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Summary

Many bacteria assemble hair-like fibers termed pili or fimbriae on their cell surface. These fibers
mediate adhesion to various surfaces, including host cells, and play critical roles in pathogenesis.
Pili are polymers composed of thousands of individual subunit proteins. Understanding how these
subunit proteins cross the bacterial envelope and correctly assemble at the cell surface is important
not only for basic biology but also for the development of novel antimicrobial agents. The chaperone/
usher pilus biogenesis pathway is one of the best-understood protein secretion systems, thanks in
large part to innovative efforts in biophysical techniques such as X-ray crystallography and cryo-
electron microscopy. Such a combined approach holds promise for further elucidating remaining
questions regarding the multi-step and highly dynamic pilus assembly process, as well as for studying
other protein secretion and organelle biogenesis systems.

Introduction to the combined approach of X-ray crystallography and cryo-
electron microscopy

Single particle cryo-electron microscopy (SPEM) is a biophysical method for visualizing the
structures of macromolecular assemblies [1]. SPEM starts with purified protein complexes in
solution. Individual molecules in solution at random orientation are pipetted onto an EM grid
and rapidly frozen in liquid ethane to achieve buffer vitrification. Frozen samples are kept at
low temperature during electron imaging in a transmission electron microscope. A large
number of particle images are recorded, computationally selected, aligned, averaged, and
eventually the three-dimensional structure of the particle is reconstructed. Traditionally, X-ray
crystallography and cryo-EM have focused on relatively different biological systems:
crystallography favored smaller proteins and cryo-EM focused on extremely large biological
oligomers and polymers, such as the ribosome, microtubules, and viruses. Advances in
methodology have steadily increased the protein size that X-ray crystallography can deal with,
and decreased the size for which cryo-EM is applicable, which is currently around 200 kDa.
Hence, there is a trend toward gradual overlapping of molecular targets for which both methods
are applicable. Synergy between X-ray crystallography and SPEM exists in two ways. In cases
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where the entire macromolecular structure can be determined by both methods, cryo-EM is
usually at lower resolution, but more likely to provide flexible or biologically relevant
conformations, due to the absence of crystal lattice constraints. More commonly, however, a
large complex is difficult to crystallize and instead structures of individual protein components
are determined to atomic resolution by X-ray crystallography. These structures are then docked
into a cryo-EM map to assemble a pseudo-atomic resolution structural model of the whole
complex and to detect protein contact interfaces.

The power of the combined approach of cryo-EM and X-ray crystallography has been amply
illustrated by many highly insightful works, such as the racheting ribosome [2], the spinning
bacterial flagella [3,4], the type Il1 secretion injectisome [5,6], and the molecular motors
tracking along F-actin or microtubules [7,8], to name a few. In the following sections, we
briefly review how the combined structural approaches of SPEM and X-ray crystallography
have yielded mechanistic insights into the highly dynamic and multi-step process of pilus
assembly by the chaperone/usher (CU) pathway.

1. Bacterial pilus assembly by the usher and chaperone pathway

Pili (fimbriae) are non-flagellar, hair-like surface appendages. Pili perform a variety of
functions, including adhesion to surfaces, motility, biofilm formation, colonization of host
tissues, and invasion of host cells. This review focuses on P and type 1 pili expressed by
uropathogenic E. coli (UPEC), which mediate adhesion in the urinary tract and are critical
virulence determinants. P and type 1 pili are encoded by the chromosomal pap and fim gene
clusters, respectively. Both pili are composite fibers composed of a short, linear tip fibrillum
followed by a long (~1-3 um), helical rod that is attached to the bacterial surface (Fig. 1) [9,
10]. The pilus rod contains over 1,000 copies of the major pilin subunit (PapA for P pili, FimA
for type 1 pili). The P pilus rod is terminated by the PapH minor pilin [11,12]. The P pilus tip
contains the PapG adhesin at the distal end, followed by the PapF, PapE, and PapK minor
subunits [10]. PapE is present in multiple copies (~5-10) in the tip. PapK functions as an adaptor
subunit, linking the tip to the PapA rod. Similarly, PapF links the PapG adhesin to PapE. The
type 1 pilus tip is shorter, containing the FimH adhesin at the distal end, followed by single
copies of the FimG and FimF minor pilins/adaptors (Fig. 1) [9,13,14].

Biogenesis of P and type 1 pili requires a dedicated periplasmic chaperone (PapD for P pili,
FimC for type 1 pili) and an integral outer membrane protein termed the usher (PapC for P pili,
FimD for type 1 pili), which together form the secretory machinery of the chaperone/usher
(CU) pathway (Fig. 1). Pilus subunits enter the periplasm as unfolded polypeptides via the Sec
general secretory pathway [15], and then must interact with the periplasmic chaperone for
proper folding and stabilization. In the absence of the chaperone, subunits misfold and form
aggregates that are degraded by the DegP periplasmic protease [16]. Periplasmic chaperone-
subunit complexes must next target to the outer membrane usher for subunit assembly into the
pilus fiber and secretion through the usher to the cell surface (Fig. 1). Pili are assembled in a
top down fashion, with the adhesin incorporated first, followed by assembly of the tip fibrillum
and finally the rod. Each subunit specifically interacts with its appropriate neighbor subunit in
the pilus [17,18*] and the usher facilitates this organization by differentially recognizing
chaperone-subunit complexes according to their final position in the pilus [19,20].

2. The pilus structure as revealed by cryo-EM

The nascently assembled pilus fiber is constrained to a linear form during translocation through
the usher channel, and the rod must undergo a quaternary structural transition to adopt its final
helical form on the bacterial surface (Fig. 1). The rod is extensible and can unravel back into
a linear fiber under stress [21]. Such structural flexibility, though important for maintenance
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of bacterial adhesion [22,23], makes it difficult to determine pilus structures by cryo-EM using
the well-established helical image reconstruction technique. To tackle structures of this nature,
areal space single particle-based technique was developed [24]. Application of the new method
yielded several cryo-EM maps of pilus rods, and models have been built by docking crystal
structures of pilus subunits into these maps [14,25,26]. A similar single particle cryo-EM
approach was applied recently to reveal the structure of the Neisseria gonorrhoeae Type IV
pilus [27].

The P pilus rod measures 82 A in diameter and contains a 25 A axial channel (Fig. 2C) [25].
There are 3.28 subunits per helical turn. The structure of the type 1 pilus rod is very similar,
with an external diameter of 69 A, a 2.1-2.5 A axial channel, and 3.375 subunits per turn
[14]. The rod is stabilized by horizontal interactions between neighboring subunits and by
lateral interactions between n and n+3 subunits. For P pili, the lateral interactions involve a
loop region in PapA (residues 106-109). Disruption of this loop region by mutagenesis
abolished the helical rod structure, resulting in formation of a linear fiber [26]. In addition,
residues at the N terminus of PapA form a protruding hinge region that appears to provide the
flexibility required for rotation of the PapA monomers to coil into the helix [25]. Mutations of
residues within this region affected PapA-PapA interactions and also prevented formation of
the native pilus helix [25,28].

3. Donor strand complementation and donor strand exchange mechanisms
govern pilus biogenesis

A series of groundbreaking X-ray crystal structures revealed the molecular mechanisms
governing chaperone-subunit and subunit-subunit interactions during pilus biogenesis
[29-32]. All pilus subunits consist of a single immunoglobulin-like (Ig) fold termed the pilin
domain (Figs. 1 and 2A). (The exception is the adhesin, which contains an additional, N-
terminal adhesin domain). Notably, the pilin domain lacks the seventh B-strand (the G strand)
present in canonical Ig folds. This results in a deep groove on the pilin surface, exposing the
hydrophaobic core. In the periplasm, the chaperone, which consists of two complete 1g domains
oriented in an L shape [33], completes the Ig fold of the subunit by a mechanism termed donor
strand complementation (DSC) [29,30]. In DSC, the chaperone inserts a motif of alternating
hydrophaobic residues from its G1 p-strand into the subunit groove, forming a p-zipper
interaction (Figs. 1 and 2A). Interestingly, the chaperone G1 B-strand inserts parallel, rather
than anti-parallel, to the F strand of the subunit, resulting in a non-canonical Ig fold. This
maintains subunits in an “activated” state that is competent for subsequent pilus assembly
[31,32].

Subunit-subunit interactions occur by a mechanism similar to DSC, termed donor strand
exchange (DSE) [31,32]. All pilus subunits (with the exception of the adhesin) have a
conserved N-terminal extension (Nte), which contains a motif of alternating hydrophobic
residues similar to the chaperone G1 B-strand. In DSE, the Nte from one subunit inserts into
the groove of the preceding subunit to complete that subunit's Ig fold (Figs. 1 and 2B) [31,
32]. The DSE reaction occurs via a concerted strand displacement mechanism, in which an
incoming chaperone-subunit complex forms a transient intermediate with the preceding
chaperone-subunit complex. The chaperone is displaced from the transient intermediate via a
‘zip-in—zip-out’ mechanism, in which the G1 p-strand of the preceding chaperone zips out,
residue by residue, as the Nte of the incoming subunit simultaneously zips in [34*,35*,36]. In
DSE, the Nte inserts anti-parallel to the F strand, forming a canonical Ig fold. Thus, DSE allows
subunits to adopt a more compact, lower energy state compared to DSC, and it is this
topological transition that appears to provide the driving force for pilus assembly [31,32,37].
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4. The versatile usher is a dimeric structure

Pilus fibers assemble on the order of minutes in vivo [38,39], but on the order of hours in
vitro in the absence of the usher [34*,35*,40**]. Using an in vitro reconstituted type 1 pilus
system, the FimD usher was recently shown to speed up the formation of FimA polymers by
a factor of > 1000 [40**]. Therefore, the usher is a highly effective pilus assembly catalyst.

The usher contains four distinct domains: a central, transmembrane p-barrel domain that forms
the secretion channel, a middle domain located within the B-barrel region that forms a channel
gate or plug, and soluble N- and C-terminal domains that are located in the periplasm (see Fig.
4A) [41**-44]. The usher N-terminal domain provides the initial binding site for periplasmic
chaperone-subunit complexes [42,45,46], whereas the C-terminal domain is required for
subsequent pilus assembly steps. The C-terminal domain may stabilize the binding of
chaperone-subunit complexes on the usher and may also participate in controlling access to
the usher channel [43,47].

A medium resolution (18 A) projection structure of the usher was obtained by reconstituting
purified PapC into a lipid bilayer to generate two-dimensional crystals [48]. Cryo-EM analysis
of these crystals showed that the usher formed a dimeric complex in the membrane, with each
usher monomer containing an apparent central channel of ~2 nm diameter (Fig. 3A, left). A2
nm channel is consistent with the pore-forming activity of the usher [49], and is sufficiently
large to accommaodate secretion of a linear fiber of folded pilus subunits. Subsequent
biochemical and genetic evidence further supported the notion that the usher functions as a
dimeric complex in vivo [43].

The recent high-resolution X-ray crystal structure of the translocation domain of the PapC
usher provided a quantum leap forward in understanding fiber assembly and secretion by the
CU pathway (Fig. 3B) [41**]. The structure revealed the usher to be the largest single-protein
B-barrel channel to date, comprised of 24 transmembrane B-strands and, unexpectedly, an Ig-
like middle domain that plugged the channel of the p-barrel. In hindsight, both features are
perfectly reasonable and necessary: translocation of fully folded pilins requires a sufficiently
large channel and such a large channel requires a plug to prevent leakage of periplasmic
contents. In agreement with the cryo-EM structure, the PapC translocation domain formed a
dimer in the crystal structure, with a similar usher:usher interface (Fig. 3A, right). There are
two detergent molecules at the interface in the crystal structure, suggesting a lipid-mediated
dimer interface in vivo. This is supported by the observation that the center-to-center distance
between the two monomers in the EM structure is 14 A larger than in the crystal structure
[41%*].

5. The usher assembles pili asymmetrically

The best approach to understand a process as dynamic as pilus biogenesis is to take a series of
snapshots of the assembly process. This requires capturing critical assembly intermediates
[13] and revealing their structures in sufficient detail. One such assembly intermediate was
recently captured for type 1 pili using cryo-EM [41**]. An usher-pilus tip complex comprised
of FimD:FimC:FimF:FimG:FimH was isolated from bacteria by expressing these proteins in
the absence of the FimA rod subunit. The stoichiometry of this complex was 2:1:1:1:1,
corresponding to a single tip fiber bound to a dimeric FimD usher and a single periplasmic
chaperone. Cryo-EM analysis was then used to generate a 3D reconstruction of the FimD-tip
complex at 23 A resolution (Fig. 3C) [41**]. Since the crystal structures of all components or
their homologs were available, these structures were docked into the 3D cryo-EM envelope as
rigid bodies (Fig. 3C) [41**]. The resulting model of the tip complex presented fresh insights
into the assembly mechanism as described below.
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The tip complex model suggests that the action of the ushers within the dimeric complex is
coordinated to assemble only one pilus at a time, as depicted in Fig. 4 for type 1 pili. Pilus
assembly initiates when a chaperone-adhesin complex (FimCH) binds to the N-terminal
domain of one of the usher monomers (usher 1 in Fig. 4A). The chaperone-adhesin complex
then makes stable interactions with the usher C terminus and induces a conformational change
in the usher to gate open the usher by rotation or displacement of the plug domain, activating
the usher for pilus biogenesis (Fig. 4B). The N-terminal domain of the second usher (usher 2)
remains available to bind the next chaperone-subunit complex (FimCG). The channel within
usher 2 will remain closed, as only chaperone-adhesin complexes cause a conformational
change to activate the usher [20,40**]. The two chaperone-subunit complexes are now
positioned for the Nte of FimG to displace the G1 B-strand of the FimC chaperone from FimH
(Fig. 4C), resulting in DSE between FimG and FimH and formation of the first link in the pilus
fiber (Fig. 4D). Formation of the FimGH complex also results in dissociation of FimC from
FimH and the release of usher 1's N-terminal domain. The cycle then repeats with binding of
the next chaperone-subunit complex, FimCF, to the liberated N-terminal domain of usher 1
(Fig. 4D). DSE between FimF and FimG will generate the next link in the pilus fiber, displacing
the chaperone that had been bound to FimG and liberating the N-terminal domain of usher 2
(Fig. 4E). This assembly intermediate corresponds to the tip complex visualized by cryo-EM
(Fig. 3C). Multiple rounds of binding and DSE by FIimCA subunits will then drive assembly
and secretion of the pilus rod through the usher to the cell surface. Note that the N-terminal
domains of the two ushers alternate in recruiting chaperone-subunit complexes from the
periplasmic pool. Thus, although only one usher channel is used for secretion of the pilus fiber,
two ushers are required for pilus elongation. In addition, the positioning of the chaperone-
subunit complexes by the two ushers (see Fig. 4C) is likely to be key for the catalytic activity
of the usher in pilus assembly.

6. Remaining questions

The work described above shows the powerful synergy and mechanistic insights that can result
from a combined X-ray crystallography and cryo-EM approach. Several outstanding questions
regarding the pilus assembly mechanism remain to be answered. (i) What is the mechanism
for gating open the usher, how does the plug domain move to accommodate the incoming
subunit, and what is the exact role of C-terminal domain of the usher? These questions will
likely be answered by solving the crystal structure of the full-length FimDCH ternary complex.
(i) The FimD tip complex (FimDCFGH) represents only one of the several tip assembly steps.
What are the structures, by cryo-EM and/or X-ray crystallography, of several other
intermediates, such as FimDCFH and FimDCGH? These structures will provide insights into
the step-by-step assembly process, elucidate the catalytic mechanism of the usher, and reveal
if the usher dimer functions as proposed in the model presented in Fig. 4. (iii) How is the pilus
anchored on the cell surface? The terminator subunit (PapH for P pili) alone might not be
sufficient, since interaction between chaperone-subunit is weaker than that between subunit-
subunit. It is possible that the extracellular surface of the usher, enlarged by its dimeric
configuration, contributes to attachment of the helical rod on the cell. Cryo-EM visualization
of the pilus rod emerging from the usher might help answer this question. (iv) What does the
asymmetrical translocation mechanism observed in the CU system tell us about other protein
secretion pathways? There is intriguing evidence that asymmetric mechanisms are also utilized
in systems ranging from the Sec general secretory pathway to protein import into mitochondria
[50,51]. Elucidation of all these questions will undoubtedly require a full range of structural
approaches as part of integrated, multidisciplinary efforts.
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Fig. 1. Model for pilus biogenesis by the CU pathway

The assembly steps for type 1 pili are shown, with each of the Fim proteins indicated by a
single letter (C, FimC; A, FimA; etc.). Please see the main text for details. A model of an
assembled P pilus is shown in the upper right. The topology diagrams depict the donor strand
complementation and exchange reactions occurring in the periplasm and assembled pilus fiber,
respectively.
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PapD
chaperone

Fig. 2. Donor strand complementation (DSC) and donor strand exchange (DSE) as observed in
crystal structures and cryo-EM map of the P pilus rod

(A) Crystal structure of the PapD-PapG chaperone-adhesin complex (PDB ID: 1QUN). (B)
Crystal structure of a PapD-PapA;-PapA, complex (PDB I1D: 2UY6). The arrows labeled DSC
indicate the chaperone G1 B-strand engaged in DSC with the pilin domain of PapG (A) or the
PapA; subunit (B). The arrow labeled DSE indicates the Nte of the PapA, subunit engaged in
DSE with the PapA; subunit (B). (C) Cryo-EM map (left) and modeling with the crystal
structure of PapK (right) of the P pilus rod at an estimated resolution of 10 A. The major pilin
PapA appears to sit 13° tilted from horizontal in the helical rod. The white arrow points to a
surface protrusion that is presumably the hinge loop formed by the PapA N terminus. Scale
bar: 25 A. Panel C is adapted from reference [25].

Curr Opin Microbiol. Author manuscript; available in PMC 2010 June 1.



1duasnuely Joyiny Vd-HIN 1duosnuey JoyIny vd-HIN

1duasnuely Joyiny vd-HIN

Li and Thanassi

Page 11

Fig. 3. The usher caught in action

(A) The P pilus usher PapC forms a dimer when reconstituted in a lipid bilayer as a two-
dimensional crystalline sheet. The center-to-center distance between the two PapC monomers
is 14 A larger than that observed in the crystal structure of the PapC dimer, suggesting a lipid
mediated dimerization interface in vivo. (B) The crystal structure of the PapC translocation
domain shown in extracellular (left) and side (right) views (PDB ID 2VQI). The 24-stranded
B-barrel is shown in cyan and the plug domain in red. (C) A surface rendered side view of the
cryo-EM map of the FimDCFGH tip complex (left) and rigid-body docking of the crystal
structures of the components (right). The structures used are the FimD translocation domain
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(PDB ID 2VvQl), FimH (PDB ID 1QUN), FimDynCHp (PDB ID 1ZE3), and the PapDAA
ternary complex (PB ID 2UY®6) as a guide for positioning FimCFG.
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Periplasm

Fig. 4. Model for type 1 pilus biogenesis at the outer membrane usher

(A) The two ushers in the FimD dimer are labeled 1 and 2. Each usher monomer contains
periplasmic N- and C-terminal domains (labeled N and C, respectively) and the translocation
channel is gated shut by a plug domain (labeled P). (B) Interaction of a FimCH complex with
usher 1 opens the plug domain of usher 1, shown as rotating up within the channel. The plug
domain could also rotate out of the channel into the periplasm. (B-E) The N-terminal domains
of ushers 1 and 2 alternate in recruiting periplasmic chaperone-subunit complexes to the usher
for donor strand exchange, subunit incorporation into the pilus fiber, and secretion of the fiber
through the usher to the cell surface.
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