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Enterotoxigenic Escherichia coli (ETEC) is a bacterial pathogen that causes diarrhea in children and travelers in developing
countries. ETEC adheres to host epithelial cells in the small intestine via a variety of different pili. The CS1 pilus is a prototype
for a family of related pili, including the CFA/I pili, present on ETEC and other Gram-negative bacterial pathogens. These pili are
assembled by an outer membrane usher protein that catalyzes subunit polymerization via donor strand complementation, in
which the N terminus of each incoming pilin subunit fits into a hydrophobic groove in the terminal subunit, completing a
�-sheet in the Ig fold. Here we determined a crystal structure of the CS1 major pilin subunit, CooA, to a 1.6-Å resolution. CooA
is a globular protein with an Ig fold and is similar in structure to the CFA/I major pilin CfaB. We determined three distinct nega-
tive-stain electron microscopic reconstructions of the CS1 pilus and generated pseudoatomic-resolution pilus structures using
the CooA crystal structure. CS1 pili adopt multiple structural states with differences in subunit orientations and packing. We
propose that the structural perturbations are accommodated by flexibility in the N-terminal donor strand of CooA and by plas-
ticity in interactions between exposed flexible loops on adjacent subunits. Our results suggest that CS1 and other pili of this class
are extensible filaments that can be stretched in response to mechanical stress encountered during colonization.

Enterotoxigenic Escherichia coli (ETEC) bacteria cause travel-
ers’ diarrhea and are important agents of diarrhea in children

in regions with poor sanitation and limited access to clean water
(1). ETEC colonizes the small intestine, where it produces heat-
labile and/or heat-stable toxins that lead to severe diarrhea that
can be fatal in infants and small children. ETEC adheres to recep-
tors on epithelial cells using filamentous surface appendages called
pili or fimbriae. ETEC possesses multiple serologically distinct
pili, called coli surface (CS) antigens or colonization factor anti-
gens (CFAs), which differ from strain to strain (2). The class 5
family includes CS1, CS2, CS14, CS17, CS19, and CFA/I of ETEC
and the cable pili of Burkholderia cepacia (3). These pili require
only four specific proteins to assemble: the major pilin subunit
that forms the pilus rod, a tip adhesin, a periplasmic chaperone,
and an outer membrane usher. All four proteins are encoded on a
single operon (4). Individual components share amino acid se-
quence homology within this class of pili. Class 5 pilus assembly is
referred to as the “alternate” chaperone pathway to distinguish it
from the classical chaperone-usher assembly pathway used for the
related class 1 pili (5, 6), which include the P pili and type I pili of
uropathogenic E. coli (UPEC). Like the class 5 pili, class 1 pili
assemble via a periplasmic chaperone and an outer membrane
usher, but there is little to no sequence similarity between compo-
nents of the two classes. Furthermore, the class 1 pili are more
complex, having a fibrillar structure at their distal tip as well as
adaptor proteins between the tip adhesin, fibril, and pilus rod. P
pili have an additional termination subunit. However, strong
structural similarities between the two pilus classes suggest that
the distinction between alternate chaperone and chaperone-usher
assembly pathways may not be meaningful (7).

Both class 1 and class 5 pilin subunits have an incomplete im-
munoglobulin (Ig) protein fold that lacks an internal �-strand in
the second �-sheet. This missing strand results in a groove along
the length of the cylinder-shaped protein that is lined with hydro-
phobic residues. In the absence of the periplasmic chaperone, pilin

subunits are unstable and are degraded (8–10). The chaperone
donates a �-strand from one of its two Ig domains, stabilizing the
pilin subunit and allowing it to fold in the periplasm (11–14). This
process is called donor strand complementation. Four alternating
hydrophobic residues on the donated chaperone strand, termed
P1 to P4, insert into 4 hydrophobic pockets in the pilin groove.
The chaperone P3 residue is either a glycine or an alanine. Only
these small side chains fit into the P3 site, which is obstructed by
bulky aromatic residues, thus providing a specific register for the
donated strand. The chaperone-pilin complex is targeted to the
pore-forming usher complex in the outer membrane (15). The
chaperone �-strand is displaced by the N-terminal extension
(Nte) of a pilin on an incoming pilin-chaperone complex. All pilin
subunits in the chaperone-usher pilus family have an exposed and
flexible 10- to 20-residue Nte with four alternating hydrophobic
residues, P2 to P5, that insert into the hydrophobic groove of the
terminal subunit in the growing pilus filament, displacing the
chaperone strand. This “donor strand exchange” process occurs
when the P5 side chain of the Nte in the incoming pilin inserts into
the unoccupied P5 pocket of the terminal chaperone-comple-
mented pilin and “unzips” the chaperone strand, replacing its P4,
P3, and P2 residues with the corresponding residues on the pilin
Nte (14–17). In this way, pilin subunits are added iteratively to the
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base of the pilus filament, which grows out through the usher pore
into the extracellular space.

Electron microscopy and three-dimensional (3D) image pro-
cessing of P pili and type I pili from UPEC and CFA/I pili from
ETEC, combined with X-ray crystallography of the pilin subunits
and subunit complexes, reveal a conserved filament architecture,
where subunits are associated in a head-to-tail manner, with the
Nte on one subunit, n�1, inserted into the hydrophobic groove of
the adjacent subunit, n (7, 18–20). Subunits align with their cylin-
drical axes almost perpendicular to the filament axis and wrap
around the filament with a rotation of �110o and a rise of �8 Å
per pilin monomer for a right-handed 1-start helix. The filament
diameter is �8 nm, and an �25 Å channel runs through the fila-
ment. These data together indicate that although the class 1 and 5
pili are dissimilar in amino acid sequence, their subunit struc-
tures, filament architectures, and assembly mechanisms are very
similar. CFA/I filaments often possess a thin fibrillar structure at
their tips, which appears to represent extended CFA/I filaments.
The extended form would allow passage through the narrow
channel of the usher complex and then collapse into the more
compact and rigid helical rod that is displayed on the bacterial
surface (7).

The ETEC CS1 pili are closely related to CFA/I. The major pilin
subunit of CS1, CooA, shares 53% identity with the CFA/I pilin
CfaB, with the Nte of these pilins being particularly well conserved
(see Fig. 1A). CS1 is composed of hundreds of CooA subunits plus
a single tip-associated minor pilin, CooD, which is necessary for
initiating CS1 assembly and for adherence of ETEC to host cells
(21–23). CooB is the CS1 periplasmic chaperone, and CooC is the
outer membrane usher (4). CS1-expressing ETEC strains use the
CooD adhesin to bind to intestinal cells and also to bovine eryth-
rocytes in an in vitro hemagglutination assay (21). Here we present

the crystal structure of recombinantly expressed ETEC CooA to-
gether with a 3D reconstruction of the CS1 pilus filament. CooA,
like CfaB and the class 1 pilins, undergoes donor strand comple-
mentation. The CS1 filaments exhibit structural polymorphism
that likely relates to pilus extensibility.

MATERIALS AND METHODS
Bacterial strains and plasmids. CS1-producing E. coli strains were a gift
from June Scott, Emory University. E. coli MC4100/pEU494 (24) was used
to PCR amplify the cooA gene for recombinant expression. ETEC strain
LMC10/pEU2030 was used to express CS1 pili for electron microscopy
(EM) analysis. All bacterial strains, plasmids, and oligonucleotides are
listed in Table 1. Antibiotic concentrations were as follows: kanamycin
(Kan), 45 �g/ml; ampicillin (Amp), 100 �g/ml.

Cloning and expression of CooAdsc. The cooB-cooA genes were PCR
amplified from pEU494 (24) using primers ETEC-CooBA-fPCR and
ETEC-CooBA-rPCR (Table 1). The PCR product was ligated into the
NdeI and BamHI restriction sites of the pET-15b vector (Novagen) to
produce pET-15b-CooBA. The cooA gene fragment encoding residues
12 to 148 of the mature CooA protein (cooA�N11) was subcloned
from this vector using primers Ntd11CooA-dsc13-F and CooA-R and
ligated into the pETDuet-CooB1 vector at the NdeI and XhoI sites,
which had the cooB gene inserted into the BamHI and SalI sites, to
produce pETDuet-CooB1-Ntd11CooA2. Primers Ntd11CooA-dsc13-F
and Ntd11CooA-dsc13-R were used to PCR amplify cooA�N11 from
pETDuet-CooB1-Ntd11CooA2 and add a gene segment to its 3= end en-
coding a flexible linker, DNKQ, followed by the 13 N-terminal amino
acids of mature CooA. This new gene fragment, Ntd11CooA-dsc13, was
inserted into the NdeI and XhoI restriction sites of pET-28b to produce
pET-28b-Ntd11CooA-dsc13 for expression of a soluble CooA protein
lacking its N-terminal 11 residues, with its 13 N-terminal residues fused to
its C terminus via a DNKQ linker (donor-strand-complemented CooA
[CooAdsc]). CooAdsc was expressed with an N-terminal hexahistidine tag
for the purposes of protein purification.

TABLE 1 Bacterial strains, plasmids, and primers

Reagent Description
Source/
reference(s)

Bacterial strains
E. coli MC4100/pEU494 F� araD139 �(argF-lac)169 �e14� flhD5301 �(fruK-yeiR)725 (fruA25) relA1 rpsL150 (Strr)

fibB5301 deoC1 ptsF25 rbsR22 �(fimB-fimE)632(::IS1) pEU494
24, 51

ETEC LMC10/pEU2030 ETEC lacking the plasmid encoding the toxins and the positive regulator of coo; pEU2030 35
E. coli RosettaBlue endA1 hsdR17(rK12

� mK12
�) supE44 thi-1 recA1 gyrA96 relA1 lac [F= proA�B� lacIqZ�M15::Tn10]

pRARE2 (Camr Tetr)
Novagen

Plasmids
pET-15b T7 promoter, Ampr Novagen
pEU494 pHGS576, coo genes under control of lac promoter 52
pEU2030 pUC18 encoding rns under its own promoter, Ampr This study
pET-15b-CooBA pET-15b, cooB-cooA gene segment in NdeI/BamHI sites This study
pETDuet-CooB1 pETDuet, cooB inserted into BamHI and SalI sites This study
pETDuet-CooB1-Ntd11CooA2 pETDuet-CooB1 with cooA gene encoding residues 12–148 (cooA�N11) inserted into NdeI and

XhoI sites
This study

pET-28b-Ntd11CooA-dsc13 pET-28b with Ntd11CooA-dsc13 inserted into NdeI and XhoI sites This study

Primers
ETEC–CooBA-fPCR GGAATTCATATGCGAAAATTATTTTTAAGTTTGCTTATGATTC This study
ETEC–CooBA-rPCR CGGGATCCTTACGTTGACTTAGTCAGGATAATTGATACG This study
Ntd11CooA-dsc13-F GGAATTCATATGGACCCGACTGTTGACCTTC This study
CooA-R CGCTCGAGTTACGTTGACTTAGTCAGGATA This study
Ntd11CooA-dsc13-R CGCTCGAGTTACGGGTCAACACTCGCCGTAACGCTAATGGTCTTCTCGACTTGT

TTATTGTCCGTTGACTTAGTCAGGATAATTGATACG
This study
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E. coli RosettaBlue (Novagen) was transformed with pET-28b-
Ntd11CooA-dsc13. Cells were grown overnight in Luria broth (LB)-Kan,
and 100 ml of the overnight cultures was used to inoculate 1 liter LB-Kan.
Cells were grown at 37°C to an optical density of 0.75 at a 600-nm wave-
length (OD600), at which time isopropyl-�-D-thiogalactopyranoside
(IPTG) was added to a final concentration of 1 mM to induce CooAdsc

expression. Cells were grown for an additional 3.5 h at 30°C with vigorous
shaking and harvested by centrifugation at 5,000 � g for 30 min at 4°C.
Cells were lysed by incubation in lysis buffer (500 mM NaCl, 50 mM
phosphate buffer [pH 7.4], and 40 mM imidazole with 0.2 mg/ml ly-
sozyme) followed by sonication 3 times (2 min each) at 45% amplitude.
The lysed cells were centrifuged at 25,000 � g for 40 min at 4°C to remove
cell debris, and CooAdsc was isolated from the supernatant using a nickel-
nitrilotriacetic acid (NTA) column (GE Healthcare). CooAdsc was eluted
using an imidazole gradient. Fractions containing CooAdsc were pooled
and concentrated on an Amicon stirred-cell concentrator (Millipore) and
exchanged into CooA buffer (100 mM NaCl and 20 mM Tris-HCl, pH
7.5). CooAdsc was further purified on a Sephacryl S-100 HR size exclusion
column (GE Healthcare) and concentrated to 15 mg/ml for crystalliza-
tion.

CooAdsc crystallization, data collection, and structure determina-
tion. CooAdsc was crystallized by the hanging drop vapor diffusion
method in 1.0 M sodium citrate and 0.1 M imidazole, pH 8.0, using 2 �l
protein solution and 2 �l reservoir buffer. Crystals were flash-frozen and
stored in liquid nitrogen in reservoir buffer with 25% glycerol as a cryo-
protectant. X-ray diffraction data were collected at the Stanford Synchro-
tron Radiation Lightsource (SSRL) Beamline 11-1. The raw data were
processed for Lorentz and polarization corrections and integrated by us-
ing the XDS software program, followed by scaling with the program
XSCALE (25). The crystal belonged to the triclinic space group P1, with
two molecules in the unit cell. The solvent content was 35% as determined
from the Matthews coefficient (26). The structure was solved by molecu-
lar replacement using the CfaB crystal structure as a search model (PDB
code 3F83) (7). Nonidentical residues in CfaB were changed to Ser, Ala, or
Gly in the software program COOT. An initial search by using the pro-
gram PHASER (27) yielded two unambiguous solutions with fairly high Z
scores (100 and 14.9). Several cycles of rigid-body refinement with tight
NCS (noncrystallographic symmetry) restraint and density modification
procedures were performed using the software programs REFMAC5 (28)
and DM (29), respectively. The electron density map was interpretable
and clearly showed density for many missing side chains, which were built
using COOT (30). Many iterative cycles of model building and restrained
refinement by the software program ARP/wARP (31) improved the model
and revealed density for most of the side chains as well as the missing
portions of the main chain. Water oxygens were located using ARP/
wARP, and their positions were manually checked in COOT with differ-
ence map output by REFMAC5 and the composite annealed omit map
calculated using the software program CNS (32). Further refinement
using TLS (thermal libration screw-motion) gave an Rcryst value of
0.222 and an Rfree value of 0.251. No electron density was observed for
the His tag or linker. The model was validated by the software pro-
grams PROCHECK (33) and MOLPROBITY (34). Data collection and
refinement statistics are shown in Table 2.

Purification of CS1 filaments. CS1 pili were purified from ETEC
LMC10 cells carrying the pEU2030 plasmid (35). ETEC LMC10 has lost
the plasmid carrying rns, which encodes the positive transcriptional reg-
ulator of coo operon expression. pEU2030 encodes rns under its own
promoter. Cells were grown for 16 h in LB-Amp with shaking at 37°C.
Cells were harvested by centrifugation at 8,000 � g for 30 min at 4°C. The
cell pellet was resuspended in phosphate-buffered saline (PBS) (pH 7.4:
137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 2 mM KH2PO4) with
10 mM EDTA. CS1 pili were sheared from the cells by passing the mixture
through a 25-gauge needle four times followed by vigorous vortexing for
1 min. Cell debris was removed by centrifugation at 8,000 � g for 30 min
at 4°C. Ammonium sulfate (20% [wt/vol]) was added to the supernatant

and incubated at 4°C for 2 h to precipitate CS1 filaments, which were
isolated by centrifugation. The CS1 pellet was resuspended in PBS-EDTA
and dialyzed exhaustively in the same buffer to remove residual ammo-
nium sulfate. Purity was assessed by SDS-PAGE analysis (see Fig. S1 in the
supplemental material), and the major 15-kDa CooA band was excised
from the gel and analyzed by tandem mass spectrometry at the University
of Victoria (UVic) Genome BC Proteomics Centre to confirm its identity.

Electron microscopy and image processing. CS1 pili in PBS buffer
were diluted 20� with distilled water. Five microliters of sample was
applied to glow-discharged continuous carbon-coated grids, negatively
stained by 2% uranyl acetate, and imaged on an FEI Tecnai T12 micro-
scope at 80 keV with a nominal magnification of �30,000. Images were
recorded on Kodak SO163 film and digitized using a Nikon Coolpix 8000
scanner at a raster of 4.16 Å per pixel. The EMAN software package (36)
was used to extract filament images from micrographs, and the SPIDER
software package (37) was used for most image processing.

Segments (100 � 100 pixels each; n 	 10,443) of the CS1 filaments

TABLE 2 Crystallographic data collection and refinement statistics

Parameter Name or value(s) for CooAdsc

Data collection
Beamline SSRL 11-1
Wavelength (Å) 1.07
Space group P1
Cell a, b, c (Å) 29.99, 46.87, 51.27
Cell 
, �, � (o) 83.72, 89.95, 74.58
Resolution (Å) 1.6
Completeness (%)a 94.9 (92.5)
No. of observed reflections 131,428
No. of unique reflections 33,503
Rsym (%)a,b 0.025 (0.117)
I/�(I)a 34.1 (10.8)
Redundancy 3.9 (4.0)
Wilson B value (Å2) 24.5
Mosaicity (o) 0.2

Refinement statistics
Resolution limits (Å) 19.7–1.6
Molecules/unit cell 2
No. of reflections used 31,826
Rcryst (%)c 22.2
Rfree (%)d 25.1
No. of atoms

Protein 2,295
Ligands 6
Water 156

Avg B factor (Å2)
Protein

Chain A 21.6
Chain B 22.0

Ligands
Imidazole 29.7
Sodium ion 21.1

Water oxygen 29.0
RMSD bond angles (o) 1.37
RMSD bond lengths (Å) 0.008
Ramachandron plot

Favored (%) 99.0
Allowed (%) 1.0

a Overall/last shell.
b Rsym is the unweighted R value on I between symmetry mates.
c Rcryst 	 hkl||Fobs(hkl)| � |Fcalc(hkl)||/hkl|Fobs(hkl)|.
d Rfree is the cross-validation R factor for 5% of reflections against which the model was
not refined.
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were extracted from the micrographs, and their power spectra were added
together to generate an average power spectrum (see Fig. 2B). Layer lines
were indexed and used along with the metal shadowing data (see below) to
determine the mean helical symmetry. The data set was reconstructed
using the iterative helical real-space reconstruction (IHRSR) method (38)
using three starting points: 114°/7.7 Å, 113°/8.7 Å, and 112°/9.7 Å. The
two stable solutions were used for modeling. University of California, San
Francisco (UCSF), Chimera software (39) was used to fit the high-resolu-
tion CooAdsc structure into the experimental density maps after convert-
ing from the SPIDER format to BRIX. Atomic coordinates from the crys-
tal structure were converted into a density map, filtered to a 20-Å
resolution, and docked into each map manually. The orientation of the
subunits in the two preliminary pseudoatomic models differed by a �30°
tilt and a �25° counterclockwise rotation. We used the CooA crystal
structure to generate four model volumes. In the first model, the orienta-
tion of the protomers was the same as that in the preliminary atomic
model derived from the 113°/8.7-Å stable solution; in the second model,
protomers were rotated counterclockwise by 25°; in the third model,
protomers were tilted by 25°; finally, in the fourth model, subunits were
rotated counterclockwise by 25° and tilted by 25°. The first two models
had a symmetry of 113°/8.7 Å, while a symmetry of 112°/10 Å was imposed
on the third and fourth models. It was not possible to apply the symmetry
of 113°/8.7 Å on tilted subunits because of the severe clashes between the
protomers in such a model. The four model volumes were scaled to 4.16 Å
per pixel and projected into 100 � 100-pixel images with an azimuthal
rotational increment of 4°, generating 360 reference projections (4 � 90).
The CS1 segments were cross-correlated with these 360 reference projec-
tions. Less than 6% of segments yielded the best correlation with model 3,
and thus that model was eliminated in the final run. Finally, 10,443 CS1
segments were cross-correlated with 270 model projections, and each of
the three resultant groups was independently reconstructed by the IHRSR
algorithm. The first group (n 	 6,012) converged to a symmetry of 113.2°/
8.7 Å, and the second group (n 	 2,052) yielded a symmetry of 113.1°/8.6
Å, while the third group (n 	 2,379) returned a 111.9°/10-Å value. Refer-
ence-free 2D averages were calculated for each group using the AP SR
SPIDER algorithm. The conservative Fourier shell correlation (FSC) 0.5
criterion was used for resolution determination. Each of the three data sets
was split in two, and the IHRSR procedure was used on these half sets,
starting each at different helical symmetries. The correlation between the
corresponding Fourier shells of the two resultant volumes was calculated
for each data set, all of which yielded a resolution of �20 Å. The UCSF
Chimera software program (39) was used to manually fit the high-resolu-
tion structures of CooAdsc (chain A) into the experimental density maps
for the three structural groups to generate pseudoatomic-resolution CS1
models, with N-terminal residues 13 and 14 removed due to redundancy
of these residues in the C terminus.

Scanning transmission electron microscopy of CS1. To establish the
mass per unit length of CS1, the filaments were examined by scanning
transmission electron microscopy (STEM). CS1 filaments were freeze-
dried at the Brookhaven National Laboratory (BNL) STEM facility. Dig-
ital dark-field images were collected, and the data were analyzed using the
PCMass software program. CS1 data were normalized to data for tobacco
mosaic virus (using a mass per unit length of 13.1 kDa Å�1).

Metal shadowing. To determine the helical handedness of CS1, sam-
ples were first adsorbed to small glass coverslips at 37°C for 5 min in
preparation for freeze-drying and platinum replication. (In some cases,
F-actin was added to the samples to provide an internal standard to de-
termine the orientation of the final replica and thus to determine the
correct handedness of CS1.) The glass was then rinsed vigorously with 10
ml of buffer solution to remove unattached proteins, passed very briefly
through distilled water to remove buffer and salts, and “quick-frozen” by
contact with a copper block cooled to �4 K with liquid helium. Frozen
samples were then stored in liquid nitrogen until mounting in a Balzers
301 vacuum evaporator, wherein they were freeze-dried for 20 min at
�80°C and then rotary replicated with 2 nm of platinum deposited from

an electron-beam gun mounted at 15° above the horizontal. Replicas were
then stabilized with a carbon film 10 nm thick, rotary deposited from a 70°
angle. Replicas were floated off the glass onto concentrated hydrofluoric
acid and then transferred through several rinses of distilled water and
picked up on Formvar-coated copper grids. Finally, replicas were exam-
ined with a Jeol 100CX electron microscope operating at 100 keV and
photographed at magnification �150,000 with an AMT digital camera.

Figure preparation. Molecular graphic images were produced using
the UCSF Chimera software package (39) and the PyMOL molecular
graphics system, Schrödinger, LLC.

Accession numbers. The atomic coordinates for CooAdsc have been
deposited in the Protein Data Bank under accession number 4HJI. The
CS1 electron density maps have been deposited in the Electron Micros-
copy Data Bank under accession numbers 1951 (reconstruction 1), 1952
(reconstruction 2), and 1953 (reconstruction 3).

RESULTS AND DISCUSSION
X-ray crystal structure of CooAdsc. The CooA pilin subunit was
expressed as a soluble recombinant protein in which the N-termi-
nal 11 residues were removed and the Nte (residues 1 to 13) was
appended to the CooA C terminus (Fig. 1A) with an intervening
4-residue Asp-Asn-Lys-Gln linker sequence (the DNKQ linker)
(Fig. 1B). This strategy has been used to produce soluble subunits
and complexes for CfaB and pilins in the chaperone-usher pilus
family to prevent misfolding and spontaneous subunit polymer-
ization (7, 8, 40, 41). The crystal structure of recombinant donor-
strand-complemented CooA, CooAdsc, containing an N-terminal
hexahistidine tag was solved to a 1.6-Å resolution by molecular
replacement using CfaBdsc (3F84 [7]) as a model (Table 2).

CooAdsc is a single-domain protein that forms a 7-stranded
�-sandwich with an Ig fold (Fig. 1C to E). CooAdsc crystallized as
a dimer with the two monomers packed together by hydrogen
bonding between the second sheet of the �-sandwich in each sub-
unit. The monomers cross over each other at an �45o angle and
are essentially identical in structure (see Fig. S2A in the supple-
mental material), but the N- and C-terminal residues Asp12 and
Pro165, respectively, are resolved only for chain A. The first
�-sheet of the �-sandwich is antiparallel, comprising strands A1,
B, E, and D (Fig. 1C). The second �-sheet comprises strands A2, G,
F, and C. Strands G, F, and C are antiparallel, whereas A2, which
lies at the edge of the second �-sheet, runs parallel to G. Several of
the �-strands span both �-sheets and are interrupted by loops that
protrude from the surface of the protein. The N- and C-terminal
halves of strand A, A1 and A2, are part of �-sheets 1 and 2, respec-
tively, and are connected by an 8-residue loop. A similar arrange-
ment is observed for strand D on the opposite side of the protein,
with D1 being part of �-sheet 1 and D2 being part of �-sheet 2,
connected by a 9-residue loop. D2 is followed by a single helical
turn and then D3, which rejoins the first �-sheet. Strand C also has
a short loop interruption, with its N- and C-terminal halves being
part of �-sheet 2 but C2 also forming canonical backbone hydro-
gen bonds with strand D1 of �-sheet 1. The connectivity and ori-
entation of the �-strands are typical of a c-type Ig fold (42), but the
protein has an overall cylindrical shape and resembles a �-barrel
due to the curvature of the �-sheets and their continuity at strand
C2. The loops within the �-strands, as well as those at the ends of
the �-sheets, dominate the surface of the protein. These loops are
considerably more flexible than the �-strands, as shown by their
higher B factors (see Fig. S2A), although they are constrained by
extensive interactions with adjacent molecules in the closely
packed crystal lattice, which has a solvent content of only 35%.
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FIG 1 Crystal structure of ETEC CooAdsc. (A) Amino acid sequence alignment of CooA and CfaB. Secondary structure elements of CooA are indicated above
its sequence. Red background, identical residues; yellow background, similar residues. (B) Schematic representation of wild-type CooA (top) and the CooAdsc

construct (bottom). The sequence shown with orange background represents the Nte, which has been removed from the N terminus and attached to the C
terminus. (C) Schematic of the secondary structure of CooAdsc. Green �-strands belong to the first �-sheet and blue and orange strands belong to the second
�-sheet in the Ig fold. The orange G strand is the Nte, which has been fused to the C terminus. (D) Ribbon representation of the 1.6-Å-resolution CooAdsc crystal
structure. (E) Space-filling representation of CooA with the Nte shown in stick representation. Carbon atoms are colored orange in the Nte, yellow in the DNKQ
linker, and gray in the remainder of the protein. Oxygen atoms are red, and nitrogens are blue. Residues in the Nte are numbered as in native mature CooA, where
the Nte of subunit n�1 (not shown) is donated to subunit n (shown). The Nte fits into the hydrophobic groove with hydrophobic side chains at positions P2 to
P5, indicated in parentheses, filling corresponding pockets in the groove. (F) CS1 assembly scheme showing donor strand complementation between adjacent
CooA subunits. Each subunit has a different color to illustrate donor strand complementation with an adjacent subunit in the filament.
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The conformation of the loop between strand A2 and B differs
slightly between the two molecules in the crystallographic dimer,
with the C
 atoms of Ala36 at the tip of this loop being �2.2 Å
apart. The CooA structure is very similar to that of the CFA/I
major pilin, CfaB, as expected from the high sequence identity
(53%) (Fig. 1A; see also Fig. S2B in the supplemental material).
The only significant differences in backbone structure occur at the
ends of the proteins: the D3-E1 loop, which is a �-hairpin in CooA
and an irregular loop in CfaB, and divergent conformations for
the E2-F loop.

Strand G of the second �-sheet (residues 153 to 165) is the Nte
in native mature CooA that has been fused to the C terminus in
CooAdsc (Fig. 1C to E). Strand G fills a hydrophobic groove be-
tween strands A2 and F to complete the second �-sheet. Strand G
forms canonical backbone hydrogen bonds with strands A2 and F
and interacts with A1 in sheet 1 via its side chains. Although strand
G is the C-terminal strand of CooAdsc, its residues are numbered
in Fig. 1E according to their position at the N terminus of the
protein, since this strand would originate with an adjacent subunit
(n�1) in the pilus filament via donor strand complementation
(Fig. 1F). As is seen for pilins in the chaperone-usher family, four
alternating hydrophobic side chains at positions P2 to P5 fit into
their respective P2 to P5 pockets in the hydrophobic groove. In
addition, Lys3 forms a salt bridge with Asp16 in strand A1. Clear
electron density is seen for residues 1 to 12 of the Nte (residues 153
to 164 in CooAdsc) in chain A, but only the backbone atoms are
apparent for Pro13 (Pro165). Pro13 is conserved among the class
5 fimbrial family and was proposed to form a flexible hinge be-
tween subunits in CFA/I due to cis-trans isomerization (7). Pro13
is also present at the N terminus in our recombinant CooAdsc;
however, neither the electron density at the N terminus nor that at
the C terminus is sufficient to distinguish between the cis and trans

proline conformations. The next residue in native CooA, Thr14, is
the first residue in �-strand A1 in the body of the pilin subunit.
Since residues 1 to 11 of the Nte for subunit n�1 form the donor
G strand for subunit n in the pilus filament and residues 14 to 19
form the first �-strand of subunit n�1, the linker between the
subunits is comprised of only two residues, Asp12 and Pro13.
Thus, the donor strand complementation interaction requires the
ends of the CooA subunits to be very close together in a head-to-
tail interaction in the CS1 filament (Fig. 1F), as was seen in the
crystal structure of the ternary complex between two CfaB sub-
units and the CfaE chaperone (7).

3D reconstruction of the CS1 filament. We used quick-freeze/
deep-etch metal shadowing EM to visualize the surface features of
the CS1 pili (Fig. 2A). F-actin filaments were used as a control
because they possess a left-handed 1-start helix that gives rise to a
sharp layer line in the power spectrum at 1/(59 Å) (Fig. 2A, inset,
left). An averaged power spectrum generated from 174 nonover-
lapping segments of the CS1 filaments (Fig. 2A, inset, right) re-
vealed a layer line at 1/(145 Å) arising from a left-handed helix. To
further determine the helical symmetry of the CS1 pili, we calcu-
lated power spectra for 10,443 overlapping segments from nega-
tively stained CS1 filaments and added these together (Fig. 2B).
This method is independent of any alignment needed to average
together images and is thus unbiased. The resulting power spec-
trum shows four layer lines. The layer line at �1/(27.6 Å) arose
from a 1-start helix, based upon the diameter of the filaments
(�75 Å) and the distance of the peak from the meridian (Fig. 2B,
inset). The mass per unit length was independently determined to
be 1.76 kDa/Å by STEM (see Fig. S3 in the supplemental material).
Taking into account the molecular mass of CooA (�15.2 kDa),
the average rise per subunit was determined to be �8.6 Å. This
gives a twist of �3.2 subunits per turn of the 1-start helix. Index-

FIG 2 Determination of the helical parameters of the CS1 pili. (A) Quick-freeze/deep-etch metal shadowed micrograph of CS1 pili and actin filaments. Scale bar,
1,000 Å. (Inset) Diffraction patterns obtained from F-actin (left) and CS1 pili (right). (B) Micrograph of the negatively stained CS1 filaments. Scale bar, 1,000 Å.
(Inset) Diffraction pattern of negatively stained CS1 filaments reveals four major layer lines. Bessel orders and positions of the peaks are indicated.
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ing of the remaining layer lines in the power spectrum shown in
Fig. 2B suggested that the reflection at 1/(145 Å) arose from the
3-start helix, while the layer line at 1/(23.2 Å) originated with the
2-start helix. Since metal shadowing unambiguously showed that
the 3-start helix is left-handed, the 1-start helix must be right-
handed. Thus, the average symmetry of the CS1 pili was deter-
mined to be a 113.5° right-handed rotation around the helical axis
with an 8.7-Å rise per subunit. These helical parameters are close
to those of CFA/I pili (113.6°/8.3 Å [19]).

We used IHRSR (38) to determine the CS1 pilus structure.
IHRSR was run using 10,443 overlapping pilus segments with
three starting symmetries distributed about the mean helical pa-
rameters determined from the power spectra and the STEM data
(Fig. 2B; see also Fig. S3 in the supplemental material). The IHRSR
run converged to the same solution of 113.1° and 8.7 Å from the
two starting values of 113°/8.7 Å and 114°/7.7 Å but failed to
converge to a solution from a starting symmetry of 112°/9.7 Å
(Fig. 3A). In our experience, when two or more closely related
starting symmetries do not converge to the same solution, it indi-
cates structural heterogeneity for the filaments. Thus, a single-

particle approach was used to sort CS1 pilus segments into three
more homogeneous groups (see Materials and Methods). IHRSR
was then run for each group using a starting symmetry of 113o and
8.7 Å. Each group converged to a stable solution: the symmetries
determined for group 1, the largest group, which accounts for
�58% of all segments, and for group 2 (�20%) are very similar,
113.2°/8.7 Å and 113.1°/8.6 Å, respectively, whereas group 3
(�22%) has a symmetry of 111.9°/10.0 Å (Fig. 3B). Importantly,
all three symmetries were randomly distributed among the CS1
filament particles extracted for image analysis, indicating that the
heterogeneity exists within the filaments rather than between
them.

Pseudoatomic-resolution CS1 filament structures. The three
independent CS1 reconstructions generated using IHRSR are
shown in Fig. 4A. Each reconstruction was estimated to be at
�20-Å resolution using an FSC of 0.5 for two completely inde-
pendent reconstructions generated from different starting sym-
metries (see Materials and Methods). Since the best measure of
resolution is the quality of the map itself, we filtered our high-
resolution structure of the CooAdsc pilin to 20 Å, docked it into

FIG 3 IHRSR to determine CS1 symmetry. (A) IHRSR convergence of the overall set of CS1 segments from the three starting points yields two stable solutions.
(B) IHRSR convergence of the three groups to their stable solutions starting from the same helical parameters.
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each of the three 3D reconstructions, and generated pseudo-
atomic-resolution filament models by imposing the symmetry pa-
rameters onto the subunit (Fig. 4A). An important fitting con-
straint was the requirement for a head-to-tail interaction between
each subunit such that donor strand complementation could oc-
cur. To test the validity of the CS1 filament models, each model
was filtered to a 20-Å resolution and superimposed on the corre-
sponding 3D reconstruction (Fig. 4B). The FSC for the models
and reconstructions (see Fig. S4 in the supplemental material)
confirm the resolution estimates and provide confidence in the 3D
reconstructions of the three CS1 structural classes. Since each re-
construction was generated starting from a featureless solid cylin-
der in the IHRSR procedure, all the details in each reconstruction
that emerge during the iterative process arose from the informa-
tion contained in the pilus images. To exclude any bias from the
projections used for the sorting of the CS1 segments into the three
groups (see Materials and Methods), we calculated reference-free

2D averages for each group and compared those with the corre-
sponding projections from the 3D reconstructions (Fig. 4C). An
excellent match between the 2D averages and the projections of
the actual reconstructions excluded the possibility that the 3D
reconstructions are model biased.

An important feature of the class 1 and class 5 pili from Gram-
negative bacteria is the head-to-tail connectivity between pilin
subunits n�1 and n along the 1-start helix of the filament as a
result of donor strand complementation (6). Bullitt and col-
leagues found that the head-to-tail interactions between the CfaB
subunits of the 1-start helix in CFA/I were more extensive than
those between subunits on consecutive turns or “layers” of that
helix (19). Our structural analysis of the CS1 pili shows that the
extent of the head-to-tail interactions depends upon the structural
state of the filament. To compare the connectivity along the 1-start
helix, we contoured the EM reconstructions of the three structural
groups at a higher threshold (Fig. 5A) than that required to ac-
commodate the crystal structure of the CooA pilin (as shown in
Fig. 4B). The group 1 reconstruction, which represents the major-
ity of CS1 segments, possesses a prominent bridge of density be-
tween subunits along the 1-start helix (Fig. 5A, dashed oval). This
connectivity is also apparent in the group 2 reconstruction,
though the density is weaker. Only a narrow bridge of density
connects subunits in the 1-start helix in the group 3 reconstruc-
tion. The extent of the end-to-end connectivity correlates with the
distance between the C terminus of the Nte of CooAdsc subunit n
(Pro13/Pro165, end of orange strand, Fig. 5) and the N terminus
of subunit n�1 (Thr14, black sphere), which are joined by a pep-
tide bond in native CooA. In the CS1 models 1 and 2, these dis-
tances are �8 Å and �5 Å, respectively, which would allow the N
terminus of subunit n�1 to complement the �-sheet of subunit n
without major conformational changes in the CooA structure.
However, in filament model 3, these residues are �19 Å apart.
Head-to-tail connectivity could be accommodated in this fila-
ment structure if a small conformational change occurs at the
CooA N terminus such that �-strand A1 is released from hydro-
gen bonding with strand B and side chain interactions with strand
G (Fig. 1C and D; see also Fig. S5 in the supplemental material),
allowing it to extend far enough for the Nte to reach its neighbor-
ing subunit in the 1-start helix. Support for such a mechanism is
provided by the crystal structure of EcpA, the major pilin from the
E. coli common pilus (ECP) (43). EcpA is similar in structure to
CooA and crystallized as a domain-swapped dimer, with the A1
�-strands crossing over to hydrogen bond with strand B of their
partner monomer. The exposed loop connecting strands A1 and
A2 is present in CfaB and other pilins belonging to the chaperone-
usher family, and thus flexibility in the N terminus may be a com-
mon feature of these pili.

Despite the relatively low resolution of the reconstructions, the
fitting of the CooAdsc structure into the EM maps was unambig-
uous. Surprisingly, small differences in the helical symmetries of
the three reconstructions are accompanied by significant struc-
tural perturbations. Reconstructions 1 and 2 have similar helical
symmetries but differ in orientations of the subunits, where CooA
is rotated �25o about its long axis in model 2 relative to its orien-
tation in model 1 (Fig. 5B). Reconstruction 3, with its larger rise
(10.0 Å), is more extended than reconstructions 1 and 2 (8.7 Å and
8.6 Å, respectively). CooA subunits are held together in the CS1
filament by head-to-tail donor strand complementation (n to
n�1) and by interactions between the subunit bodies, both head-

FIG 4 Characterization of three CS1 structural groups. (A) 3D reconstruc-
tions of the three structural groups (gray transparent surfaces) with the corre-
sponding pseudoatomic-resolution models (colored ribbons). (B) Pseudo-
atomic models filtered to 20-Å resolution (cyan surfaces) superimposed on the
3D reconstructions (gray transparent surfaces). (C) Reference-free 2D aver-
ages of each structural group are compared with the projections of the corre-
sponding 3D reconstructions.
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to-tail (n to n�1) and along the filament axis between each suc-
cessive turn of the 1-start helix (i.e., between n�1 and n�2 in
Fig. 5B). Only minor clashes occur between subunits in each of the
three models, mainly between side chains in loops. This is not
surprising for models derived from rigid body fits, and these
clashes could be eliminated with minor adjustments in side- and
main-chain torsion angles. In support of this idea, the A2-B loop
at the “head” of CooA subunit n is closely associated with the tail
of subunit n�1 in models 1 and 2; this loop has relatively high
temperature factors, and its conformation differs slightly between
the A and B chains of the CooA crystallographic dimer (see Fig.
S2A in the supplemental material), suggesting flexibility in this
region. Interestingly, despite the fact that many of the surface
loops in neighboring subunits contact each other in both the fila-
ment models and the crystallographic lattice, these contacts are
not the same. This is not surprising given that there is no head-to-
tail constraint for subunits in the crystal lattice.

The filament symmetries determined here for CS1, 112o-113°

rotation and �9-Å rise, are comparable to those of CFA/I class 5
pili (113.6°/8.3 Å [19]) and those of UPEC P pili and type I pili
from the class 1 family (109.6°/7.6 Å for P pili [18]; 106.7/7.2 Å for
type I pili [20]). The orientation of the CooA subunits in filament
models 1 and 2 is similar to that of CfaB in the CFA/I model (7),
while model 3 differs significantly.

The origin of the filament polymorphism is not clear, but it is
not introduced by negative staining for EM, which may actually
limit the observed heterogeneity. In an effort to obtain a higher-
resolution structure, we imaged and processed frozen hydrated
CS1 pili in order to preserve the filaments in a near-native state.
Surprisingly, the averaged power spectra for CS1 pili in vitrified
ice showed a single layer line representing the left-handed 3-start
helix, with other layer lines being weakened or absent altogether
(see Fig. S6 in the supplemental material). The loss of higher-
resolution data is indicative of structural heterogeneity in the fro-
zen hydrated sample. It is possible that structural perturbations
were introduced into the filaments during purification, where

FIG 5 Comparison of the three CS1 structural states. (A) 3D reconstructions (Recon 1, 2, and 3) of the three structural states of the CS1 pili (transparent gray
surfaces) shown with corresponding pseudoatomic models (ribbons). The reconstructions are contoured to show the head-to-tail connectivity between CooA
subunits n and n�1 in the right-handed 1-start helix (dashed ovals). The Nte is shown in orange, and the N terminus of each CooAdsc subunit, Thr14, is shown
as a black sphere. In the native CS1 filament, the Nte shown for subunit n is in fact the N-terminal strand of subunit n�1, linked via a peptide bond to Thr14
(indicated by arrows). (B) Orientation of and interactions between three subunits in the CS1 filament models, colored as in panel A. (C) Top view of subunits n
and n�1 in the 1-start helix. The double-headed arrows indicate connectivity that would exist between Pro13 on the Nte bound to subunit n and Thr14 at the
N terminus of subunit n�1.
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they were mechanically sheared from E. coli cells. Yet Vibrio chol-
erae type IV pili are heterogeneous even without being subjected
to mechanical shearing (44), and Neisseria gonorrhoeae type IV pili
are not polymorphic although they were prepared by shearing
(45). Interestingly, the N. gonorrhoeae type IV pili were shown to
undergo a conformational change that exposed new epitopes
when force was applied (46). Filament polymorphism implies
structural plasticity, which would allow the pili to maintain
adherence to the host epithelium when subjected to high flow
forces. The ability of the filaments to alter their subunit orien-
tations and contacts may be explained by having (i) most con-
tacts mediated by flexible surface-exposed loops and (ii) an
extensible N terminus.

In addition to the filament polymorphism, we observed a more
dramatic structural perturbation of the CS1 pili that may provide
further flexibility for the filaments. A fraction of the pili in the
quick-freeze and deep-etch images appear to be partially un-
raveled at their ends, as well as within the filaments (Fig. 6). These
thin fibrillar segments likely represent sections where the axial
interactions between CooA subunits (i.e., between n�1 and n�2
in Fig. 5B) are disrupted but subunits remain associated via donor
strand complementation. Pilus unraveling has also been reported
for CFA/I, P pili, and type I pili (18, 20, 47, 48) and may thus
represent an important adaptation to stress for pili in the chaper-
one-usher family. Force measurements of CFA/I pili using optical
tweezers showed that unraveling occurs at relatively low forces
(49) compared to the forces required to unravel P pili and type 1
pili (50). These differences were explained by fewer layer-to-layer
interactions between subunits in consecutive turns of the CFA/I
filaments than was the case for those for P pili and type 1 pili (49).
The close similarity between the CS1 and CFA/I structures sug-
gests that CS1 pili may also unravel at low forces, consistent with
our observations of structural polymorphism. Importantly, un-
raveling of CFA/I, P pili, and type I pili is reversible, implying that
the pili can behave in a spring-like manner (18, 20, 47–49). To-
gether, pilus extensibility and reversible unraveling would provide
considerable pilus length variability while maintaining the struc-
tural integrity of the filament. These features are likely to be im-

portant to pathogenic E. coli in countering flow forces in the in-
testines and the urethra.

To our knowledge, this is the first report of structural hetero-
geneity for a pilus belonging to the chaperone-usher family. Most
likely, structural polymorphism and filament extensibility exist in
all members of this pilus family, where the filament structure is
determined by donor strand complementation as well as flexible
axial interactions between subunits. Such structural plasticity
would represent an important pathogenic adaptation for these
adhesive filaments and may also contribute to antigenic variability
and immune evasion.
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