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Background: The fimbrial tip adhesin CfaE comprises stacked adhesin and pilin domains.
Results: The CfaE adhesin domain mutation G168D loosens the interdomain interface and perturbs only the adjoining pilin

domain structure, yet alters CfakE adhesive properties.

Conclusion: The structure-function relationship of CfaE reveals an intimately coupled, bipartite molecular assembly.
Significance: These findings underscore the dynamic nature of host-pathogen interactions.

CfaE, the tip adhesin of enterotoxigenic Escherichia coli col-
onization factor antigen I fimbriae, initiates binding of this
enteropathogen to the small intestine. It comprises stacked
B-sandwich adhesin (AD) and pilin (PD) domains, with the
putative receptor-binding pocket at one pole and an equatorial
interdomain interface. CfaE binding to erythrocytes is enhanced
by application of moderate shear stress. A G168D replacement
along the AD facing the CfaE interdomain region was previously
shown to decrease the dependence on shear by increasing bind-
ing at lower shear forces. To elucidate the structural basis for
this functional change, we studied the properties of CfakE G168D
(with a self-complemented donor strand) and solved its crystal
structure at 2.6 A resolution. Compared with native CfaE, CfaE
G168D showed a downward shift in peak erythrocyte binding
under shear stress and greater binding under static conditions.
The thermal melting transition of CfaE G168D occurred 10 °C
below that of CfaE. Compared with CfaE, the atomic structure of
CfaE G168D revealed a 36% reduction in the buried surface area
at the interdomain interface. Despite the location of this single
modification in the AD, CfaE G168D exhibited structural
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derangements only in the adjoining PD compared with CfaE. In
molecular dynamics simulations, the G168D mutation was asso-
ciated with weakened interdomain interactions under tensile
force. Taken together, these findings indicate that the AD and
PD of CfaE are conformationally tightly coupled and support
the hypothesis that opening of the interface plays a critical mod-
ulatory role in the allosteric activation of CfaE.

Some cell surface proteins mediate attachment to other cells
or matrices, and certain of these adhesins are designed to sus-
tain attachments in the face of mechanical forces. Well studied
examples include mammalian carbohydrate-binding selectins
governing platelet and leukocyte interactions with the endothe-
lium (1-3) and the type 1 pilus adhesin FimH of uropathogenic
Escherichia coli, which attaches to the uroepithelium in a dis-
continuous flow environment (4). Studies of these systems have
been instructive in defining the allosteric mechanisms involved
in the formation of so-called catch bonds (2, 5), which
strengthen upon application of force. Preliminary studies of the
colonization factor antigen I (CFA/I)* fimbrial tip adhesin CfaE
of enterotoxigenic E. coli, an important cause of secretory diar-
rhea, indicate that it also exhibits catch bond-like adhesion
properties under shear stress (6).

FimH of E. coli type 1 pili was the first prokaryotic surface
protein shown to form stronger bonds under mechanical force
(4). Located distal to the bacterium atop heteropolymeric pilus
projections, FimH binds to mannosyl ligands (7, 8). Its atomic
structure features two adjoining Ig-like B-sandwich domains, a
proximal pilin domain (PD) connecting it to the pilus tip com-
plex, and a distal lectin domain with the mannose-binding
pocket at its upper pole (9). A comparison of the crystal struc-
ture of high- and low-affinity forms of FimH reveals remarkable

“The abbreviations used are: CFA/I, colonization factor antigen I; PD, pilin
domain; dscCfaE, donor strand complemented Cfak; AD, adhesin domain;
r.m.s.d., root mean square deviation.
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conformational differences and provides insights into the allos-
teric basis of catch bond formation (9, 10). Interdomain inter-
actions appear to regulate the switch from the low- to high-
affinity binding state (11, 12). Domain separation, either by
application of force or other means, causes elongation and
untwisting of the B-strands constituting the lectin domain
B-sandwich (10), which in turn constricts the binding pocket
and ensnares the ligand. This deformation explains the tenacity
of bacterial adhesion to the uroepithelium, countering the
forces generated by urine outflow.

Enterotoxigenic E. coli causes secretory diarrhea in humans
and livestock by adherence to and colonization of the small
intestinal mucosa and subsequent enterotoxin production.
CFA/I fimbriae represent an archetypal adhesive structure pur-
ported to bind to sialylated protein ligands on the human epi-
thelium while exposed to peristaltic forces (13, 14). CFA/I is
composed of CfaE, a tip-localized adhesin, noncovalently inter-
locked with a helical homopolymeric tract of CfaB pilin sub-
units through a donor B-strand exchange mechanism (13, 15,
16). Although the primary sequences of CfaE and the type 1
pilus adhesin FimH show nominal pairwise identity (12%), CfaE
assumes a cylindrical shape composed of an N-terminal adhe-
sin and C-terminal pilin B-sandwich domain with extensive
interdomain interactions (17), resembling the quaternary
structure of FimH. The putative ligand-binding pocket of CfaE
resides at the pole opposite to where it attaches to the fimbrial
stalk and is lined by three Arg residues, all required for binding
competence (15, 17, 18). Structure-function studies of CfaE
have been facilitated by development of an in cis donor strand
complemented CfaE (dscCfaE) variant, which is stabilized with
a C-terminal extension comprising a tetrapeptide linker fol-
lowed by its missing G (-strand, the latter normally being
donated in trans by a subjacent CfaB major fimbrial subunit
(17).

Both purified CFA/I fimbriae and dscCfaE display shear-en-
hanced binding to erythrocytes (6), a model cell substrate, by an
interaction consistent with catch bond formation. A Gly-to-
Asp mutation of adhesin domain (AD) residue 168, positioned
at the interdomain interface of CfaE, is purported to disrupt
four of the 17 interdomain hydrogen bonds (6, 17). Under con-
ditions of increasing flow, purified CFA/I fimbriae modified to
contain CfakE G168D show a pattern of erythrocyte interaction
characterized by a shift in activation to the high-affinity state at
a 10-fold lower shear stress than exhibited by native CFA/I (6).
Above this lowered shear threshold, binding gradually dimin-
ishes with the application of increasing force. This suggests
that, as with FimH, disruption of the CfaE interdomain inter-
face regulates binding behavior through distal effects on the
upper pole of the CfaE AD housing the ligand-binding pocket.

Given the differences in their host niches and the very distant
evolutionary relatedness of type 1 pili and CFA/I fimbriae, fur-
ther structure-function studies of CfaE promise to expand our
understanding of the repertoire of mechanisms by which pro-
teins mediate catch bond formation. Toward this end, we engi-
neered the dscCfakE G168D mutant and solved its crystal struc-
ture. Here, we report studies of the in vitro binding properties
and biophysical state of dscCfaE G168D, its atomic structure,
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and the results of steered molecular dynamics simulations with
application of force along the longitudinal axis of this protein.

EXPERIMENTAL PROCEDURES

Engineering and Purification of dscCfaE G168D and dscCfaE
C238S5/C3265S—The plasmids pET24-dsc,,CfaE G168D-His,
and pET24-dsc,,cfaE C238S/C326S-His, were constructed
using site-directed mutagenesis (QuikChange, Stratagene)
with pET24-dsc, ocfaE-His, as the template (15). Each of these
recombinant plasmids, which both include an in-frame C-ter-
minal hexahistidine affinity tag, was transformed into E. coli
BL21(DE3) for expression. Cell growth, induction, harvesting,
and lysis done as described previously for dscCfaE (15). The
lysate was centrifuged at 17,000 X g for 60 min at 4 °C, and the
supernatant was loaded onto a HisTrap FF column (GE Health-
care) pre-equilibrated with PBS (pH 7.4). Proteins were eluted
using a gradient to 300 mm imidazole over 20 column volumes.
Fractions containing target protein were ascertained by SDS-
PAGE analysis. These fractions were pooled and diluted 6-fold
with buffer containing 20 mm MES (pH 6.0) before loading onto
a HiTrap SP column (GE Healthcare). Bound proteins were
eluted using a gradient to 500 mm NaCl over 20 column vol-
umes. Fractions containing dsc,,CfakE G168D-His, (hereafter
referred to as dscCfakE G168D) were further purified by adding
ammonium sulfate to reach 20% saturation before loading onto
a phenyl-Sepharose column (GE Healthcare) pre-equilibrated
with buffer containing 40% ammonium sulfate and 20 mm Tris
(pH 7.7). The protein of interest was eluted using a gradient to
50 mm NaCl and 20 mm Tris (pH 7.7) over 20 column volumes.
Purified fractions of dscCfaE G168D were pooled and dialyzed
extensively against buffer containing 20 mm Tris (pH 7.7) and
100 mm NaCl. The genetic engineering and purification of
dscCfaE R181A and dscCfaE R67A were described previously
(15,17).

Crystallization, Data Collection, Phase Determination, and
Refinement of dscCfaE G168D Structure— dscCfakE G168D was
crystallized using the hanging drop vapor diffusion method at
15 °C. Initial crystallization screenings were performed with a
Mosquito automated solution dispenser (TTP LabTech) using
high-throughput screening kits from Hampton Research,
Molecular Dimensions, and Emerald BioStructures. The lead
conditions were reproduced and optimized with solutions pre-
pared in-house by mixing 1 ul of protein solution (4.4 mg/ml
dscCfaE G168D, 20 mm Tris (pH 7.7), and 100 mm NaCl) with 1
wl of reservoir solution (0.1 M sodium citrate (pH 5.8), 1.5 M
NaCl, 18% PEG 4000, and 50 mMm guanidine chloride). Each
drop was equilibrated against 500 wl of reservoir solution. The
dscCfaE G168D protein crystals grew to dimensions of 0.6 X
0.4 X 0.1 mm within 1 week. Addition of 30% ethylene glycol
was used for cryoprotection. The x-ray diffraction data sets
were collected at the Southeast Regional Collaborative Access
Team (SER-CAT) beamline at the Advanced Photon Source of
the Argonne National Laboratory with a MAR 300 CCD detec-
tor. The raw diffraction patterns were indexed, integrated, and
scaled using the HKL2000 package (19). The structure was
solved by molecular replacement using dscCfaE (Protein Data
Bank code 2HBO, chain A) as a phasing template in MOLREP of
the CCP4 package (20). The model was refined in REFMAC
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(21) with 2-fold non-crystallographic symmetry restraints
applied and remodeled in Coot (22).

Circular Dichroism Spectroscopy—All samples were pre-
pared at 0.1 mg/ml in 20 mMm phosphate (pH 6.1). The thermal
denaturation was monitored at 217 nm as the temperature was
increased at rate of 80 °C/h. All experiments were performed in
a Jasco J-815 CD spectrometer with a 0.1-cm cuvette.

Erythrocyte Adherence Assay—Dynamic flow chamber assays
were performed as described previously (6). To assess erythro-
cyte binding under static conditions, proteins were adsorbed to
wells on a 96-well microtiter plate with 100 ul of dscCfaE,
dscCfaE G168D, dscCfaE R67A, and dscCfaE R181A at 10, 25,
and 50 pg/ml. Each condition was run in duplicate. After incu-
bation at 37 °C for 1 h, the plate was washed three times with
250 ul of PBS. Each well was then blocked by addition of 200 ul
of PBS with 0.1% (w/v) BSA at 37 °C for 1 h. After washing the
plate three times, prewashed bovine erythrocytes were resus-
pended at 0.05% (v/v) using PBS (pH 7.4) with 0.5% mannose,
and 100 pl of suspension was added per well. After incubation
at 37 °C for 1 h, plates were washed three times, and cell disso-
ciation buffer (50 ul/well) was added to release bound erythro-
cytes. The number of bound erythrocytes was counted using
either a hemocytometer or a Countess cell counter (Invitro-
gen). Each assay was performed three times. Graphical displays
were prepared using GraphPad Prism 5.

ELISA—Proteins were coated on a 96-well microtiter plate
with 100 ul of dscCfaE, dscCfaE G168D, dscCfaE R67A, and
dscCfaE R181A at 2 pg/ml. Each condition was run in dupli-
cate. After incubation at 37 °C for 1 h, the plate was washed
three times with 250 ul of PBS. Each well was then blocked by
addition of 250 ul of PBS with 5% (v/v) fetal calf serum at 37 °C
for 1 h. After washing three times with 250 ul of PBS with 0.05%
Tween 20 (PBST), each well was incubated at 37 °C for 1 h with
100 ul of mouse monoclonal antibody P10A7 in a series of
10-fold dilutions. The plate was washed five times with 250 ul
of PBST, and each well was incubated at 25 °C for 1 h with 100
wl of horseradish peroxidase-conjugated goat anti-mouse sec-
ondary antibodies. After washing three times with 250 ul of
PBST, each well was incubated at 25 °C for 20 min with 100 ul of
o-phenylenediamine substrates. Absorbances were measured
by a plate reader at 450 nm.

Molecular Dynamics Simulations of dscCfaE and dscCfaE
G168D under Tensile Force—The dscCfaE (Protein Data Bank
2HBO, chain A) and dscCfaE G168D chain A structures were
used to perform molecular dynamics simulations in the pro-
gram NAMD?2 (23) using CHARMM (24), all-hydrogen force
field PARAM?22 (25), and the TIP3P water model. The proteins
were aligned with the longest dimension parallel to the x axis
and solvated in a rectangular water box (135 X 80 X 80 A%)
containing 150 mm NaCl, resulting in a system with a total of
~80,000 atoms. Standard protocols for the non-bonded inter-
actions, temperature, and pressure were described previously
(26). For each of the proteins, three 10-ns-long simulations
were performed at 27 °C to equilibrate their structures. The
conformations obtained at the end of the equilibration runs
were resolvated into a rectangular water box (170 X 65 X 65 A3)
to accommodate the extension due to pulling. A constant pull-
ing force was applied at the center of mass of Arg-67, Arg-181,
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FIGURE 1. Erythrocyte binding. A, bovine erythrocytes bound to native CFA/I
fimbriae and fimbriae with the CfaE G168D mutation under shear stress.
B, human erythrocytes bound to recombinant dscCfaE G168D under shear
stress. C, erythrocytes bound more strongly to dscCfakE G168D than dscCfaE
under static conditions. dscCfakE R67A and dscCfakE R181A served as negative
controls and are known to abolish erythrocyte binding. Experiments were
reproduced three times, and results from a representative experiment are
shown. Error bars represent S.D. of bound erythrocytes.

10 ug/ml

and Arg-182 through a virtual spring with a stiffness of 140
piconewtons/A and a velocity of 2 A/ns while the C terminus of
the protein was anchored. The pulling simulations were
stopped after complete separation of the domains.

RESULTS

Functional Impact of Mutation G168D in CfaE—The effects
of the G168D mutation in CfaE on erythrocyte adherence were
assessed in both a dynamic and static binding assay. In the
dynamic flow chamber assay, CFA/I fimbriae harboring CfaE
G168D showed a shift in the point of inflection from shear
enhancement to shear inhibition to a shear stress level that was
lower than that of native CFA/I (Fig. 1A4) (6). Restricting our
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FIGURE 2. Monoclonal antibody P10A7 ELISA of different dscCfaE
mutants. Error bars represent S.D. of absorbance readings.

field of view to the tip-localized minor subunit of CFA/I, we
studied the recombinant dscCfaE protein and the modified
derivative dscCfaE G168D. In the same dynamic assay, dscCfaE
G168D showed inflection at a similarly low-shear stress value
(Fig. 1B), suggesting that this effect is specifically attributable to
the G168D mutation. In a static erythrocyte binding assay,
dscCfaE G168D exhibited significantly higher binding than
dscCfaE over a range of adhesin concentrations from 10 to 50
pg/ml (Fig. 1C), a finding predicted by the dynamic binding
assay by extrapolation to the point of no shear stress. dscCfaE
proteins with point mutations in either of two Arg residues
(R67A and R181A) in the putative receptor-binding domain
were run as controls in this assay, and each showed nominal
binding under static conditions (Fig. 1C).

Reactivity of dscCfaE and dscCfaE G168D to a Receptor-bind-
ing Pocket-specific Monoclonal Antibody—As determined by
ELISA, monoclonal antibody P10A7 exhibited binding to
dscCfaE but not to either of the two proteins with a point muta-
tion of Arg-67 (dscCfaE R67A) or Arg-181 (dscCfaE R181A)
(Fig. 2). This indicates that the binding epitope of P10A7 over-
laps the Arg-rich receptor-binding pocket at the upper pole of
CfaE. Consequently, we used this monoclonal antibody as an
immunological probe to detect conformational shifts of the
Arg-67 and Arg-181 side chains in the structure of dscCfaE
G168D. In fact, the reactivity of P10A7 was similar for
dscCfaE and dscCfaE G168D (Fig. 2). This finding predicts that
dscCfaE G168D shares the same conformational epitope in the
neighborhood of the receptor-binding pocket in solution.

Thermal Stability of dscCfaE G168D—As monitored by CD
spectroscopy, the melting temperature of dscCfakE G168D is
61 °C, which is 10 °C lower than that of dscCfaE (Fig. 3). Hence,
disturbance of the interdomain interface by the G168D modi-
fication of dscCfaE results in an appreciable decrease in
thermostability.

Determination of the X-ray Crystal Structure of dscCfaE
G168D—To elucidate the structural basis for the observed
functional and biophysical differences between dscCfakE G168D
and dscCfaE, we determined the crystal structure of dscCfaE
G168D (Protein Data Bank code 3VAC). dscCfakE G168D was
purified to homogeneity and crystallized. The structure was
determined by molecular replacement using dscCfaE (Protein
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FIGURE 3. Thermal stability of dscCfakE and dscCfaE G168D. The melting
temperatures of dscCfak and dscCfak G168D were measured by monitoring
the secondary structure changes during heating. mdeg, millidegrees.

TABLE 1

Statistics of the x-ray diffraction data set and refinement of the
dscCfaE G168D structure

dscCfaE G168D

Data statistics

Wavelength (A) 0.97856
Space group C2
Cell dimensions
alblc (A) 104.06/126.36/78.70
B ) 100.49°
Resolution (A) 50-2.6
No. of unique reflections 30,301
e 0.095 (0.310)"
Completeness (%) 98.4(89.1)
Redundancy 3.6 (2.4)
(Tl 13.0 (2.2)
Refinement statistics
work 0.184
0.234
No. of residues 712
No. of protein atoms 5536
No. of non-protein atoms 249
Wilson B factor (A?) 38
Mean B factor (A?) ) 40
r.m.s.d. bond length (A) 0.017
r.m.s.d. bond angle 1.712°
Ramachandran plot (%)*
Favored 97.3
Allowed 2.7
Disallowed 0
@ Rierge is defined as 3|1, , — (I,)|/21, ;, where I, is the intensity for the ith ob-

servation of a reflection with Miller index /4, and (I, is the mean intensity for all
measured values of [,

» Numbers in parentheses are for the outer resolution shell (2.69-2.60 A).

¢ 5% of total reflections were set aside randomly for the Ry, calculation.

4 Ramachandran plot was calculated by MolProbity (30, 31).

Data Bank code 2HBO0) as a model and refined to 2.6 A resolu-
tion. The data set and refinement statistics are shown in Table
1. Two dscCfaE G168D molecules (chains A and B) are present
in one asymmetric unit and are arranged in a head-to-tail ori-
entation (Fig. 44). dscCfaE G168D chain A has 350 residues
visible in the electron density map from Ala-23 to Thr-372,
whereas chain B has 354 visible residues from Ala-23 to Asp-
376. Approximately 250 water molecules were modeled in the
structure. Of the 19 residues composing the extension peptide
at the C terminus, only the first 14 residues were modeled for
both chains A and B. The modified Asp-168 residue is clearly
seen in both chains (supplemental Fig. S1). Chains A and B of
dscCfaE G168D are almost identical, with a root mean square
deviation (r.m.s.d.) of 0.321 A (between 350 Cax atoms).
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FIGURE 4. A, two dscCfakE G168D molecules (yellow and red) are present in one
asymmetric unit in the crystal structure. The donor strands are highlighted in
cyan. B, superposition of chain A from both the dscCfak (blue) and dscCfak
G168D (yellow) structures. The side chains of three arginines (Arg-67, Arg-181,
and Arg-182) are shown in ball and stick.

TABLE 2
Interdomain interface analysis as measured by buried surface area,

hydrogen bonds, and joint and twisting angles between the AD
and PD

Buried Hydrogen Joint Twisting
Subunit Domains surface area  bonds”  angle” angle®
dscCfaE G168D  AD-PD  444A2 16 (6) 163.4°  164.8°
chain A .
dscCfaE chain A AD-PD  692A2 23 (9) 172.6°  169.5°

“ Direct hydrogen bonds (in parentheses) and indirect hydrogen bonds mediated
by one water molecule between two domains were counted.

? The joint angle between the AD and PD is defined between the longest inertial
vectors of each domain.

¢ The twisting angle between AD and PD is based on the transformation matrix
obtained from structural alignment between domains that share a common in-
terface. The angle represents a rotation in polar space around an axis to bring
two domains into superposition.

Comparison of dscCfaE G168D and dscCfaE Structures—Be-
cause both dscCfaE and dscCfaE G168D have two protein
chains in one asymmetric unit that display virtually identical
structures, we selected chain A from both structures for com-
parison. The r.m.s.d. of the Ca atoms in dscCfaE G168D chain
A and dscCfaE chain A is 1.879 A (350 atoms). There are no
significant structural changes observed between the N-termi-
nal ADs of these two proteins, inasmuch as the r.m.s.d. of these
two domains is 0.386 A (178 atoms). The three critical Arg
residues (Arg-67, Arg-181, and Arg-182) in the AD of both
structures are superimposable (Fig. 4B). However, the interdo-
main G168D mutation did result in spatial rearrangements in
the PD (r.m.s.d. of 1.403 A between 172 atoms) and also at the
interface. Not unexpectedly, the buried surface area at the
AD-PD interface of dscCfaE G168D was 36% lower than that of
dscCfaE, and the number of direct hydrogen bonds at the inter-
face of dscCfaE G168D was reduced by 33% (Table 2 and
supplemental Fig. S2).

Comparing the overall orientation between the ADs and PDs
of dscCfaE and dscCfaE G168D, the joint angle is smaller (9°
difference) and the twisting angle is lower (5° difference) for
dscCfaE G168D (Table 2) (16). These changes in AD-PD twist-
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ing and bending angles in dscCfaE G168D result from a cascade
of shifts in the position of the PD B-strands occurring with the
introduction of Asp at position 168. This modification results in
displacement of the Phe-167 and Arg-41 side chains from their
original positions (i.e. in the dscCfaE structure) (Fig. 5, A and B,
and supplemental Table S1). In turn, their displaced locations
clash with Val-322 and Pro-318 in the loop between the D" and
E strands in the PD, resulting in a nearly 90° flip in the D"”’-E loop
(Fig. 5, C and D, and supplemental Table S1). In turn, Arg-311,
Ile-312, and Thr-313 in the reoriented D"-E loop of dscCfaE
G168D clash with the original location of Trp-207, resulting in
displacement of Leu-208 and Pro-209 in the A-A’ loop and
shifting of the A’ strand by 3 A.

The PD B-strand shifts in dscCfaE G168D are also associated
with an increase in the distance between the two sulfur atoms in
Cys-238 and Cys-326 located within the PD (from 2.04 A in
dscCfaE to 3.58 A in dscCfaE G168D) (supplemental Fig. S3, A
and B), disrupting the native disulfide bonding of these two
residues, which interlink the B and E strands in the CfaE PD
structure. To determine whether breakage of this disulfide
bond results in the change in thermostability of dscCfaE
G168D, we genetically engineered and purified the double
mutant dscCfakE C238S/C326S. The thermal melting point of
this variant as monitored by CD spectroscopy is 68 °C. Hence,
the 10° drop in thermal melting of dscCfaE G168D (see Fig. 3) is
only partially attributable to breakage of this bond.

Steered Molecular Dynamics Simulation of dscCfaE and
dscCfaE G168D under Tensile Force—The experimental find-
ings show that the G168D mutation in CfaE results in increased
erythrocyte binding under low-shear or static conditions, cor-
responding to structural alterations that loosen the interdo-
main interface and alter 3-strand packing in the PD but not the
AD. Taking this all into account, we hypothesized that this
mutation decreases the threshold for complete disarticulation
of the AD and PD, which is thought to trigger conformational
changes in the ligand-binding domain that toggle it from a low-
to high-affinity binding state. To test this hypothesis, we per-
formed molecular dynamics simulations of dscCfaE and
dscCfaE G168D in which the center of mass of the putative
receptor-binding region in the AD was pulled away from the C
terminus of the PD (see “Experimental Procedures”). Because
allosterically induced conformational changes in the backbone
are not expected to occur in the time scale accessible to molec-
ular dynamics simulations, the analysis presented here focuses
on the separation event between the two domains (Fig. 64). The
mean rupture force required to separate the AD and PD was
60% lower for dscCfaE G168D (659 piconewtons) than for
dscCfaE (1048 piconewtons) (p < 0.07) (Fig. 6B). The mean
rupture time for dscCfaE G168D (4.683 ns) was 75% shorter
(p <0.02) than the rupture time for dscCfaE (8.224 ns) (Fig. 6B).
These results suggest that, under tensile force, the AD in
dscCfaE G168D more readily separates from the PD than it
does in dscCfaE.

DISCUSSION

The functional, biophysical, structural, and molecular
dynamics computational studies of dscCfaE G168D presented
here reveal the properties of a molecule whose interdomain
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dscCfaE

dscCfaE/G168D

FIGURE 5. Structural comparison of the interdomain interface of dscCfakE and dscCfakE G168D. A, dscCfaE (blue). B, dscCfakE G168D (yellow). Mutation G168D
at the interface caused the steric clashes and reorientation of the highlighted residues. C, dscCfaE (blue). D, dscCfakE G168D (yellow). Reorganization of the
cascade of the B-strands in the PD started at the loop between the D" and E strands. The E strand in the PD started at Ser-321 in the dscCfak G168D structure

instead of Val-324 as in the dscCfaE structure.

interface has been partially pried open by insertion of a residue
that carries a bulky side chain and breaks several of the hydro-
gen bonds between the CfaE AD and PD normally formed by
the native Gly-168 residue . This modification results in incom-
plete separation of the domains, impacting its biophysical state
as evidenced by a distinct decrease in thermostability. Structur-
ally, there is a diminution in the buried surface area between the
two domains, moderate structural shifts in the arrangement of
loops and strands in the PD B-sandwich structure, and a small
decrease in the joint angle between the AD and PD. There is,
however, virtually no conformational disturbance of the AD
core or of the apical loops that form its ligand-binding pocket.
That this point mutation on the AD interdomain face results
largely in structural rearrangements of the adjoining PD illus-
trates the intimate connectivity of these two domains. The
functional consequence of the G168D modification is a down-
ward shift in the force required for shear-enhanced binding of
CfaE to erythrocytes and increased erythrocyte binding under
static conditions. Taken together with the pulling simulations
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showing a lower resistance against complete separation of the
AD and PD, we postulate that the crystal structure of dscCfaE
G168D represents an intermediate state, which facilitates the
transition to a high-affinity binding state more easily than the
native state in dscCfaE.

The structure of dscCfaE G168D is distinct from the two
conformational states that have been reported for the most
closely studied catch bond adhesins, FimH (9, 10) and P-selec-
tin (1), in that it exhibits partial disruption of the interdomain
interface. Generally, the known structures of FimH and P-se-
lectin fall into one of two different conformations: an extended
conformation with complete separation between the lectin and
subjacent PD (FimH) or EGF domain (P-selectin), which exhib-
its high-affinity ligand binding (1, 9), and a compressed confor-
mation featuring contact between the two domains, which
exhibits low-affinity ligand binding (10, 27). Although FimH
mutants with structural mutations that partially disrupt the
interdomain interface have been shown to increase mannose
binding, the corresponding crystal structures have not been
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FIGURE 6. Molecular dynamics simulations of dscCfaE and dscCfakE G168D. A, time series of the applied tensile force during the pulling trajectories. The solid
lines show the pulling forces averaged over a 200-ps time window. The vertical dashed lines and dotted lines indicate the time points at which the two domains
ruptured and completely separated, respectively. Complete separation is defined as the time point at which all hydrogen bonds, which were persistent in the
equilibration runs (supplemental Fig. S2), were broken and did not reform for the rest of the run (supplemental Figs. S4 and S5). The simulations were repeated
three times for each protein. B, statistical analysis (one-tailed Student'’s t test) of the rupture force (the highest force measured before complete separation of
the domains) and rupture time (time point of the rupture force) during separation of the two domains of dscCfak and dscCfak G168D. pN, piconewtons.

solved (11). Two previously reported CfaE structures are of
variants in which the adhesin has been stabilized by in cis donor
strand complementation, namely dscCfaE and dscCfaEB (16,
17). The two-domain CfaE structure in each of these molecules
is superimposable (r.m.s.d. of 0.77 A), with each showing highly
conserved interdomain interactions and a large buried surface
area (700 A?). Functional analysis of dscCfaE indicates that it
exhibits low-affinity binding to erythrocytes under static or
low-shear conditions but can switch to a high-affinity binding
state under moderate shear stress (6). The dscCfaE G168D
interface mutant exhibits stronger binding to erythrocytes
under static or low-shear conditions, as shown in this and pre-
vious work (6). Other CfaE interface mutations designed to dis-
rupt interdomain interactions, namely CfaE S244N, or to dis-
rupt the secondary structure of the 3/10-helical interdomain
linker, CfaE K201P, have been shown to increase erythrocyte
binding of derivative fimbriae at low shear or to increase bacte-
rial binding to Caco-2 intestine-derived tissue culture cells
under static conditions (6). We hypothesize that the structure
of the dscCfaE G168D mutant is intermediary between the low-
and high-affinity allosteric forms, to which the addition of
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ligand results in a more ready conversion to the high-affinity
state than is observed with native CfaE. Consistent with this is
our observation that lower shear stress forces are required to
enhance binding of CFA/I fimbriae containing CfaE G168D
compared with native CfaE. Furthermore, we postulate that
CfaE G168D is precluded from assuming the low-affinity con-
formation that is associated with complete engagement of the
interdomain surfaces due to the physical wedge effect of the
bulky side chain of Asp-168, which essentially stabilizes what
may otherwise represent an unstable intermediate state for
native CfaE that occurs transiently in the switch from low- to
high-affinity conformation.

Although the findings presented here support the notion that
the interdomain interface of CfaE, like that of the other catch
bond-forming adhesins FimH and P-selectin, modulates adhe-
sive function, they provide only circumstantial support for a
proposed allosteric mechanism. Indeed, if the dscCfakE G168D
structure represents an intermediate allosteric form of the
adhesin, then more convincing evidence for this mechanism
will require solving the structure of a high-affinity allosteric
form. Evidence exists to implicate a sialylated glycoprotein as
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the intestinal receptor for CFA/I fimbriae (14), which presum-
ably interacts with CfaE at its arginine-rich binding pocket. The
identification of a sialic acid-containing ligand and its co-crys-
tallization with dscCfaE or dscCfaE G168D might reveal this
hypothetical high-affinity allosteric form of the adhesin. With-
out such proof, it is worth considering alternative explanations
for our findings. One possibility is that the G168D modification
in CfaE unmasks a second erythrocyte-binding site that exhibits
shear-enhanced binding with a lower shear threshold for con-
version from catch-to-slip bond formation. One might reason
that such an unmasked binding site would be localized to the
CfaE PD because the structural differences between dscCfaE
and dscCfaE G168D are largely confined to this domain. Evi-
dence against this alternative is the finding that point mutations
in any one of the three Arg residues that line the ligand-binding
pocket at the apex of the CfaE AD abolish erythrocyte aggluti-
nation by the resulting CFA/I-expressing bacteria (17).
Another possibility is that the G168D modification results in a
change in orientation of the CfaE AD and PD such that it favors
multiple simultaneous binding events to erythrocytes by fim-
briae or adhesins, as presented in the flow chamber apparatus
used here, or by extrapolation to binding of bacteria to the
intestinal tract in nature. A theoretical framework has recently
been presented whereby multi-fimbriated bacteria that indi-
vidually bind via slip bonds can exhibit catch bond behavior
when working in aggregate (28). However, this does not
match well with the minor changes in AD-PD joint and
twisting angle orientation, nor does it explain the marked
increase in erythrocyte binding of dscCfaE G168D over
dscCfaE under static conditions.

The findings presented here and previously (6) suggest that
the CfaE interdomain interface plays a role in modulating the
function of the distal ligand-binding pocket at the apex of the
CfaE AD. Moreover, this is a concept for which there is strong
experimental proof for the related bacterial adhesin FimH, as
well as other biologically important adhesins. At first glance,
however, the juxtaposition of this concept with our finding that
the G168D modification in CfaE perturbs the conformation of
the PD rather than that of the AD seems counterintuitive. That
is to say that the G168D modification leads to an increase in
erythrocyte binding to the AD, yet it results in observable struc-
tural changes only in the 3-strand and loop structure of the PD.
This seeming inconsistency is an indicator of the crudeness of
our current understanding of the structure-function relation-
ship of the CfaE adhesin and a reminder that this tip-localized
protein serves as one working part of CFA/I fimbriae, a poly-
meric surface organelle that functions as a complex biomachine
promoting epithelial adherence (16). In the intestinal environ-
ment, enterotoxigenic E. coli CFA/I bacteria travel from the
mouth into the small intestine, streaming via mechanical pro-
pulsive forces generated by patterned contractions in the
smooth muscle wall of this tract. Initial bacterial attachments to
the epithelial surface presumably occur via specific CfaE-glyco-
protein receptor-ligand interactions (18). Continued peristaltic
activity places hydrodynamic drag forces on the bacterium,
with transduction of that force through the fimbrial stalk from
base to tip, where shear stress is then exerted upon the recep-
tor-ligand interaction. It has recently been shown that the
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CFA/Ifimbrial stalk can absorb some level of external mechan-
ical forces by reversible unwinding of its helically arranged
major subunits (29), providing some dampening effect on the
forces exerted on the CfaE-ligand bond. For significant drag
forces on the bacterium that transduce to CfaE, it would be
reasonable to postulate that, in an allosteric model of CfaE
catch bond formation, a cascade of events would begin with
conformational changes in the PD, the nature of which may
mimic the changes we have observed in dscCfakE G168D. With
transduction of sufficient force, this would be followed by com-
plete separation of the AD and PD, passing through the nor-
mally unstable intermediate of partial separation that we have
visualized in the structure of dscCfakE G168D. Extrapolating
from experimental findings with FimH, the ultimate effects of
this mechanical force would be to alter the conformation of the
AD, with these allosteric changes leading from a low- to high-
affinity conformation of the ligand-binding pocket, strengthen-
ing the bond and resisting dislodgment.

In summary, we propose that dscCfaE G168D displays an
allosteric form of CfaE that is intermediate between its low- and
high-affinity binding states and that more readily assumes
the high-affinity allosteric form with engagement of its cognate
ligand under static or low-shear conditions. Further evidence
for this model would come from determination of the structure
of dscCfaE G168D bound to a suitable ligand. We expect that
these structures may also reveal the structural sectors that
interconnect the interdomain interface and the outer loops of
the AD surrounding the ligand-binding pocket.
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