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Background: The bacterial adhesin FimH is allosterically regulated.
Results: Mutations designed to control the allosteric state of the protein created low or high affinity variants as predicted.
Conclusion: Three regulatory regions are strongly coupled together, whereas the active site is more weakly coupled to those

regions.

Significance: Allosteric regulation can be used to develop antiadhesive therapies for bacterial infections.

The protein FimH is expressed by the majority of commensal
and uropathogenic strains of Escherichia coli on the tips of type
1 fimbriae and mediates adhesion via a catch bond to its ligand
mannose. Crystal structures of FimH show an allosteric confor-
mational change, but it remains unclear whether all of the
observed structural differences are part of the allosteric mecha-
nism. Here we use the protein structural analysis tool Rosetta-
Design combined with human insight to identify and synthesize
10 mutations in four regions that we predicted would stabilize
one of the conformations of that region. The function of each
variant was characterized by measuring binding to the ligand
mannose, whereas the allosteric state was determined using a
conformation-specific monoclonal antibody. These studies
demonstrated that each region investigated was indeed part of
the FimH allosteric mechanism. However, the studies strongly
suggested that some regions were more tightly coupled to man-
nose binding and others to antibody binding. In addition, we
identified many FimH variants that appear locked in the low
affinity state. Knowledge of regulatory sites outside the active
and effector sites as well as the ability to make FimH variants
locked in the low affinity state may be crucial to the future devel-
opment of novel antiadhesive and antimicrobial therapies using
allosteric regulation to inhibit FimH.

The most common bacteria associated with urinary tract
infections are uropathogenic strains of Escherichia coli (1).
Antimicrobial drugs used to treat urinary tract infections are
becoming increasingly less effective due to an increase in drug
resistant E. coli (2—4). Recently, research efforts have been
focused on preventing bacterial adhesion and, therefore, colo-
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nization in the urinary tract through the use of antiadhesive
therapies. The protein FimH, expressed by the majority of com-
mensal and uropathogenic strains of E. coli on the tips of type 1
fimbriae, mediates adhesion and forms receptor-ligand bonds
with terminal mannosyl residues on the surface of uroepithelial
cells, intestinal epithelial cells, red blood cells, neutrophils, and
yeast (5). Current antiadhesive therapies targeted at FimH
include ligand-like inhibitors or vaccines. For the former, the
complexity of both the carbohydrate environment iz vivo and
mechanics of bacterial adhesion has posed concerns for devel-
oping a successful competitive inhibitor (6, 7). Several studies
using FimH to immunize various animal models have shown
protection against an E. coli infection, making FimH a major
target in the development of vaccine against urinary tract infec-
tions. Nevertheless there still exists no Food and Drug Admin-
istration approved vaccine on the market for humans (8, 9).
These observations suggest a need to understand the mecha-
nism of FimH adhesion and how it is regulated to guide devel-
opment of an effective therapy.

FimH has two domains: a lectin or mannose binding domain
and a pilin domain that anchors FimH to the fimbriae. Whereas
most receptor-ligand interactions dissociate under force or
high flow conditions, FimH increases association under
increasing tensile mechanical force. This phenomenon is
known as a “catch bond.” Mechanical activation of FimH has
been demonstrated to result when tensile mechanical force
switches FimH from a state with low affinity for mannose to one
with high (10) (see Fig. 1). This switch occurs because the pilin
domain is an allosteric autoinhibitor of the lectin domain until
it is pulled away by mechanical force. Tchesnokova et al. (32)
points out that although antibody therapy development is an
alternative to antibiotic treatment of bacterial infections, the
antibodies raised against FimH stabilized the high affinity con-
formation of the adhesin and actually enhanced bacterial adhe-
sion to uroepithelial cells. An alternative strategy for preventing
bacterial adhesion is thus to develop allosteric inhibitors or
antibodies that stabilize the low affinity state. To our knowl-
edge, an allosteric antiadhesive that targets the low affinity state
of FimH has never been reported. Characterization of the low
affinity conformation may provide the means to develop a suc-
cessful allosteric inhibitor or antibody.
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FIGURE 1. Crystal structures of the low affinity (PDB ID 3jwn) (A) and high
affinity (PDB ID 1uwf) (B) lectin domains. Regions involved in the allosteric
pathway are colored and labeled. Pink-colored spheres in the interdomain
loops indicate the Ca atoms of the mAb21 epitope.

To design an antiadhesive therapy that targets the low affin-
ity state of FimH, it is necessary to understand the structural
basis of the allosteric switch between the low and high affinity
states. FimH undergoes a “B-sheet twisting” mechanism where
the B-sheet is twisted more in the low affinity than in the high
affinity structure (10). FimH is still the only example in which
an allosteric conformational change propagates across a
B-sheet, so the mechanism of this propagation remains poorly
understood. The three loops of the interdomain region, which
directly contacts the effector (the pilin domain), all dramatically
changed structure (Fig. 1), and at least some of these changes
were shown to be due to the interaction with the pilin domain
(10). On the other end of the B-sheets, the active site also
changed between the two conformations. The mannose bind-
ing pocket in the low affinity structure was >3 A wider and had
lost three stabilizing backbone hydrogen bonds, making it
looser than in the high affinity state. This change was caused by
the presence of the pilin domain rather than by the absence of
mannose in the structure (10). Thus, the existence of a thermo-
dynamic connection between the effector and active sites has
been demonstrated.

However, three additional regions also undergo conforma-
tional changes in the existing crystal structures but do not con-
tact the effector or ligand. First, a short segment that is part of
the B5-strand in the high affinity crystal structure bulges out
into aloop region in the low affinity structure, which is referred
to as the B-bulge. Second, a single-turn a-helix in the high affin-
ity structure becomes a 3,,-helix in the low affinity structure,
which is referred to as the a-switch. Third, the “pocket zipper”
beneath the mannose binding pocket changes conformation
with the breaking of hydrogen bonds. These regions are not
part of the sites that contact either the effector pilin domain or
the ligand mannose, nor do they form a complete pathway
between these two sites. It remains unclear whether these
structural differences are also associated with the allosteric
conformational change, as they could also be caused by differ-
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ences in primary structure, as residues 27, 70, and 78 differ
between the two crystallized proteins and are in or nearby the
B-bulge and a-switch, or to different crystallization conditions,
as the low affinity structure was crystallized in 3 M salt,
whereas the high affinity structures were not. Moreover, some
changes in the mannose binding pocket are ligand-induced
(11), whereas others are associated with the allosteric switch
(10), so it cannot be assumed that all conformational changes in
or near the pocket are coupled to the allosteric mechanism. To
obtain a better understanding of how conformational changes
can propagate across a 3-sheet, we need to determine whether
or not these regions are part to the allosteric mechanism.

Furthermore, although kinetic data indicate the presence of
two distinct bound conformations of the FimH-mannose bond
(10, 12), the structure we refer to as “low affinity” was not crys-
tallized with mannose and may not be competent of binding
mannose at all. This means that the structure of the lower
affinity-bound conformation remains unknown. A better
understanding of which regions are involved in the allosteric
mechanism might develop testable hypotheses about the low
affinity-bound structure.

In this study we used visual inspection and the protein struc-
tural analysis tool RosettaDesign (13) to identify at least one
mutation in each of four regions of the lectin domain that we
predicted would stabilize the low or high affinity state if the
conformation of this region were connected to the allosteric
switch. The mutations were introduced using site-directed
mutagenesis to create 10 new variants that would together test
whether each region was involved in allosteric control. The
binding function of each variant was characterized by meas-
uring binding to mannosyl and oligomannosyl surfaces under
static binding conditions. An enzyme-linked immunosorbent
assay (ELISA) was used to elucidate each variant’s conforma-
tion. These studies elucidate which regions are involved in the
allosteric mechanism of FimH. The resulting low affinity vari-
ants provide tools for future fundamental FimH biophysics
studies and establish a structural map of regulatory hotspots
that can serve as targets for allosteric inhibitors or as vaccines.

EXPERIMENTAL PROCEDURES

Software—Images of protein structures were generated using
PyMOL (14). The RosettaDesign source code is available with-
out charge for academic users from RosettaCommons. The
MODIP server may be reached free of charge at DSDBASE. The
programs CHARMM (15) and NAMD (16) were used to set up
and run the MD simulations.

RosettaDesign—Starting coordinates for the lectin domain
structure were taken from the Protein Data Bank (PDB) (17)
(PDB IDs 1uwf (chain A) and 3jwn (chain H) for the high and
low affinity states, respectively). The crystal structures of the
lectin domain have been solved with proteins from slightly dif-
ferent genetic backgrounds: the high and low affinity state from
the K12 and KB91 background, respectively (3 amino acid
changes at 27, 70, and 78). Models were created for both par-
ent strain backgrounds. Computational mutations were
made by eliminating side chain atoms beyond the C; atom
and allowing Rosetta to rebuild the side chains according to
ideal bond lengths and angles. Finally, the side chain posi-
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tions of the substitutions were optimized through repacking
and rotamer trials (18), and the entire structure (all atoms)
was minimized by optimizing the energy of the backbone and
side chains.

After repacking and minimization of the crystal structure,
each of the 20 naturally occurring amino acids was substituted
and scored at each sequence position in the regions of the
pocket zipper (Phe-1-Ile-11), clamp loop (Gly-8-Gly-16),
B-bulge (GIn-59-Ser-63), a-switch (Tyr-64—Phe-71), and
interdomain loops (Ala-25-Leu-34, Pro-111-Ala-119, Asn-
152-Thr-158). Side chain conformations were selected from
the backbone-dependent rotamer library (19) generated from
statistics of side chain conformers observed in structures found
in the PDB. The backbone coordinates remained fixed, whereas
the side chain identity (and position) was varied. Only one posi-
tion was varied at a time, and each substitution was optimized
for the local environment (all residues within 8 A of the C gatom
(C, atom for glycine) of the original change were repacked).
Each computational substitution was scored using the Rosetta
all-atom energy function, which consists of a linear combina-
tion of the following terms: (i) Lennard-Jones attractive and
repulsive, (ii) hydrogen bonding (20), (iii) solvation (21), (iv)
statistical term (“pair”) that approximates electrostatics and
disulfide bonds, (v) statistical term (“rot”) that estimates the
backbone-dependent internal free energies of the rotamers, (vi)
reference values for each amino acid that estimates the free
energy of the denatured state. The energy difference from a
substitution (AG = G, Gild type) Was computed for each
state, and the difference between states was determined
(AAG = AG4, affinity — AGhigh atfinity)- Because the goal was to
find mutations that stabilize the low affinity conformation rel-
ative to the high affinity state, AAG was arranged so negative
values reflect a bias toward the low affinity state. AAG score
units between —5 and +8 correlate to experimentally measured
AAG values with 1 score unit ~ 1.75 kcal/mol (22). Score units
are thus multiplied by 1.75 to provide predictions in kcal/mol.
However, large magnitude scores usually arise from atomic
clashes that are not resolved in the available computational
sampling, so these are referred to as “<—5 kcal/mol” or “>+5
kcal/mol.” Mutations predicted by Rosetta to favor the low ver-
sus the high affinity structure were tested experimentally.
Other mutations were chosen based on structural consider-
ations described under “Results.”

MODIP Design—Two mutants containing double cysteines
required a different technique in the design process. Briefly,
MODIP evaluates a protein’s geometry to identify residue pairs
that could form disulfide bonds without significantly altering
the crystal structure if mutated to cysteines (23, 24). Based on
stereochemical parameters, each attempted residue pairing is
assigned a grade from A through D with A being the best.

Mutagenesis—The recombinant parent strain KB18 was con-
structed and described previously (5, 25-27). Briefly, the fim
null E. coli K12 derivative AAEC191A (donated by Dr. Ian
Blomfield, University of Kent, UK) was transformed with the
recombinant plasmid pPKL114 (donated by Dr. Per Klemm,
Danish Technology University, Copenhagen, Denmark) to cre-
ate KB18. Derived from the pBR322 plasmid, the pPKL114 plas-

mutant
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mid contains the entire K12 fim gene cluster and a translational
stop-linker inserted into the Kpnl site of the fimH gene.

Site-directed mutagenesis followed Tchesnokova et al. (25).
Briefly, primers were designed manually and ordered from
Eurofins MWG Operon (Huntsville, AL). The K12 FimH-al-
lele-containing plasmid, pGB2-24, was provided with one or
two point mutations within the sequence encoding the FimH
lectin domain (residues 1-160) via a QuikChange Stratagene
kit. Subsequent DNA sequencing confirmed each point muta-
tion (University of Washington DNA sequencing facility). The
resulting mutant plasmid (with chloramphenicol resistance)
was then transformed into KB18 (with ampicillin resistance),
thereby allowing the expression of fimbriae customized with
the intended point mutation.

Confirmation of Fimbrial Expression Using Fluorescence-ac-
tivated Cell Sorting—We examined the expression levels of
mutant fimbriae versus wild type (WT) K12 using fluorescence-
activated cell sorting (FACS) and a previously published proto-
col with minor publications (28, 29). First, E. coli were seeded in
superbroth (SB) media with proper antibiotics (ampicillin at
100 wg/ml, chloramphenicol at 30 ug/ml) and incubated over-
night at 37 °C under static conditions. The next morning the
bacteria were spun down, rinsed twice with 1X phosphate-
buffered saline (PBS), and resuspended at A, 10. Afterward,
0.5 ml of bacteria were fixed with an equal amount of 3.7%
formaldehyde for 30 min at room temperature. Fixed cells were
rinsed with 1X PBS and blocked for nonspecific binding in 0.5
ml of 0.2% BSA-PBS for 30 min with light rotation at room
temperature. For the identification of FimH, the bacteria were
spun down and resuspended in 0.5 ml of 0.2% BSA-PBS con-
taining 1:300 rabbit-anti-pilin-domain antibody («a-Pd PAb,
Antibodies Inc., Davis, CA; immunogen: E. coli K12 FimH pilin
domain). The bacteria were then incubated with light rotation
for 1 h at room temperature and rinsed twice with 1X PBS.
Afterward, goat-anti-rabbit immunoglobulin G (IgG) conju-
gated to Alexa-488 (Invitrogen) was mixed at 1:3000 in 0.2%
BSA-PBS, covered, and incubated with light rotation for 1 h at
room temperature. After the final incubation, the bacteria were
spun down, rinsed three times with 1X PBS, resuspended in 0.5
ml of 1 X PBS, and immediately analyzed. A FACScan cell sorter
(3 color analyzer, BD Biosciences, University of Washington
Department of Immunology’s Cell Analysis Facility) quantified
the expression levels based on Alexa-488 fluorescence up to
10,000 events per reading.

Assessing Variants’ Function Using Radioactive-based Bind-
ing Assay—To determine the function of each variant, we per-
formed static binding assays using radiolabeled bacteria on
monomannosyl (1M)?- or trimannosyl (3M)-coated surfaces as
described previously (5, 27, 30). Briefly, E. coli-expressing
mutant FimH were seeded in superbroth (SB) media containing
radiolabel thymidine (*H, PerkinElmer Life Sciences) and the
proper antibiotics. Bacteria were incubated overnight at 37 °C
under static conditions. Next, the bacteria were spun down,
rinsed twice with 1X PBS, and resuspended at A, 2 with or
without 1% methyl «-p-mannopyranoside (or mannose).

3The abbreviations used are: 1M, monomannose; 3M, trimannose; MD,
molecular dynamics.

VOLUME 288+NUMBER 33-AUGUST 16,2013



Meanwhile, detachable 96-well plates were incubated with 100
wmlof 20 wg/ml 1M yeast mannan (Sigma) and 3M bovine RNase
B (Sigma) in 0.02 M NaHCO, buffer at 37 °C for 1 h, blocked
with 0.2% BSA-PBS at 37 °C for 30 min, and aspirated. Wells
with 0.2% BSA-PBS were included as a control substrate. The
bacteria were then added to the coated plates and incubated for
45 min at 37 °C. Next, the plates were rinsed of unbound bac-
teria using 1 X PBS, aspirated, dried at 65 °C for 15 min, broken
into separate wells, and then placed in scintillation fluid. Radio-
activity was measured for each sample (using Beckman LS
3801) done in triplicate except for the BSA-PBS control, done in
duplicate, and the number of cells bound was determined using
calibration curves of known solution concentrations calculated
with BIAevaluation software (GE Healthcare).

Assessing the Conformational Change of Variants in the Pres-
ence of mAb21—Before executing the ELISA, pili were purified
from each variant according to a previously published protocol
(5,25,31). In summary, E. coli were grown overnight at 37 °C in
Terrific Broth (EMD Chemicals) media with proper antibiotics
and under gentle shaking (125 rpm). The next morning the
bacteria were spun down at 8000 rpm, resuspended in cold pili
buffer (50 mm Tris-HCl at pH 7.0, 150 mm NaCl), and homog-
enized on ice 3 times for 1 min with a 1-min rest period in
between (Pro 200 homogenizer, PRO Scientific Inc., Oxford,
CT). Cell debris was spun down leaving the supernatant con-
taining soluble pili. Pili were precipitated out of solution with
0.2 m MgCl, overnight at 4 °C, spun down at 15,000 rpm, and
then resuspended in cold pili buffer. Any cell debris was then
spun down at 15,000. Precipitation and resuspension was
repeated several times before a final resuspension in cold 1X
PBS. Protein concentration was determined using a BCA™ pro-
tein assay kit (Pierce) after heating in 0.1 M HCI for 5 min at
100 °C.

A basic ELISA using mouse monoclonal antibody 21
(mAb21) was performed on the purified pili. mAb21 (from
PickCell Inc., The Netherlands) is an antibody raised against
E. coli K12 FimH-lectin domain (residues 1-160) and previ-
ously determined to recognize or induce the high affinity state
of K12 FimH, especially in the presence of ligand (25, 32). Pili
were immobilized at 0.1 mg/ml in 0.02 m NaHCO, buffer in
wells of 96-well flat-bottom plates at 37 °C for 1 h. Comparative
controls consisted of FocH (high affinity with and without an
excess of a-methyl-mannose) and WT K12 (high affinity in the
presence of a-methyl-mannose). All samples were done in trip-
licate. Free protein was rinsed off with 1X PBS twice and then
quenched for 30 min in 0.2% BSA-PBS. mAb21 was added at
1:1500 dilution with and without 1% a-methyl-mannose in
0.2% BSA-PBS for 137 min. Free reagent was rinsed off four
times with 1X PBS. Horseradish peroxidase (HRP) conjugated
to goat-anti-mouse antibodies at 1:3000 in 0.2% BSA-PBS were
incubated on the plate for 1 h at 37 °C and then rinsed off 6
times with 1X PBS. Bound HRP-goat-anti-mouse was visual-
ized with the addition of 3,3" 5,5" - tetramethylbenzidine per-
oxidase enzyme from an immunoassay substrate kit (Bio-Rad).
Absorbance was read at 650 nm using a Molecular Devices
Emaxx microtiter plate reader.

Molecular Dynamics (MD) Simulations; Initial Conformations—
The simulations with the WT were started from the crystallo-
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graphic structure of the isolated FimH lectin domain (PDB ID
luwf (33)), which is in the high affinity state (10) and contains
a-p-mannose in the binding pocket. The mutant A10P was
built from the x-ray structure of the WT using the program
CHARMM (15), whereby the coordinates of the Pro-10 side
chain atoms were constructed from internal coordinates
(except for the Cgatom, whose coordinates were taken from
Ala-10). Positional restraints were then applied to all atoms
of the protein except amino acids 9-11, and 100 steps of
steepest descent minimization were performed with the pro-
gram CHARMM (15).

MD Simulations; Setup—The MD simulations were per-
formed with the program NAMD (16) using the CHARMM
all-hydrogen force field (PARAM22) (34) and the TIP3P model
of water. The protein was solvated in a cubic water box with a
side length of 86 A. Chloride and sodium ions were added to
neutralize the system and approximate a salt concentration of
150 mm. To avoid finite size effects, periodic boundary condi-
tions were applied. After solvation, the system underwent 500
steps of minimization, whereas the coordinates of the heavy
atoms of the protein were held fixed with a subsequent 500
steps with no restraints. Electrostatic interactions were calcu-
lated within a cutoff of 10 A, whereas long range electrostatic
effects were taken into account by the Particle Mesh Ewald
summation method (35). Van der Waals interactions were
treated with the use of a switch function starting at 8 A and
turning off at 10 A. The dynamics were integrated with a time
step of 2 fs using the SHAKE algorithm to rigidly constrain
hydrogen atoms. Snapshots were saved every 10 ps for trajec-
tory analysis. Before production runs, harmonic constraints
were applied to the positions of all heavy atoms of the protein to
equilibrate the system at 300 K during a time length of 0.2 ns. In
the case of the mutant, harmonic constraints were kept on all
heavy atoms except those of the mutated residue and of the
neighboring amino acids, and equilibration was continued for
another 2 ns. After this equilibration phase, the harmonic con-
straints were released. Two simulations were performed with
the WT and two with the A10P mutant. Each run lasted 50 ns,
but the first 10 ns were considered part of the equilibration
process and not used for analysis. During all runs, the temper-
ature was kept constant at 300 K by using the Langevin thermo-
stat (36) with a damping coefficient of 1 ps ', whereas the pres-
sure was held constant at 1 atm by applying a pressure piston
(37).

MD Simulations; Analysis of Hydrogen Bonds—The simula-
tion trajectories were used to analyze the formation of hydro-
gen bonds within the backbone of the clamp loop and between
mannose and the lectin domain. To define a hydrogen bond, a
H-O distance cutoff of 2.7 A and a D-H-O angle cutoff of 120
degrees was used, where a donor D could either be an oxygen or
a nitrogen. Within the clamp loop, only state-dependent back-
bone hydrogen bonds were analyzed. State-dependent hydro-
gen bonds are those that are formed in either only the crystal-
lographic structure of the high affinity but not of the low affinity
state and vice versa (10). On the other hand, to study the inter-
action between mannose and the lectin domain, only those
hydrogen bonds were considered that were observed to be
formed in at least 66% of the simulation frames of at least one of
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FIGURE 2. Close-up of regions and residues selected to explore the allosteric pathway between the low and high affinity structures of the lectin
domain of FimH. A, two states of the pocket zipper show the backbone hydrogen bonding (dashed lines) and residue Ala-10, which was selected for
mutagenesis. B, shown are both conformations for the sequential stretch of 13 amino acids encompassing the B-bulge (purple) and a-switch (gold). Highlighted
amino acids selected for mutagenesis to bias FimH toward one conformational state are shown as sticks. The two side chain conformations for Arg-60 shown
in the low affinity structure reflect the 50/50 occupancy status observed in the crystal structure. C, shown is spatial orientation of selected residues from the
interdomain loops. All residues shown interact with different neighbors when they shift between the low and high affinity structures, with many residues

switching from being buried to solvent-exposed.

the two simulations with the WT. In the case of hydrogen bonds
involving the side chain of Asp-54, no distinction was made as
to which of the two oxygens was the acceptor. Similarly, no
distinction was made as to which hydrogen was donated by the
N-terminal amide group of Phel. This resulted in a total of six
persistent hydrogen bonds between mannose and the lectin
domain: Phe-1 NH, 1M O2; Phe-1 NH, 1M O6; Asp-47 NH, 1M
06; Asp-54 Oy, 1M O4H; Asp-54 O4, 1M O6H; Asn-133 N_H,
1 M O4 (1M stands for monomannose). To better visualize the
strength of the interaction between mannose and the lectin
domain, the distances between the hydrogen atom and the
acceptor of all six hydrogen bonds in every frame of the last 40
ns of both simulations with the WT and both simulations with
the mutant, respectively, were averaged, and the S.D. was cal-
culated. If multiple hydrogen bonds were formed between the
Asp-54 side chain and the same donor in mannose or between
the amide nitrogen of Phel and the same acceptor in man-
nose, then only the hydrogen bond with the shortest distance
between the donated hydrogen and the acceptor was
considered.

RESULTS

Summary of Studies—In this study we used the crystal struc-
tures of FimH in two different states to predict point mutations
that should stabilize one conformational state or the other. The
amino acid substitutions were selected within four regions that
we call the pocket zipper, B-Bulge, a-switch, and interdomain
loops (Fig. 2). To determine which of these regions are part of
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the allosteric pathway, we predicted point mutations that
should stabilize one conformational state or the other. We
made a special effort to predict mutations that would stabilize
the low affinity state as almost all prior mutations have
increased affinity, and both types of variants provide useful
tools for future studies. In most cases we analyzed the struc-
tures visually to identify amino acids that were solvent-exposed
in one conformation but buried in the other. We then used
RosettaDesign computational analysis to predict specific sub-
stitutions at these locations that would cause the largest AAG or
difference in energy between the two conformations.

We quantified the expression of FimH for each variant by
detecting the amount of pilin domain in fluorescence-activated
cell sorting of whole-cell E. coli. All variants demonstrated
expression averaging 74—82% of wild type K12 (data not
shown) and thus were concluded to not alter pilus biogenesis.

To determine function, we measured binding to the 1M gly-
can yeast mannan, as binding of FimH to 1M glycans mimics
that to glycoproteins on host cells (38, 39). However, although
1M affinity can be measured easily for FimH in which a chap-
erone protein or truncation prevents pilin domain autoinhibi-
tion (33, 40), native wild type FimH has a barely measurable
affinity for 1M (31). Because of this, affinity could not be meas-
ured for the low affinity variants that are of most interest in this
paper. Instead, we took advantage of avidity by measuring bind-
ing of whole bacteria to 1M-coated surfaces. An accepted assay
is to calculate the ratio of bacteria binding to 1M- versus
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FIGURE 3. A, shown is binding of E. colito TM and 3M substrates. All E. coli were
mannose-inhibitable (data not shown), and control bovine serum albumin
substrate indicated no nonspecific binding. Error bars represent S.D. B, shown
is the ratio of 1M/3M binding. Colors indicate predicted function. White is WT,
gray is low affinity, and black is high affinity). The dotted line shows the WT
1M/3M ratio (0.32) so that position relative to this line shows actual function.
Error bars represent propagation of the errors from panel A.

3M-coated surfaces (Fig. 34). The 3M structure has additional
interactions with FimH (41) that mediate strong binding of
both high and low affinity variants (5, 30) so that binding to 3M
occurs at essentially the rate bacteria are transported to the
surface (e.g. by gravitational settling). Thus, when assays are
stopped before surface saturation, the 1M/3M ratio approxi-
mates the fraction of bacteria that binds after encountering the
surface. A low ratio relative to WT reflects low affinity, whereas
a high ratio reflects high affinity (5, 30) (Fig. 3B). This assay thus
provides a quantitative measurement of avidity. The assay is
unlikely to reflect mutation-induced changes in specificity of
FimH for 1M versus 3M, because none of the mutations were in
the binding pocket for either 1M (42) or 3M (41).

To determine the conformation of each variant, we per-
formed an ELISA using conformation-specific mAb21 in the
presence and absence of the ligand mannose (Fig. 4). The anti-
body mAb21 recognizes the high affinity state of FimH, which
can be induced either by ligand binding or by activating muta-
tions (25). In fact, a particular high affinity variant of FimH,
which is referred to as FocH (27), is strongly recognized by
mADb21 even without ligand (25). On the other hand, WT FimH
requires ligand for strong recognition by mAb21, demonstrat-
ing that it switches to the high affinity state when it binds ligand
(25). These studies allowed us to determine which regions exert
allosteric control over FimH, as described in detail below.

Pocket Zipper (Phe-1-lle-11) and Clamp Loop (Gly-8—-Gly-16)—
A major difference in the mannose-binding site among the
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FIGURE 4. mAb21 recognition of FimH in pili with and without ligand
mannose in ELISA assay. mAb21 recognition in the absence of mannose
reflects whether each variant is high affinity in its native state. mAb21 recog-
nition in the presence of mannose measures the ability of each variant to
change into the high affinity state upon binding ligand. Error bars represent
propagation of error for S.D. of sample minus that of blank.

various crystallographic structures is that the pocket zipper, a
two-strand B-hairpin, is “zipped” (tight) in the high affinity
conformation and is “unzipped” (loose) in the low affinity con-
formation (Fig. 24). Furthermore, the unzipped state in low
affinity induces the segment comprising residues 8 —16 to move
away from mannose. We previously referred to the 8 —16 seg-
ment as the “clamp loop” because in the high affinity state it
“tightens” the binding pocket around mannose (10). Analyses of
the crystal structure suggests that the backbone hydrogen bond
between the NH atom of residue C3 and the O of residue I11 is
critical for closing the angle (C3:N, N7:N, I11:N) in the tight
conformation. We hypothesized that substituting proline for
alanine at position 10 (A10P) would bias the structure toward
the low affinity conformation because the ¢/i angles for this
residue are outside of the allowed region of the Ramachandran
map for proline in the high affinity conformation. We calcu-
lated using RosettaDesign that the predicted AAG for this
mutation is <—5 kcal/mol, where a negative value indicates
that the mutation should stabilize the low affinity conforma-
tion. The 1M/3M ratio experiment showed that the A10P var-
iant is a significantly weaker binder than WT and, therefore,
demonstrates a low affinity function. In the absence of ligand,
mADb21 binds more poorly to the A10P variant than to WT,
suggesting that the A10P mutation stabilizes the low affinity
conformation rather than simply damaging the pocket. Ligand
enhanced recognition by mAb21 for the A10P variant but not to
the levels observed for WT. The function and conformation
assays together suggest that A10P stabilizes the low affinity
conformation in a way that propagates from the mutation in the
hairpin to the mAb21 epitope situated in the interdomain
region.

B-Bulge (Gin-59-Ser-63)—The B-bulge is a short segment
that is part of a B-strand in the high affinity conformation but
bulges out into a small loop in the low affinity conformation
(Fig. 2B). This bulge is hypothesized to act as a release valve for
the strain caused by the more twisted conformation of the main
B-sheet in the low affinity state. Mutations were selected to
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stabilize the bulged configuration to test the importance of
the bulge to the allosteric pathway by determining whether
the overall structure should shift toward the low affinity
state. We hypothesized that a proline in position 60 would
destabilize the high affinity conformation as prolines desta-
bilize B-sheets. The RosettaDesign calculation was a AAG of
<=5 kcal/mol, favoring low affinity as hypothesized. In
experiments, the R60P variant demonstrated much weaker
binding than WT or even A10P and, therefore, reveals a low
affinity function. mAb21 failed to recognize R60P even with
ligand, demonstrating that the R60P variant remained
locked in the low affinity state under these conditions.

The bulged conformation also requires an extra amino acid,
which is provided by amino acids 62 through 63 shifting
upward and rotating 180°. For example, the side chain of resi-
due 62 is buried in the low affinity conformation and solvent-
exposed in the high affinity conformation. To test whether this
shift was coupled to the allosteric pathway, we hypothesized
that the solvent-facing configuration would tolerate a change in
amino acid more readily. RosettaDesign predicted that S62L
and S62E would each result in AAG >+5 kcal/mol, favoring the
high affinity conformation. Both variants bound to mannose
strongly relative to WT and were recognized strongly by
mADb21, suggesting that these mutations indeed favored the
high affinity conformation. In summary, the mutations R60P,
S62L, and S62E alter the overall function and conformation of
FimH, thereby demonstrating the importance of the B-Bulge to
the FimH allosteric pathway.

a-Switch (Tyr-64—Phe-71)—The a-switch is a single-turn
3,0-helix in the low affinity conformation that switches to an
a-helix in the high affinity conformation (Fig. 2B). Structurally,
this helical rearrangement is directly connected to the bulge
segment because the 3,,-helix conformation uses one less
amino acid, allowing residue A-63 to shift toward the -bulge.
To test whether this region is connected to the allosteric path-
way, we selected mutations that were favorable for the 3, ,-helix
while being unfavorable for the a-helix. Position 67 switches
from solvent exposed in the low affinity conformation to buried
in the high affinity conformation. RosettaDesign predicted that
the V67K mutation would have the largest energy difference
between conformations and favored the low affinity conforma-
tion (AAG <—5 kcal/mol). In experiments, the V67K variant
binds significantly less than WT and was not recognized by
mADb21 in the absence or presence of ligand. The side chain at
position 68 is buried in the low affinity conformation and sol-
vent-exposed in the high affinity. If packing is already opti-
mized, any change should favor the high affinity conformation.
However, RosettaDesign predicted that AAG was <—5 kcal/
mol for the L68V mutation, favoring the low affinity conforma-
tion. L68V demonstrated a high affinity function as indicated by
the 1M/3M ratio as well as by mAb21 recognition in the
absence and presence of ligand. These inconsistencies might be
due to insufficient sampling by the Rosetta protocol used here
and emphasizes the importance of using human insight as well
as computational prediction when designing mutations to test
structures. We also selected a mutation predicted to be favor-
able to the a-helix. The side chain of Tyr-64 is buried in the
3,0-helix conformation and exposed to solvent in the a-helix.
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RosettaDesign predicted that Y64R favored the high affinity
conformation with AAG >+5 kcal/mol. The Y64R variant did
indeed show a high affinity function and was recognized by
mADb21 in the absence and presence of ligand. Even with the one
contradiction to Rosetta calculations, the fact that all three
mutations in the a-switch significantly alter mannose binding
in correlation with conformational state indicates that this
region is also part of the allosteric pathway.

Interdomain Loops (Ala-25-Leu-34, Pro-111-Ala-119, 152-
158)—The interdomain region consists of three separate
sequences in the mannose binding lectin domain that contact
the anchoring pilin domain (Fig. 2C). The interdomain region
changes configuration in the low affinity state to enable inter-
actions with the pilin domain, as previously described (10). The
pilin domain is known to control affinity (31) and allosteric
conformation (25), strongly suggesting that the interdomain
loops are part of the allosteric pathway. In addition, two vari-
ants in this region affected both mannose binding and mAb21
recognition (10). Residue 34 shifts dramatically between the
two configurations, so pilin binding (docked) configuration was
locked by a disulfide bond introduced with the double V27C/
L34C mutation, whereas the undocked configuration was
locked by a disulfide bond introduced with the double L34C/
L109C mutation. As controls, we included the two variants
from Le Trong et al. (10) for comparison in our experiments.
Consistent with prediction, the V27C/L34C variant displayed a
low affinity in both function and conformation, and the L34C/
L109C variant displayed a high affinity function. Moreover,
mAb21 recognized L34C/L109C better than WT in the absence
of ligand. Together, this suggests that the two variants are in the
predicted allosteric conformations. Surprisingly, mAb21 rec-
ognized L34C/L109C less than WT in presence of ligand. In the
discussion, we explain our conclusion that this is because
L109C subtly distorts the mAb21 epitope.

In addition, we predicted several new mutations in this
region. We noted that Ala-119 is buried in the high affinity
conformation and exposed in the low affinity conformation.
Accordingly, RosettaDesign predicted that long side chains at
this position with point mutations A119L and A119Q would
favor the low affinity conformation (AAG <—5 kcal/mol for
each). Indeed, both the A119L and A119Q variants demon-
strated a low affinity function as well as a low affinity confor-
mation in the absence of ligand. However, in the presence of
ligand, mAb21 recognized both variants, demonstrating that
this variant can switch to high affinity in presence of ligand.
Similar to residue 119, Pro-111 is buried in the high affinity
conformation and exposed in the low affinity conformation. A
charged side chain that is large (e.g P111K) was predicted to
strongly favor the low affinity conformation (AAG <—5 kcal/
mol). Similar to A119L and A119Q, P111K indicates a low affin-
ity function and low affinity conformation in the absence of
ligand, but mAb21 recognizes P111K in the presence of ligand.
Insummary, A119L, A119Q, and P111K contribute to the allos-
teric pathway.

Comparison of Function Versus Conformation—For the most
part, the function (1M/3M ratio) correlates with the conforma-
tion (mAb21 binding), as indicated by the trendlines in Fig. 5.
The WT variant is at a key transition point in the correlation
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graph. Because WT already has maximum mAb21 binding with
mannose, variants with higher 1M/3M ratios, which are
expected to bind mAb21 better, can best be distinguished by
mAb21 binding without mannose (Fig. 5A). Conversely,
because WT already has little mAb21 binding without man-
nose, variants with lower 1M/3M ratios (which are expected to
bind even more poorly) are best distinguished by mAb21 bind-
ing with mannose (Fig. 5B). Thus, although all the low affinity
variants (A10P, R60P, V27C/L34C, V67K, A119(L/Q), P111K)
are not recognized by mAb21 in the absence of ligand, only
R60P and V27C/L34C show an insignificant shift in mAb21
recognition in the presence of ligand (p > 0.05, V67K had p <
0.05), indicating that they are locked in the low affinity state
even in the activating conditions of this assay. Overall, the
strong correlation of function and conformation indicates that
the primary determinant of binding strength is the allosteric
state of the variants.

We suggest that the position of a variant along the trendline
is determined by the overall strength of its mutation, meaning
the degree to which that mutation stabilizes the low or high
affinity conformation of the region containing the mutation.
However, deviations from the trendline are likely to indicate
whether that region is more tightly coupled to the mannose
versus the mAb21-binding site. As noted above, the low recog-
nition of L34C/L109C by mAb21 is likely due to epitope distor-
tion, so we do not try to draw conclusions from it, but the other
clear outlier is worth considering. The A10P mutation lies
above the trendline in Fig. 5B. That is, relative to the other low
affinity variants, A10P binds more strongly to mAb21 than to
mannose. This suggests that the mutation is effective in stabi-
lizing the low affinity conformation of the nearby mannose-
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FIGURE 6. MD simulations with WT and A10P variants. A, shown is the
average distance between atoms involved in hydrogen bonds during the last
40 ns. Alength less than 2.7 A is considered a strong bond, between 2.7 and 3
Ris considered a weak bond, and over 3 A is considered broken. B, shown is
average root mean square deviation (RMSD) from the initial structure aver-
aged over the last 40 ns for residues contained in the pocket zipper and clamp
loop and for residues contained in the interdomain loops. All values are aver-
ages of the measurement taken during the last 40 ns of two 50-ns simulations.
The error bars indicate S.D. over time in both trajectories in order to illustrate
the fluctuations.

binding site but that this conformational change does not prop-
agate as strongly to the interdomain region. That is, the
mannose-binding site may be weakly coupled to the interdo-
main loops, a-switch, and B-bulge.

MD Simulations—To further test the idea that the pocket
zipper is weakly coupled to the remaining allosteric regions, we
performed MD simulations with WT and A10P variants. We
sought to address two structural issues with these simulations.
First, we have assumed that the A10P mutation destabilizes the
high affinity conformation of the mannose-binding site, but an
alternative possibility is that A10P interferes directly with
nearby mannose binding. Second, we wanted to test for weak
allosteric coupling by observing whether the conformation of
the mannose-binding site could indeed change conformation
without instantly changing the conformation of the interdo-
main region. In simulations of WT in the high affinity state with
mannose bound (PDB ID luwf), the structure of the pocket
zipper and clamp loop remained stable throughout the simula-
tions by two measures. First, the three hydrogen bonds (C3
NH[bond]Ile-11 O, Gly-16 NH[bond]GIn-143 O, and Pro-12
O[bond]Gly15 NH) that are unique to the high affinity confor-
mation of the pocket (10) remained stable at close to their
native length (Fig. 6A). Second, the root mean square deviation
of this region remained within 1 A of the high affinity crystal
structure (Fig. 6B). In contrast, in simulations where the A10P
mutation was computationally introduced, each of the three
hydrogen bonds were destabilized, and the root mean square
deviation of this region also fluctuated extensively and
increased by 72% on average (Fig. 6). Thus, the A10P mutation
destabilized the high affinity conformation of the pocket zipper
and clamp loop, consistent with our initial design prediction

JOURNAL OF BIOLOGICAL CHEMISTRY 24135



Allosteric Coupling in FimH

and with the experimental results. Despite these changes, all six
hydrogen bonds (see “Experimental Procedures”) that persis-
tently bind FimH to mannose (43) were strong and stable in
A10P as well as WT (Fig. 6A4). This demonstrates that the A10P
mutation does not directly disrupt mannose binding. Finally,
the conformational change in the clamp loop in A10P did not
propagate to the interdomain loops (Fig. 6B), as both stayed
within 1 A root mean square deviation of the high affinity struc-
ture most of the time. This indicates that allosteric propagation
between these two regions occurs on a longer time scale than
probed by the standard MD simulations presented here. This in
turn supports the concept that the pocket zipper and clamp
loop are relatively weakly coupled to the interdomain region,
which includes the mAb21 epitope.

Identification of Low Affinity FimH Mutants—In the course
of this work, we identified six new low affinity variants that
provide tools to complement the large number of previously
identified high affinity variants (5, 31, 38, 44—46) for future
studies about FimH allostery. Of these, A119L, A119Q, and
P111K have only a slightly decreased 1M/3M ratio and switch at
least partially to the high affinity conformation in the presence
of mannose in the mAb21 assays. A10P, R60P, V67K, and
V27C/L34C variants have the lowest affinity for mannose, and
each represents a different region of the FimH lectin domain.
However, the A10P variant can switch to the high affinity con-
formation with mannose, whereas the other three remain
locked in the low affinity conformation in all conditions tested
here. Thus, R60P, V67K, and V27C/L34C are the most promis-
ing candidates for future studies requiring low affinity variants.

DISCUSSION

In this study we applied visual inspection and RosettaDesign
to crystal structures of FimH in two allosteric conformations to
predict 10 mutations that would stabilize one or the other con-
formation. We genetically engineered variants with these
mutations using site-directed mutagenesis. We evaluated them
for function by testing the ability to bind to mannose-coated
surfaces and for conformation by testing mAb21 binding,
which specifically recognizes the high affinity state. Every vari-
ant that was designed using both human and computational
analysis demonstrated the predicted function. In one case,
human insight and RosettaDesign, as used here, contradicted
each other, and this variant demonstrated the function pre-
dicted by human insight. In every case, binding of the confor-
mation-sensitive antibody correlated with function, demon-
strating that the changes in ligand binding strength were caused
by a change in the allosteric conformation. This suggests that
the combination of human and computational analysis is
needed for successful prediction of mutations that affect the
allosteric state of a protein. The fact that all predicted variants
affected function demonstrates that all four regions are part of
the allosteric pathway. Previously, only the role of the interdo-
main region was tested with point mutations based on the crys-
tal structures (10).

To draw the conclusions above, we assumed that binding to
mADb21 directly reflected the conformational state of FimH, so
it is worth evaluating this assumption in depth. Two other
mechanisms could cause loss of mAb21 binding. First, a muta-
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tion may directly interfere with the mAb21 epitope. However,
none of our mutations is part of the mAb21 epitope, which is
restricted to residues 26, 29, and 153-157 (32). Moreover,
mADb21 recognized all variants given the right conditions.
A10P, R60P, and V67K were recognized normally by mAb21
when expressed with the FocH pilin domain and incubated with
mannose, which lacks the ability of the wild type pilin domain to
stabilize the low affinity state (32). V27C/L34C was recognized
normally by mAb21 in the presence of mannose and DTT,
which breaks the disulfide bond that maintains the low affinity
conformation for this variant (10). It might be noted that the
L34C/L109C only reaches 40—-80% of mAb21 binding com-
pared with WT even with mannose (Fig. 4 and Ref. 10) and even
when expressed with the FocH pilin domain (not shown), sug-
gesting that the disulfide bond in the hydrophobic core subtly
distorts the nearby mAb21 epitope. However, the slightly
reduced mAb21 binding does not interfere with our ability to
observe the increased recognition of mAb21 in the absence of
mannose, which demonstrates the allosteric activation by this
double mutation. A second alternative explanation could be
that some variants are misfolded or fail to express so that both
mannose binding and mAb21 binding would be lost but not
because FimH is in the low affinity state. However, the FACS
data demonstrated that expression levels are comparable, and
the ability to bind RNase B (Fig. 3) demonstrates that the pro-
teins are folded properly. Thus, the level of mAb21 binding
reflects the population of FimH in the high versus the low affin-
ity state.

The interdomain region was previously shown to exert allos-
teric control over the mannose-binding site of FimH (10, 45,
46), and a novel B-sheet-twisting allosteric mechanism was
proposed in which a semi-rigid -sheet takes on a narrow and
straight or wider and twisted conformation that forms a
mechanical connection between the effector and active sites
(10). However, no prior data addressed the role of three other
regions, the pocket zipper, the 3-bulge, and the a-switch, in the
allosteric mechanism. All three regions lie between the active
and effective sites but do not form a complete pathway of local-
ized conformational changes. Instead, the pocket zipper and
clamp loop are spatially separated from the B-bulge, a-switch,
and interdomain loops, as illustrated in Fig. 7. Nevertheless, the
effect of mutations in these three regions on mannose binding
and mAb21 binding demonstrate that these regions control the
conformation of both active and effector sites as illustrated in
the central panel of Fig. 7. It is possible that the regions, like the
effector and active sites themselves, simply stabilize either the
twisted or straight conformation of the -sheet. The involve-
ment of the pocket zipper, B-bulge, and a-switch in the allos-
teric mechanism expands the targets for allosteric antiadhe-
sives. Indeed, it may be advantageous to target an allosteric
antiadhesive to a region other than the interdomain region so
that it does not compete with the pilin domain natural allosteric
inhibition (10, 31), allowing the two to work in synchrony to
stabilize FimH in the low affinity state.

Our data can also be used to suggest how tightly each of these
regions is coupled to the conformation of the mannose binding
versus pilin binding regions. The comparative effect of muta-
tions on binding mannose versus mAb21 suggests that the
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FIGURE 7. Schematic of allosteric coupling. The stable low and high affinity
conformations are shown in the central white panel. The different conforma-
tions of the clamp loop and pocket zipper (cyan), interdomain loops (red)
a-helix (gold) and B-bulge (blue) illustrate the conclusions that all are involved
in the allosteric mechanism. The gray side panels illustrate the hypothesis that
weak coupling of the clamp loop and pocket zipper to the interdomain loops,
a-helix and B-bulge, could result in intermediate states in which one of these
regions is in the high affinity conformation and the other low. If so, the allos-
teric transition would occur through one of these intermediates (gray arrows)
rather than in a single concerted reaction (black arrow). When the clamp loop
and pocket zipper (cyan) are in the high affinity conformation, mannose is
shown binding in magenta. When the interdomain loops, a-helixand B-bulge
(red, gold, and blue, respectively) are in the high affinity conformation, mAb21
is shown binding in green. Part of the pilin domain is shown in gray and white.

B-bulge, a-helix, and interdomain loops are more tightly cou-
pled to the pilin binding effector region, whereas the pocket
zipper is more tightly coupled to mannose binding active site.
Interestingly, this biochemical coupling reflects the pathway of
localized conformational changes in the crystal structures;
although such a pathway exists between the B-bulge, a-helix,
and pilin binding interdomain loops as well as between the
pocket zipper and mannose-binding site, no such pathway
exists between these two groups. This information should be
useful in choosing binding sites for computational design of
allosteric inhibitors or of structures to test as vaccines to pre-
vent an E. coli infection.

The weak coupling of the mannose-binding site to the rest of
the allosteric pathway suggests the existence of one or more
intermediate states, as illustrated in Fig. 7, in which either the
active site or the effector site has switched conformations but
not both. These hypothesized states provide new structural
insight to physiologically relevant FimH properties. Previous
experiments have demonstrated that FimH-mannose bonds
undergo a force-dependent transition from a short-lived and a
long-lived state (10, 12, 45). The long-lived state is critical for
strong adhesion (45), and its structure is almost certainly the
high affinity structure that has been repeatedly co-crystallized
with mannose (33, 42). The short-lived state is necessary for
rolling adhesion (45, 47), which in turn allows rapid coloniza-
tion of surfaces (48). However, the structure of this state is
unknown, as the low affinity crystal structure lacks mannose
(10). Here we hypothesize that these short-lived bonds may
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form when the clamp loop and pocket zipper close around
mannose in the high affinity conformation, but the B-bulge,
a-helix, and interdomain loops remain in the low affinity con-
formation, as in intermediate state 1 of Fig. 7. This is significant
because it predicts that a mutation, antibody, or molecule that
stabilizes the low affinity state of the pocket would eliminate
rolling as well as firm adhesion if the short-lived bonds in-
volve intermediate state 1 but would allow rolling adhesion if the
short-lived bonds involve the low affinity state. Intermediate
state 2 of Fig. 7 may also play a significant role by providing a
pathway for dissociation of mannose. If unbinding of high affin-
ity bonds occurs through intermediate state 2, then a modula-
tor (such as a mutation, antibody, or molecule) that stabilizes
the high affinity state of the mannose-binding pocket would
increase bond lifetime. However, in conditions where unbind-
ing from the high affinity state occurs by a previously described
pathway in which mannose is pulled out of a still-tight pocket
(43), these modulators would not affect bond lifetime. Thus, the
existence and significance of both hypothesized intermediate
states could be tested in future studies.

Here we also characterized six new low affinity variants. A
previous study showed that antibodies raised against high affin-
ity FimH structures increased rather than decreased bacterial
adhesion to uroepithelial cells because they stabilized the high
affinity state of FimH (32). This suggests that antibodies raised
against the low affinity variants may inhibit bacterial adhesion
because they stabilize the low affinity state of FimH. If so, these
low affinity variants may be used as vaccines. The variants
A10P, R60P, V67K, and V27C/L34C represent all four regions
investigated herein and provided the strongest stabilization of a
low affinity function and conformation. However, weak cou-
pling between the effector and active sites could mean that
these variants may raise fundamentally different antibodies.
Because the A10P mutation had a greater effect on mannose
binding than on Mab-21 binding, it may preferentially raise
antibodies that recognize the low affinity conformation of the
binding pocket, whereas R60P, V67K, and V27C/L34C may
preferentially raise antibodies to the low affinity conformation
of the effector region. Although both types of antibodies would
be expected to inhibit FimH, the kinetics of inhibition could be
quite different. These low affinity variants may also be useful to
screen for allosteric inhibitors or antibodies. It may be impor-
tant to use more than one low affinity variant for both immu-
nogen and screening to address the issue that some antibodies
may recognize an epitope that includes one of the mutations
and thus be ineffective against WT FimH.

The low affinity variants identified here should also be useful
for understanding FimH-mediated bacterial adhesion. Many
pathogenic clinical isolates express variants that have a high
affinity for mannose (30, 38, 44), and more high affinity variants
have been engineered (27, 31, 46). These were critical for show-
ing that FimH forms strong slip bonds if it is already allosteri-
cally activated. These variants also mediated strong stationary
adhesion that is not shear-enhanced, demonstrating the role of
catch bonds in shear-enhanced adhesion. These studies were
essential for understanding the biological importance of the
allosteric inhibition of FimH. However, the corresponding
questions have not been asked to understand the importance of
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the allosteric activation of FimH. It is possible that the low
affinity variants can not be activated by force or that they will
simply require more force for activation, like a loss-of-function
variant of the catch bond-forming protein von Willebrand Fac-
tor (49). It has been suggested that FimH that is locked in the
low affinity state could still mediate shear-enhanced adhesion
due to mechanical properties of the type 1 pili that anchor
FimH (47, 50). The variants developed here are likely to have
unique kinetic properties. The native versus high affinity FimH
structures differ even more in bond lifetime than in affinity (10),
but the kinetics of a stabilized low affinity variant are not
known. Similarly, mutations that decrease dissociation rates
lead to more stationary adhesion (45, 47), but the effect of
mutations that increase bond kinetics is not known. The low
affinity variants developed here can be used to address these
and other fundamental questions about bacterial adhesion.

Most bacterial adhesins have never been tested in controlled
flow conditions, so the prevalence of shear-enhanced adhesion
is still being determined. Nevertheless, this phenomenon has
already been reported for the collagen receptor of Staphylococ-
cus aureus (51), P-pili (52), and Cfal (53) of E. coli, Hsa and
GspB of Streptococcus gordonii (54), and type 1 fimbriae of Sal-
monella enterica (55). These adhesins contribute to virulence
and so are also targets of antiadhesive therapies. Although none
of these other adhesins have been shown to have allosteric
properties, E. coli FimH was studied for >100 years and crys-
tallized in 6 unique crystals with nearly identical conformations
both with and without ligand (33, 41, 42, 56) before the alterna-
tive allosteric conformation was finally crystallized (10). This
suggests that allostery may also be overlooked in other bacterial
adhesins, and our success in using the crystal structure for allos-
teric design demonstrates the value of obtaining alternative
structures.
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