, irreversible steps 
(equation (3); Fig. 3c). The obtained rate constants were identical 
within experimental error to those obtained for the independent 
reactions (Supplementary Table 1) and confirmed that FimC-
catalyzed folding (k = 2.83 × 104 M−1 s−1) proceeded slightly faster 
than the oxidation reaction with DsbA (k = 1.23 × 104 M−1 s−1).

The two reactions, oxidation and complex formation, have  
opposite signal changes, with two spectroscopic probes, DsbA 
and FimC, contributing to the change in tryptophan fluorescence. 
To verify this sequential mechanism, we used a spectroscopically 
silent variant of DsbA, DsbAW76F W126F

ox with wild-type–like catalytic  
properties31, which allowed selective observation of FimC-mediated 
FimA folding. The data confirmed the sequential mechanism in 
which oxidation must precede folding, as we observed the predicted 
lag phase of about 2 s for the decrease in FimC fluorescence upon 
binding and folding of FimAU

ox (Fig. 3d).

Binding of FimAU
ox rate-limits FimC-catalyzed folding

The FimC fluorescence decrease observed after mixing with FimAU
ox 

may be due to FimAU
ox folding on the surface of FimC or caused by 

binding of FimAU
ox. To resolve this mechanistic question, we applied 

two strategies. First, we performed interrupted refolding experiments, 
which allow direct monitoring of native FimA molecules32, as the native 
(denoted by superscript N) FimC–FimAN

ox complexes are more resis-
tant against dissociation by denaturants than FimC–FimAU

ox complexes. 
Second, we refolded FimAU

ox in the presence of FimC under pseudo– 
first-order conditions (constant four-fold excess of FimC), but we varied 

the total protein concentration over a factor of 16. As the rate of binding 
of FimAU

ox to FimC is concentration dependent and folding of FimAU
ox 

on the FimC surface is concentration independent, we expected the rate 
of FimC-catalyzed folding at higher total protein concentrations to be 
faster if binding of FimAU

ox was rate-limiting for catalysis.
Figure 4a shows the fluorescence traces of an interrupted 

refolding experiment in which FimAU
ox (2.5 μM) was first mixed 

with an excess of FimC (10 μM). The refolding reaction was then 
interrupted after different times by addition of guanidinium chlo-
ride (GdmCl) to a final concentration of 0.7 M GdmCl to induce 
complex dissociation and unfolding of FimAN

ox. In addition to the 
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Figure 3 | Stopped-flow fluorescence kinetics of FimAU
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(pH 7.0, 25 °C). (a) Fluorescence change during oxidation of FimAU
red (1 μM) with DsbAox (5 μM) (solid black trace). No reaction occurs when FimAU

ox  

(1 μM) is mixed with DsbAox (5 μM) (dotted black trace). The red solid line corresponds to a fit according to a pseudo–first-order reaction.  

(b) Fluorescence decrease upon binding of FimAU
ox (1 μM) to FimC (5 μM) (solid black trace). The red, solid line corresponds to a fit according to 

a pseudo–first-order reaction. As a negative control, the trace for mixing of FimAU
red (1 μM) with FimC (5 μM) is also shown (dotted black trace). 

(c) Stopped-flow fluorescence trace of FimAU
red refolding (1 μM) in presence of DsbAox (5 μM) and FimC (5 μM). The reaction is characterized by a 

fluorescence increase due to formation of reduced DsbA, followed by a fluorescence decrease in FimC due to complex formation with FimAU
ox and FimA 

folding. The solid red line corresponds to a fit according to two consecutive irreversible steps (equation (3)). (d) Same reaction as in c, but with oxidized 

DsbAW76F W126F instead of DsbAox. Here, the disulfide bond formation step is spectroscopically silent, and subsequent formation of the native FimC–FimA 

complex becomes evident by a lag phase (inset, reaction between 0 s and 10 s).
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expected increase in fluorescence due to dissociation of FimA from 
FimC, we also observed a slower second phase with a decrease in 
tryptophan fluorescence, which could be attributed to the slow 
unfolding of about 10% of the FimC molecules at 0.7 M GdmCl 
(Supplementary Fig. 4). In summary, the increase in amplitudes 
of the faster phase (measuring FimC fluorescence increase) directly 
reported on the fraction of native FimA molecules bound to FimC 
after different reaction times.

Figure 4b shows the deduced kinetics of formation of native 
FimC–FimAN

ox complexes at three different concentrations of FimA 
(0.63 μM, 2.5 μM and 10 μM) and with a constant, four-fold excess of 
FimC over FimA. The globally fitted data (Supplementary Table 2)  
were indeed fully consistent with a bimolecular reaction mecha-
nism, in which the pseudo–first-order rate of FimC-catalyzed fold-
ing of FimAU

ox increased linearly with total protein concentration. 
Consequently, binding of FimAU

ox by FimC, and not folding of 
FimC-bound FimA, is the rate-limiting step in FimC-catalyzed sub-
unit folding. The deduced second-order rate constant of 2.59 × 104 
M−1 s−1 for formation of native molecules is in agreement with the 
rate constants obtained from recording the fluorescence decrease in 
FimC upon addition of FimAU

ox.
Figure 4b also shows that a biexponential function in global  

data fitting (equation (8)) had to be used to account for 20 ± 2.5% 
of slow-folding FimA species, which became evident at the two 
highest protein concentrations used (Fig. 4b and Supplementary 
Table 2). We interpret the slow-folding species as an in vitro fold-
ing artifact caused by the cis-to-trans isomerization of non-native 
cis-prolyl peptide bonds that accumulate in FimAU

ox upon long-
term incubation in denaturant; as the only two prolyl peptide bonds 
(isoleucine-proline and threonine-proline) in FimA are in the 

trans conformation in the native state28, 20% of FimAU
ox molecules 

with at least one non-native cis-prolyl peptide bond is indeed pre-
dicted for unfolded FimA on the basis of studies on unstructured 
model peptides33. In addition, the slower phase in Figure 4b shows 
a concentration-independent half-life of 18 s (Supplementary  
Table 2), which is in the typical range for a prolyl cis-to-trans 
isomerization at 25 °C34.

Together, the results show that binding of unfolded FimAox to 
FimC is the rate-limiting step in the formation of folded FimAox 
under the given experimental conditions. Hence, FimAox folding 
on the surface of FimC must be faster than the fastest observed 
rate (kcatalyzed folding > 1 s−1). As noncatalyzed folding of FimAU

ox is 
a very slow process with a folding rate constant of 8.63 × 10−5 s−1  
(Fig. 4b)28, FimC accelerates folding of FimAU

ox by at least four 
orders of magnitude.

Catalyzed FimA folding in vivo
Figure 5a summarizes the consecutive mechanism of DsbA- and 
FimC-catalyzed FimA folding in vitro. We next used the measured 
second-order rate constants of FimA oxidation and binding to 
FimC to predict the in vivo half-life of oxidative FimA folding and 
the extent to which FimAU

ox would accumulate as a folding interme-
diate in the periplasm. For this purpose, we determined the in vivo 
concentrations of DsbA and FimC in the E. coli K12 wild-type strain 
W3110 by quantitative western blotting (Supplementary Fig. 5). 
Assuming a periplasmic volume of 6.5 × 10−17 l, corresponding to 
~9.3% of the total cell’s aqueous volume (E. coli  statistics: http://
ccdb.wishartlab.com/CCDB/cgi-bin/STAT_NEW.cgi), we obtained 
counts of ~3.4 × 103 DsbA molecules and ~920 FimC molecules per 
E. coli cell at mid–log phase, which translate into periplasmic con-
centrations of ~86 μM and ~23 μM of DsbAox and FimC, respec-
tively (DsbA has been shown to be fully oxidized in vivo under 
aerobic conditions35). Assuming an excess of peri plasmic DsbAox 
and FimC over FimAU

red molecules newly entering the periplasm 
(that is, pseudo–first-order conditions), we were able to predict an 
in vivo half-life of 2.1 s for formation of native FimC–FimA com-
plexes (Fig. 5b). Oxidative folding of FimA in vivo is thus clearly 
faster than in our in vitro experiment (Fig. 3c), where we observed 
a half-life of about 20 s with identical initial concentrations of 5 μM 
for DsbAox and FimC. Although the periplasmic concentrations of 
FimC and DsbA might be subject to variations in the volume of 
the periplasm, it is nevertheless safe to state that FimAU

red becomes 
rapidly oxidized by DsbA in vivo on the timescale of seconds and 
that FimAU

ox does not accumulate to more than 50%, as it is rapidly 
bound by FimC (Fig. 5b). This fast binding to FimC in vivo may be 
responsible for the reported protection against degradation of pilus 
subunits by pilus chaperones36.

FimC–FimAt structure
Recently, we reported the NMR structure of a designed, self-
 complemented FimA variant (FimAa)28, in which FimA is artifi-
cially extended at its C terminus by a hexaglycine linker followed 
by the FimA donor strand segment (residues 1–20). FimAa has the 
same slow, spontaneous folding rate as wild-type FimA (1.6-h fold-
ing half-life) and adopts a conformation in which the C-terminal 
copy of the donor strand is incorporated into the tertiary structure 
in an antiparallel orientation relative to the FimA F strand, which 
corres ponds to the expected donor strand insertion pattern in the 
quaternary structure of the pilus rod28. To unravel the structural basis 
of the at least 104-fold acceleration of FimA folding upon binding to 
FimC, we solved the X-ray structure of the FimC–FimA complex at 
2.5-Å resolution and compared it with the structure of FimAa. To pre-
vent formation of FimA homopolymers28, we used an N-terminally 
truncated FimA variant (FimAt) lacking residues 1–17 of FimA14,28 
and bearing an uncleaved methionine at the N terminus. Figure 6a  
provides an overall representation of the FimC–FimAt structure and 
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refers to the first (chains A and B) of the two complexes found in the 
asymmetric unit. The structure has very good geometry and stereo-
chemistry (Supplementary Table 3), with only few residues absent 
from the model owing to disorder (FimC residues 95–99 and 205 
and FimAt residues 91–94 and 121–126).

The FimC-subunit interaction is similar to that observed 
in the FimC–FimH complex1 and the FimC–FimF complex26 
(Supplementary Figs. 6 and 7). The chaperone inserts residues 
101–110 into FimA in a parallel orientation to the F strand of 
FimA and thereby complements the FimA pilin fold (Fig. 6a,b). 
The interface area between the two molecules is 1,691 Å2, as deter-
mined with PISA37. The Cα r.m.s. deviation between FimC–FimAt 
and FimC–FimH (from the structure of the ternary FimC–FimH–
FimD complex, Protein Data Bank (PDB) code 1ZE3 (ref. 25)) is 
1.31 Å (0.99 Å after optimization of the rotation matrix and vector,  
measured over 225 equivalent Cα atoms within 1.9 Å), whereas 
the Cα r.m.s. deviation with FimC–FimF (from the structure of the 
ternary FimC–FimF–FimD complex, PDB code 3BWU26) is 1.07 Å  
(0.77 Å after optimization, measured over 235 equivalent Cα atoms). 
R.m.s. deviation values were calculated with Superimpose38.

Side chain interactions between the FimAt and FimC cluster at  
the N and C terminus of the FimAt sequence (Supplementary Fig. 6) 
and are of predominantly polar character. At the C terminus, FimAt 
residues 147–159 (containing the F strand) interact with FimC via 
15 hydrogen bonds, 9 of which are exclusively between main-chain 
atoms, as determined with HBPLUS39. In addition, the carboxyl 
group of the C-terminal Gln159 forms two salt bridges with Arg8 
and Lys112, two invariant residues located in the interdomain cleft 
of the chaperone. Mutations of the corresponding residues stud-
ied in PapD, a close homolog of FimC, revealed that both residues 
are critical for pilus subunit binding40. The N-terminal region of 
FimAt, including the A′ strand, interacts with residues 1–7 of FimC, 
whereas the A′ strand forms an antiparallel β-sheet with the G strand  
of FimC. Sixteen intermolecular hydrogen bonds (eight of which 
are main-chain only) and one salt bridge (between Asp24 of FimA 
and the N-terminal amino group of FimC) are formed by the FimA 
segment encompassing residues 17−37. The FimA disulfide bond is 
solvent inaccessible, in agreement with the requirement of DsbA-
catalyzed disulfide bond formation before FimA folding.

Superposition of FimAa (PDB code 2JTY28, conformer 18, as 
selected by OLDERADO41) over FimAt in the FimC–FimA com-
plex (chain B, Supplementary Fig. 8) shows that the structures are 
similar, with 95 equivalent Cα atoms (within 1.9 Å) aligning with a 
mean r.m.s. deviation of 1.18 Å. A total of 113 residues , correspond-
ing to more than 80% of the FimAt sequence, align within 2.5 Å. The 
r.m.s. deviation over the whole FimAt structure (residues 18–159) is  

2.68 Å, as calculated with LSQKAB42. The most  prominent 
 differences between the two structures are the sequence and orien-
tation of the donor strand complementing the subunit fold: the  
G strand of FimAa (corresponding to the natural N-terminal extension  
of FimA) runs antiparallel to the F strand, whereas the donor strand 
of FimC (Fig. 6a,b) runs parallel to it. Further structural differences 
are found at the N terminus and between residues 24 and 29, where 
a short helix is formed in the FimAa structure. Residues 63–67 form 
a helix in FimAt but not in FimAa. Substantial deviations are also 
observed between residues 119 and 128. However, as reflected by 
the low r.m.s. deviation, most β-strands and loops superimpose well 
(Supplementary Fig. 8).

DISCUSSION
It is well established that DsbA is the main oxidant of thiol pairs 
in the periplasm20. Several studies have shown a negative effect of 
a dsbA deletion background on bacterial pathogenicity19,43,44. The 
deletion of the dsbA gene on the E. coli genome leads to the com-
plete absence of type 1 pili22. Only when the entire type 1 pilus gene 
cluster was overexpressed via a plasmid in a dsbA deletion strain 
could type 1 pilus biogenesis still be observed, but at reduced levels 
compared to wild-type cells23,24. The latter finding does not contra-
dict the dependence on DsbA of type 1 pilus biogenesis in wild-type 
E. coli strains and may be explained by partial oxidation of over-
expressed pilus subunits by air oxygen, which is possibly catalyzed 
by traces of transition metals such as copper45. The periplasmic  
disulfide isomerase DsbC might also act as an oxidant under cer-
tain growth conditions19,20,46. In the case of the homologous P pilus  
system, pilus assembly was also abolished in a strain lacking DsbA. 
The effect of the dsbA deletion on P pilus assembly had been 
interpreted such that the single structural disulfide bond between 
Cys228 and Cys233 in the P pilus chaperone PapD would no longer 
form in the absence of DsbA, thereby preventing PapD folding and 
thus pilus biogenesis23. The results obtained in this study reveal that 
disulfide bond formation has a much more profound function in 
pilus assembly than previously assumed. First, the type 1 pilus chap-
erone FimC lacks cysteines, so the lack of disulfide bond formation 
only affects the folding of the type 1 pilus subunits. Second, and 
most importantly, we showed that unfolded pilus subunits cannot 
be recognized by FimC unless the disulfide bond in the subunit is 
already formed. Thus, pilus subunit folding in the periplasm cannot 
be catalyzed by FimC when the only physiological oxidant, DsbA, 
is missing, and the pilus subunit will not become assembly compe-
tent. Third, it is essential that all subunits in a supramolecular unit 
such as the type 1 pilus rod have the same high stability. Only a 
single, unstable subunit lacking the structural disulfide bond in the 
pilus rod, which consists of up to 3,000 FimA copies, might lead to 
the dissociation of the rod in the extracellular space, in particular 
under shear forces47. FimC thus has a previously unknown quality 
control function for disulfide bond formation in each subunit and 
ensures that only oxidized subunits are incorporated into the pilus. 
FimC is also unique in that it is the only folding catalyst described 
so far that is strictly dependent on disulfide bond formation in the  
polypeptide substrate.

Our results, together with previous reports13,23,24,48, suggest a 
straightforward model for the FimC-catalyzed subunit folding of 
FimA and other pilus subunits. As the FimA fold has a high topolo-
gical complexity (contact order)28, this might be the dominant factor 
determining the high kinetic barrier of spontaneous FimA folding. 
We propose that FimC lowers this kinetic barrier via a mecha-
nism consistent with the interactions between FimC and FimA 
in the FimC–FimAt structure. As FimC neither catalyzes folding 
of reduced FimA nor forms complexes with FimAU

red, it is evident 
that the hairpin formed by strands A′, A″ and B, held together at 
its base by the disulfide bridge, is a recognition unit for FimC. The 
contact area between FimC and this recognition unit is 745 A2. 

N

A′ A′

A′′
A′′F 180°

F

AFimC
AFimC

GFimC

GFimC

N

C
C

a b

Figure 6 | 2.5-Å X-ray structure of the FimC–FimAt complex. (a) Cartoon 

representation of the complex, with FimC in red and FimAt in blue. The 

donor strand (G strand) and the A strand of FimC interacting with the  

A′ strand of FimAt appear in orange. The disulfide bond of FimAt in the 2.5-Å 

structure is clearly visible and is shown in stick representation (yellow).  

(b) Close-up view of the FimAt subunit. FimAt residues interacting with 

FimC (as determined with the program CONTACT of the CCP4 suite50 

using a 4-Å cut off) are colored in olive (Supplementary Fig. 6).
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Another key binding motif, first identified in the complex between 
the PapD chaperone and a C-terminal peptide of the subunit PapG40, 
is the C-terminal F strand of the pilin domain. This F strand–
chaperone interaction is also conserved in all structures of FimC–
subunit complexes1,25,26. As the A′, A″ and F strands are the N- and 
C-terminal FimA segments, respectively, their simultaneous binding 
to the donor strand (G strand) of FimC leads to ‘circularization’ of 
the FimA polypeptide chain (Supplementary Fig. 9). The circular-
ization predicts a dramatic reduction of topological complexity for 
the folding process so that the rest of the pilin chain might rapidly  
collapse to the native structure.

Kinetic simulations performed with the determined in vivo con-
centrations of DsbA and FimC provide strong hints that DsbA- and 
FimC-dependent in vivo folding of FimA proceeds rapidly, with a 
deduced in vivo half-life of about 2 s. Although the situation in vivo 
is more complex than in our in vitro experiments (there is com-
petition between multiple periplasmic polypeptide substrates for 
oxidation by DsbA), we are convinced that the simulated in vivo 
populations of FimA species and the timescale of FimA folding  
in vivo (Fig. 5b) are reasonable estimates. Our approach for deter-
mination of in vivo folding rates based on the in vivo concentrations 
of essential folding catalysts and their rate constants of interaction 
with polypeptide substrates measured in vitro should be generally 
applicable to predict in vivo folding rates of proteins that require 
catalysts for efficient folding.

METHODS
Protein expression and purification. A FimC variant with a C-terminal His6 tag 
(FimCHis)13 was used in the biochemical experiments. FimCHis, FimAU

ox, DsbAox  
and DsbAW76F W126F

ox were expressed and purified as previously described13,28,29,31. 
Protein concentrations were determined via the molar extinction coefficients at  
280 nm (FimCHis: 22,900 M−1 cm−1, FimAU

ox: 3,105 M−1 cm−1, DsbAox: 23,045 M−1 cm−1,  
DsbAW76F W126F

ox: 12,045 M−1 cm−1).
For production of FimAU

red, native FimA (200 μM) was incubated in 6 M 
GdmCl and 50 mM sodium phosphate pH 7.0 for 1 h at 37 °C with 100 mM  
dithiothreitol and applied to a HiTrap desalting column (GE Healthcare)  
equilibrated with 6 M GdmCl and 10 mM potassium acetate pH 4.5 to remove the 
dithiothreitol. The obtained stock solution of FimAU

red was buffer exchanged with 
50 mM sodium phosphate pH 7.0 before fluorescence measurements.

Refolding experiments. All experiments were performed in 50 mM sodium 
phosphate pH 7.0 at 25 °C. Equilibrium fluorescence spectra were measured on a 
QM-7/2003 spectrofluorimeter (PTI). Kinetic experiments were performed on an 
SX18.MV stopped-flow instrument (Applied Photophysics). Single-wavelength 
scans were performed at an excitation wavelength of 280 nm. Single-jump kinetics  
were initiated by 1:1 mixing of FimC or FimC/DsbAox or FimC/DsbAW76F W126F

ox 
with either FimAU

ox or FimAU
red and were monitored by the change in tryptophan 

fluorescence at 338 nm.
The kinetics of the change in FimC tryptophan fluorescence upon FimA  

binding and folding was fitted with an equation describing a bimolecular reaction

I I I
A C k A C t

A C k A C t
= −

− − −

− − −
0

0 0 0 0

0 0 0 0

∆
( )exp( ( ) )

exp( ( ) )
on

on

where I0 is the initial fluorescence intensity, ΔI is the amplitude of FimC fluores-
cence change upon binding of FimAU

ox to FimC and FimC-catalyzed FimA folding, 
and A0 and C0 are the initial concentrations of FimAU

ox and FimC.
The consecutive kinetic mechanism of FimAU

red oxidation by DsbAox followed 
by FimC-catalyzed folding was analyzed according to

A B Ck k1 2 →  →

where A, B and C are the reaction mixtures of FimAU
red plus FimCHis plus DsbAox, 

FimAU
ox plus FimCHis plus DsbAred and FimCHis–FimAN

ox plus DsbAred, contribut-
ing to the fluorescence signal in the initial, intermediate and final state of the 
sequential mechanism, respectively, and k1 and k2 are the pseudo–first-order rate 
constants of the corresponding reactions.

Fluorescence traces were fitted with the following equation:

F F F Fobs A A B B C C= + +g g g

where Fobs is the observed fluorescence and FA, FB and FC are the fluorescence 
signals of the reaction mixtures FimAU

red plus FimCHis plus DsbAox, FimAU
ox plus 

(1)

(2)

(3)

FimCHis plus DsbAred and FimCHis–FimAN
ox plus DsbAred, respectively. The fractions 

of A, B and C (γA, γB and γC) were obtained from the following equations:

g A = −exp( )k t1

g B =
−

− − −[ ]
k

k k
k t k t

1

2 1
1 2exp( ) exp( )

g C = +
−

− − −[ ]1
1

1 2
2 1 1 2

k k
k k t k k texp( ) exp( )

The change in FimC tryptophan fluorescence at 338 nm upon refolding of FimA 
in the presence of FimC was recorded at an excitation wavelength of 280 nm and 
analyzed using Berkeley Madonna 8.3 (Macey & Oster).

Interrupted refolding experiments. The formation of FimAN
ox−FimC complexes 

during refolding of FimAU
ox in the presence of FimC at pH 7.0 and 25 °C was  

detected by interrupted refolding experiments, in which the refolding reaction  
was stopped after different times by addition of GdmCl to a final concentration  
of 0.7 M, which caused complex dissociation and unfolding of FimAN

ox. The  
fraction of native complexes after each refolding time was then quantified by the 
fluorescence amplitude of the unfolding and dissociation phase. A detailed  
description of the experimental setup and data evaluation is provided in the  
Supplementary Methods.

Analytical, fast ion-exchange chromatography. FimAU
ox or FimAU

red (2.5 μM) was 
incubated in the presence of a two-fold excess of FimC (5 μM) for >5 min in 10 mM  
sodium phosphate pH 7.0 and 200 mM NaCl, and the reaction mixture was applied 
to fast cation exchange chromatography at 4 °C using a 1-ml Resource S column 
(GE Healthcare) equilibrated with 20 mM MOPS adjusted to pH 6.7 with NaOH. 
The reaction products were separated with a NaCl gradient and detected at 228 nm. 
A 12-fold molar excess of DsbAox over FimAU

red was added to the mixture of FimC 
and FimAU

red before the fast cation exchange chromatography.

Determination of the periplasmic concentrations of DsbA and FimC. Protocols 
for quantitative western blotting and calibration curves are provided in the  
Supplementary Methods.

Crystallization and structure determination. Protocols are provided in the  
Supplementary Methods.

Accession codes. PDB: The coordinates and structure factors of the FimC–FimAt 
complex have been deposited under accession code 4DWH. 
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