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The binding of the type 1 fimbrial adhesin FimH to mannosylated receptors is allosterically regulated to
enhance the fitness of uropathogenic Escherichia coli (UPEC) during urinary tract infection (UTI).
Mutations in the two FimH domains (pilin and lectin) located outside the mannose binding pocket have
been shown to influence mannose binding affinity, yet the details of the allostery mechanism are not fully
elucidated. Here we characterised different FimH conformational states (termed low-affinity tense and
high-affinity relaxed conformations) of natural FimH variants using molecular dynamics (MD) simulation
techniques and report key structural dynamics differences between them. The clinically dominant
FimH30 variant from the pandemic multidrug resistant E. coli ST131 lineage contains an R166H mutation
that weakens FimH interdomain interactions and allows enhanced mannose interactions with pre-
existing high-affinity relaxed conformations. When expressed in an isogenic ST131 strain background,
FimH30 mediated high human cell adhesion and invasion, and enhanced biofilm formation over other
variants. Collectively, our computational and experimental findings support a model of FimH protein
allostery that is mediated by shifts in the pre-existing conformational equilibrium of FimH, additional
to the sequential step-wise process of structural perturbations transmitted from one site to another
within the protein. Importantly, it is the first study to shed light into how natural mutations in a clinically
dominant FimH variant influence the protein’s conformational landscape optimising its function for
ST131 fitness at intestinal and extraintestinal niches.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Uropathogenic Escherichia coli (UPEC) is the most common
Gram-negative bacterial pathogen causing bacteremia and urinary
tract infections (UTIs) [1]. UPEC express several adhesive hair-like
appendages on their cell surface, with type 1 fimbriae (or pili)
being the best characterised and shown to mediate UPEC colonisa-
tion of both the bladder and more recently the colon epithelium in
mouse models [2–5]. Adhesion to mannosylated host cell receptors
is mediated by the type 1 fimbriae tip adhesin FimH. FimH consists
of two domains connected by a 5 amino acid linker: an N-terminal
lectin domain (FimHLD, 1–155) located at the distal end of the fim-
briae, and a C-terminal pilin domain (FimHPD, 161–279) which
accommodates a donor strand from FimG, the previous subunit
in the type 1 fimbrial structure (Fig. 1A). The FimHLD contains a
mannose binding pocket of three conserved loops [6–8], which
recognises mannosylated host surface molecules as receptors,
including the uroplakin Ia glycoprotein that is abundantly
expressed on the surface of human uroepithelial cells [9].

A two-domain architecture allows FimH to modulate its catch
bond host cell adhesion properties, whereby FimH affinity for man-
nosylated host cell receptors is enhanced by domain separation
under shear force [10,11]. Indeed, the movement of red blood cells
(RBC) bound to a surface coated with E. coli was stalled under
increased flow conditions [12,13]. Several FimH structural studies
support this tenet. For example, purified FimH in complex with
the type 1 chaperone FimC, as well as purified FimHLD or an engi-
neered FimH mutant (A188D) with high mannose-binding affinity,
all have disrupted FimHLD-FimHPD interdomain interactions [14].
In contrast, purified FimH complemented with the FimG donor
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Fig. 1. Mutations in natural FimH variants examined in this study. Mutations in
FimH variants investigated as part of this study located in the FimH lectin and pilin
domains (outside the conserved mannose binding pocket), showing their structural
location (grey spheres) in the FimH2 structure (PDB 4XOE) (A) and amino acid
substitutions (B). Clamp segment (residues 2–22, orange); swing segment (residues
23–32, blue); bulge helix segment (residues 60–72, cyan); insertion loop (residues
112–124, yellow); linker (residues 150–155, green); DsG donor peptide (purple);
and mannose (purple) are highlighted. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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peptide (FimH∙DsG) with a low affinity for mannose showed close
interdomain interactions [10]. In addition, recent structures of
FimH complemented with the non-native donor peptide from FimF
(DsF) [10] or the engineered high-affinity FimH mutant A27V/
V163A [15] also captured FimH in the elongated (domain-
separated) conformation. Both of these recent structures showed
a nearly identical FimHLD conformation but had distinctive bend
angles between the two domains [15]. Further, biochemical and
biophysical analyses of FimH in solution revealed that the protein
can be found simultaneously in the associated conformation (ter-
med tense or T state) and in multiple elongated conformations
(termed relaxed or R state) prior to mannose binding [15]. The
authors posited that the equilibrium between pre-existing FimH
conformational ensembles is subject to evolutionary selection
pressure that optimally adapts the adhesive strength of this adhe-
sin to suit the pathogen’s lifestyle. While this tenet is biologically
plausible it has not been explored with natural FimH variants.

While FimH is ubiquitously present in E. coli, it has been docu-
mented to display extensive allelic variation with over 60 alleles
reported to date [7,16–20]. Despite FimH allelic variation having
been shown to affect the protein’s function, its impact on protein
structure and allostery has not been widely investigated and cur-
rent understanding remains limited to just a handful of FimH vari-
ants [21]. In fact, all wild-type FimH structures available in the
Protein Data Bank (PDB) to date, are representative of the FimH2
and FimH27 sequence variants [10,22]. While both contain
pathoadaptive mutations known to affect FimH cellular function
[6], they do not represent the wide variety of FimH variants found
in E. coli, especially those associated with clinically relevant lin-
eages. Here, we studied the impact of natural variation in fimH alle-
les from globally dominant UPEC sequence type 131 (ST131)
lineages (FimH30-Clade C; FimH22-Clade B; FimH41-Clade A,
[23]) on FimH protein allostery at the atomic level and adhesin
function during host-pathogen interactions. Using advanced com-
putational approaches, we distinguish FimH R state conformations
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from the domain-separated T state conformation under shear
force. We show that the FimH30 variant associated with the mul-
tidrug resistant (MDR) ST131 Clade C forms fewer interdomain
interactions in the T state, whereas when in R states it displays
longer lasting interactions with mannose. When expressed in an
isogenic ST131 strain background, the FimH30 variant confers
enhanced intestinal cell adhesion and bladder cell invasion and
mediates high biofilm formation. Our findings support the notion
that the R166H mutation in FimH30PD favors a conformation lan-
scape that allows this variant to optimally adapt its virulence func-
tion for cell adhesion, invasion and biofilm formation.
2. Results

2.1. Mannose-bound FimH variants maintain stable domain
conformations in both T and R states with large interdomain motion
only observed in the R state

FimH-mannose binding was previously shown to be affected by
engineered mutations outside of the mannose binding pocket that
alter local interaction networks and influence the conformational
equilibrium of FimH [14,15]. To investigate this in naturally occur-
ring FimH sequences from diverse E. coli strains, we selected three
FimH variants, each closely associated with the three main ST131
clades (FimH30 – Clade C; FimH22 – Clade B; and FimH41 – Clade
A). These were compared to the extensively characterised FimH18
variant from UPEC strain UTI89 [24] and the only two structurally
solved variants: FimH2 and FimH27 [21], which are commonly, but
not exclusively, encoded by commensal E. coli strains. In compar-
ison to previously characterised FimH variants (FimH2, FimH27
and FimH18), the three ST131 clade-defining variants have non-
synonymous mutations located outside the mannose binding site
and predominantly in the pilin domain (R166H, S78N/A242V and
Q269K for FimH30, FimH22 and FimH41, respectively; Fig. 1).

To explore if these non-synonymous mutations outside of the
mannose binding pocket impact on FimH protein structure and
dynamics, we performed 300 ns of nonbiased MD simulations in
triplicate for each FimH variant. The previously reported structures
of FimH∙DsG bound with mannose in both the T state (FimH2, PDB
ID: 4XOE) and the R state (FimH27, PDB ID: 4XOB) were used to
initiate the simulations as they represent the first step of FimH-
mannose binding at different pre-existing conformations (T or R;
Fig. S1). Irrespective of the variant, all simulations initiated from
the T state (PDB ID 4XOE, Fig. 2A) showed a maximum backbone
root-mean-square deviation (RMSD) of 1.6 ± 0.4 Å with respect
to the starting conformation of the entire protein (Fig. 2A), or 1.1
± 0.4 Å for an individual domain (Fig. 2B-C), indicative of normal
thermal motion (Fig. 2D). However, all simulations initiated from
an R state (PDB ID 4XOB, Fig. 2A) showed elevated backbone
RMSDs with respect to the starting structure, ranging between 5.
8 ± 3.9 Å for FimH2 to 10.1 ± 3.6 Å for FimH27, indicative of
large-scale conformational changes (Fig. 2E). On calculation of
the RMSD of each domain for simulations based on the R state,
the maximum RMSD is 1.3 ± 0.2 Å (Fig. 2B-C), confirming that each
individual domain maintains a stable conformation throughout the
simulation and the large overall RMSD is due to the relative motion
of the domains with respect to one another, rather than intra-
domain conformational changes. Consistent with the difference
in overall RMSD between the two states, a smaller radius of gyra-
tion is also observed for the FimH variants in the T state (24–28 Å)
compared to the R state (20–32 Å, Fig. S2). Collectively, all
mannose-bound FimH variants simulated either from an initial T
or an R state maintained their conformational states, with the T
state showing a constrained conformation, while R states sampling
multiple conformations.



Fig. 2. Average domain motion for FimH in the T and R states. Average backbone RMSD for FimH variants simulated from the crystallographic T state (red, PDB 4XOE, FimH2)
or R state (blue, PDB 4XOB, FimH27) calculated for (A) the entire protein, (B) pilin domain, or (C) lectin domain, with respect to the starting geometry. Standard deviation is
shown as an error bar. Superposition of the relative conformation of FimH at 3 ns intervals between the start (red) and the end (blue) of the 300 ns MD simulation for the (D) T
state or (E) R state. FimH30 is shown as a representative example. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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2.2. FimH30 shows decreased interdomain interactions in the T state
and maintains persistent mannose interactions in the R state

FimH recognises and binds to mannosylated receptors through
its conserved mannose binding pocket located at the distal end of
the lectin domain. We compared the hydrogen bonding frequen-
cies between mannose and FimH variants simulated in both the
R and T states. The mannose hydrogen bonding pattern is well
maintained between all modelled FimH variants in both states.
Specifically, the backbone of Asp47 and Phe1 and side chains of
Asn135, Gln133 and Asp54 form 7 hydrogen bonds to mannose,
coordinating it within the binding site (Fig. 3A & Table S2). FimH30
shows the most consistent increase in the occupancy of all 7 man-
nose hydrogen bonds in the R state relative to the T state (Fig. 3B &
Table S2). The FimH27 and FimH18 variants also show an increase
in mannose hydrogen bonding occupancies, while there is little dif-
ference between the mannose hydrogen bonding occupancy
between the two states for FimH2, FimH22 and FimH41 (Fig. 3B
& Table S2).

Since FimH interdomain interactions have been reported to
negatively affect mannose binding [14,25], we next assessed
hydrogen bonding frequencies between domains in each FimH
variant. At any point of the simulation in the T state there are
between 3 and 15 interdomain hydrogen bonds (Fig. 4A) with 8
of these being high occupancy (persisting for >70 % of the total
simulation time; Table S3). In contrast, all FimH variants main-
tained a low number of interdomain hydrogen bonds in the R state
conformations (Fig. 4B). In the case of FimH30 the R166H mutation
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leads to complete loss of two high occupancy hydrogen bonds
involving R166H at the interdomain interface in the T state (70–
100 % occupancy in all other alleles, Fig. 4C & Tables S3 and S4),
and also complete loss of the S114(O)-G159(NH) hydrogen bond
present in all other variants in the R state (Table S3). Collectively,
these data suggest that FimH30 has less interdomain interactions
in both T and R state conformations and increased mannose bind-
ing occupancy in R state conformations, which is in agreement
with reduced interdomain interactions leading to tighter mannose
binding.

2.3. Applying force to FimH30 induces a domain-separated
conformation that is different to R state conformations

Previous work has shown that shear force can facilitate the T to
R state transition in FimH [10–12]. We next sought to use MD sim-
ulations to explore the molecular motion of FimH30 (the variant
with fewer interdomain interactions in both T and R states) under
shear force, by performing adaptive bias steered molecular dynam-
ics (ASMD) starting from the T state conformation. Force was
applied between the mannose ligand and the DsG to mimic the
scenario whereby FimH30 at the fimbrial tip binds to mannosy-
lated receptors under increased shear force. In the T state confor-
mation, both the insertion loop and swing segment of the lectin
domain are interacting with the pilin domain (Fig. 5A). Upon appli-
cation of the force, the contacts between the swing segment and
pilin domain are lost first (N33–P157 and N33–G159 hydrogen
bonds) (Supplementary Video 1 and Figure S3). Subsequently, at



Fig. 3. Mannose hydrogen bonding interactions with FimH. (A) Representative
structure from MD showing the hydrogen-bonding geometry for interactions
between mannose and residues in the FimH30 mannose-binding pocket. (B) Fold
change in hydrogen bond occupancies observed in simulations with each FimH
variant in the R state over the T state, where a ratio of 1 (dotted line) indicates no
changes in mannose binding stability and above 1 suggests higher mannose binding
occupancy in the R state.

Fig. 4. FimH interdomain hydrogen bonding interactions. Number of hydrogen
bonds formed between the lectin and pilin domains during simulations of the (A) T
state and (B) R state. (C) Representative structure from MD showing the hydrogen
bonding at R166H between FimH2 (top, right) and FimH30 (bottom, right) in T
state.
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high forces the insertion loop contacts with the pilin domain are
broken. Many interactions occur between the insertion loop and
pilin domain, with the main interactions seen between V112,
S113, S114 and G116, and P157, T158, G159, G160 and C161. Dur-
ing this conformational change the angle between the two do-
mains changes from � 150� to 180� (Fig. 5A). Interestingly, when
the final frame of the pull is subsequently simulated in the absence
of force, FimH30 collapses back to the original T state conformation
(Fig. 5B). These results indicate that the domain-separated FimH30
obtained from the T state when simulated under shear force does
not represent the FimH30 starting R state conformations used in
our non-biased simulations. Indeed, a key difference between the
T and R states is the backbone geometry of the P26 residue, which
influences the conformation of the swing loop (where this residue
resides), ultimately altering the conformation of the adjacent lin-
ker region and insertion loop in the interdomain region leading
to the two distinct configurations (Fig. 5C & 5D, Fig. S1C). During
the ASMD simulation separation of the FimH30 domains in the T
state, in which a force was applied to separate the domains, the
backbone geometry of P26 did not change (Fig. 5C). Notably, the
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backbone geometry of P26 in the non-biased simulations differs
between the R state and T state conformations (Fig. 5D). These data
suggest that the resulting FimH conformation induced by applying
force on the T state under our experimental settings may differ
from the domain-separated R state conformations.
3. Construction of an isogenic set of E. coli ST131 EC958 strains
expressing equivalent levels of distinct FimH variants

To study the functional consequences of differences in protein
dynamics caused by these natural mutations in FimH, we per-
formed allelic exchange and introduced the three prevalent fimH
alleles from ST131 clades A (fimH41), B (fimH22), and C (fimH30),
and well-studied alleles fimH18 and fimH27 into the ST131 E. coli
EC958 strain background, by replacing the original fimH30 gene
with each of the natural alleles. This resulted in a set of 5 isogenic
EC958 fimH mutant strains (referred as H30, H22, H41, H27 and
H18 throughout this study). Due to an insertion within the type
1 fimbrial regulator gene fimB, the off-to-on switch frequency of
type 1 fimbriae in ST131 E. coli EC958 is slow, but the production
of fimbriae can be enriched under sequential aerobic static culture
conditions [26,27]. To confirm equal production of type 1 fimbriae
in the isogenic strains, we first compared the orientation of the fim
switch (fimS; contains the fim promoter) in EC958 strains harbour-
ing different fimH alleles. No difference in fimS ‘off’ and ‘on’ propor-
tions was observed between strains, with over 90 percent of the



Fig. 5. Distinctive structural difference between T state conformation with domain separation under shear force and R state conformations in the absence of force. (A)
Conformational change observed during the ASMD from the T state conformation (left) to loss of contacts between the swing segment and pilin domain (middle) and the fully
separated conformation with the swing segment not interacting with the pilin domain. Regions of the protein including the swing segment (blue), DsG (purple), clamp
segment (orange), bulge helix segment (red), insertion loop (yellow) and linker (green) are highlighted. (B) Superposition of the relative conformation of FimH30 at 50 ns
intervals between the start (red) and the end (blue) of the 300 ns MD simulation of the FimH30 variant in the absence of force starting from the final frame of the ASMD pull.
(C) Ramachandran plot of the / and w dihedral angles of P26 over the ASMD simulation of FimH30 from a separation distance between mannose and the DsG of 55 (black) to
95 (yellow) Å. (D) Ramachandran plot of the / and w dihedral angles of P26 from 300 ns unbiased simulation of FimH30 in the R-state (purple) and T-state (blue). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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fimS-containing amplicons in the ‘switch on’ orientation, similar to
that of EC958 wild-type (WT) cultured under identical fim enrich-
ing conditions (Fig. S3A). Equivalent expression of type 1 fimbriae
across strains was also confirmed by immunoblotting using anti-
FimA sera (Fig. S3B). Lastly, functional production of type 1 fim-
briae on the surface of EC958 as assessed by yeast agglutination
confirmed that the isogenic EC958 fimH mutants had similar levels
of type 1 fimbriae to WT. FimH-mediated yeast cell agglutination
by all strains was fully inhibited by the addition of methyl-a-
mannopyranoside (Fig. S3C). Together, these data confirmed that
the expression of different fimH alleles in ST131 E. coli EC958
was not detectably different to that of the fimH30 encoding parent
strain.

4. FimH30 mediates high levels of intestinal cell adhesion,
bladder cell invasion and biofilm formation by ST131 E. coli
EC958

We have previously shown that FimH30 in ST131 E. coli EC958
mediates human bladder epithelial cell adhesion and invasion [26],
interactions with human intestinal epithelial cells [3] and biofilm
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formation [28]. We therefore compared cell adhesion and invasion
mediated by EC958 isogenic fimH mutants to T24 human bladder
epithelial cells (Fig. 6A&B) and Caco-2 human colonic epithelial
cells (Fig. 6 C&D). While swapping fimH30 for other natural fimH
alleles in EC958 did not affect bacterial adhesion to bladder cells
(Fig. 6A), the isogenic H30 strain showed significantly higher cell
invasion compared to H41, H27 and H18 (Fig. 6B). Intriguingly,
while H30 displayed significantly higher adhesion to Caco-2 cells
compared to H22 and H41, it showed similar intestinal cell inva-
sion to all other strains, except H41 (Fig. 6D). It is also worth noting
that all ST131 fimH mutants mediated overall higher adhesion
levels to intestinal cells compared to bladder cells and higher levels
of invasion into bladder over intestinal cells (Fig. 6E). Our results
indicate that the fimH30 allele could confer a potential advantage
to EC958 for intestinal adhesion and bladder invasion over other
fimH alleles from ST131 clade A and B. We also tested the isogenic
fimH mutants for biofilm formation on abiotic surfaces (Fig. 6F).
H30 along with H22 displayed significantly higher biofilm levels
than H41, H27 and H18, which lends further support to the tenet
that FimH30 is evolutionarily optimised for enhanced ST131 fit-
ness across various niches.



Fig. 6. Natural mutations in FimH impact its cellular function. Adhesion (A&C) and invasion (B&D) of EC958 WT and isogenic fimH mutants into human bladder T24 cells
(A&B) and colonic Caco-2 cells (C&D). All assays were performed at an MOI of 10. E. Preferential bacterial adhesion and invasion into human intestinal (IN, Caco-2; blue) or
bladder (BL, T24; red) epithelial cells by isogenic EC958 fimHmutants. Data for each isogenic mutant were centralised against the mean adherent CFU/ml or intracellular CFU/
ml from bladder and intestinal cell assays, and then the mean ratio of IN over BL centralised values were calculated and shown as a heatmap for each strain for both adhesion
and invasion. F. Biofilm formation by EC958 isogenic fimH mutants. Group mean differences were tested by one-way ANOVA followed by Dunn’s multiple comparisons tests
against H30 with significance set at the 5 % level. p values shown as: *: p < 0.05; **: p < 0.01; and ***: p < 0.001. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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5. Discussion

FimH is the tip adhesin of type 1 fimbriae, which are ubiqui-
tously found in E. coli. FimH mediates bacterial attachment to host
cells through targeting mannose moieties on host cell surface gly-
colipids and glycoproteins, contributing to pathogen colonisation
and invasion into different host niches. The functional heterogene-
4537
ity conferred by extensive allelic variation in FimH has been long
recognised [29] and has provided new insights into how different
FimH variants have evolved to mediate E. coli colonisation of vari-
ous host niches [6,17,30]. With more than 60 wildtype fimH alleles
reported to date and only two structures available in the Protein
Data Bank (FimH2 and FimH27 capturing limited conformational
snapshots), we posit there is an important gap in our current
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understanding of FimH structure–function in successful E. coli lin-
eages. In this respect, the emergence and subsequent global expan-
sion of E. coli ST131 MDR clade C [23] prompted us to characterise
its defining fimH30 allele in comparison to other alleles from this
lineage or previously well-characterised alleles from UPEC. Here,
we combined MD simulations, using appropriate timescales for
statistical sampling of FimH dynamics and non-equilibrium simu-
lations to investigate shear force effects, along with biological
assays in a clinically relevant pathogenic background (a reference
ST131 multidrug resistant isolate), to directly determine the
impact of naturally occurring mutations in FimH on protein allos-
tery and cellular function.

Classically, the allosteric mechanism of FimH has been
described as a step-wise process, where FimH on the fimbrial tip
is in the associated (T state) conformation under static conditions
and undergoes domain separation upon mannose binding or shear
force, resulting in increased mannose binding affinity [12,31]. With
over 60 PDB files of FimH protein structures available to date [21],
different conformations of FimH proteins have been revealed.
Recently, Kalas, et al. [15] reported that the apo FimH18 protein
in solution samples various conformations including previously
solved associated (T) and elongated (R) conformations. The authors
then proposed a revised FimH allostery model where the FimH
protein pre-exists in both the T and R states, which may follow dif-
ferent pathways to engage with mannose. In our 300 ns nonbiased
MD simulations, for all FimH variants that started in the T state
bound to mannose, mannose binding alone was not sufficient to
induce the domain separation characteristic of the R state. More-
over, when simulations were initiated from the mannose bound
R state, none of the FimH variants undergo domain re-association
to convert to a T state. This might suggest that the T and R states
are distinctive conformations and that there might be a high free
energy barrier between the two states. In addition, in our ASMD
simulations of the T state, on application of force, the two domains
separate to adopt an elongated conformation that readily re-
associates back to the T state upon removal of force. Incidentaly,
the force induced elongated FimH configuration does not corre-
spond to the previously experimentally characterised R state.
Taken together our simulation data suggest two distinct scenarios:
(i) the ASMD simulations did not allow overcoming the energetic
barrier between the T and R states and the resulting elongated
form may represent an intermediate between the two states; or
(ii) that FimH can adopt distinct types of R conformations, one aris-
ing in a step-wise fashion from the T state upon application of force
and another representing a pre-existing relaxed conformation. The
latter is also in agreement with experimental data documenting
the length of time that E. coli pause on mannosylated surfaces,
where a double exponential decay in the duration of the pause
was observed [32]. These data strongly suggest the co-existence
of two distinct FimH conformational states, which engage with
mannose through different mechanisms. Collectively, our analysis
of natural FimH adhesin variants support the allostery model pro-
posed by Kalas, et al. [15], where FimH exists in two distinctive
conformational populations from both the T and R states.

Through MD simulations of clinically relevant FimH variants we
demonstrate that naturally occurring mutations in FimH outside
the conserved mannose binding pocket can directly affect protein
interdomain interactions and influence protein ligand binding sta-
bility in different conformational states. In all reported FimH struc-
tures solved in R state conformations, residue R166 in the pilin
domain is not in direct contact with the lectin domain [21]. In con-
trast, all reported FimH structures solved in T state conformations
maintain interdomain interactions mediated by the R166 residue.
We also observed the formation of several hydrogen bonds in all
FimH variants, except FimH30 where they were lost upon the
R166H mutation. This may facilitate a shift in the equilibrium of
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conformational states from T to R by abolishing several key inter-
domain interactions maintained by R166 in the T state. In conse-
quence, when simulated in the T state, FimH30 maintained the
least persistent interactions with mannose in comparison to other
tested variants. This is also supported by our structure analysis
where the distal end of the pilin domain in FimH30 showed larger
disordered movement in the T state compared to other tested vari-
ants. In contrast, when simulated in the R state, FimH30 mannose
binding was maintained by higher frequency interactions.
Together, we propose that the R166H mutation in FimH30 might
lead to a conformational equilibrium shift towards R state confor-
mations and a relatively tight binding to mannose. This may in part
explain the high mannose binding ability previously reported for
FimH30 and related variants with the R166Hmutation, despite this
mutation localising outside the mannose binding pocket [16]. Also
our finding that, in the absence of shear force, the hydrogen net-
work between mannose and residues in the binding pocket is more
persistent in R over T state conformations, suggests that FimH30
could serve as a natural FimH variant to reveal another distinctive
R state conformational snapshot.

Our chromosomally engineered isogenic fimH mutants allowed
us to directly interrogate the functional consequences of distinct
FimH variants in the most clinically relevant strain background.
Therefore, our functional analyses are not subject to strain varia-
tion and are more sensitive to functional differences mediated by
distinct FimH variants. We showed that H30 outperforms isogenic
H22 and H41 strains for adherence to human colonic epithelial
cells. A similar trend was previously reported for these dominant
ST131 variants for binding to monomanose and trimannnose when
overexpressed in an E. coli K-12 strain background [16]. Ours find-
ings may also in part explain epidemiological observations report-
ing ST131 clade C (FimH30) strains as being significantly longer gut
colonisers, with an estimated half-life of 13 months, compared to
only two to three months half-life by other drug resistant E. coli
strains [33]. In addition, we found that isogenic FimH variant
strains displayed overall higher adhesion levels to colonic cells
than to bladder cells and high invasion levels into bladder cells
over colonic cells. This suggests that the tissue tropism is not
mainly affected by affinity differences between FimH variants,
and likely driven by differences in host cell receptors. Indeed, affin-
ity of FimH to different mannosylated molecules can differ by 100-
fold [34], while allelic variation in FimH alters the affinity to a
specific mannose by only 2–12 fold [35]. Thus, FimH is likely to
contribute to human intestinal colonisation, which serves as the
main UPEC reservoir, yet favours invasion into bladder cells where
it facilitates UTI establishment and likely persistence. This also
suggests that higher cell adhesion does not ensure more intracellu-
lar bacteria, and that other factors contribute to epithelial cell inva-
sion by UPEC. To our knowledge, this is the first study to report
differential tissue tropism by a set of clinically relevant isogenic
fimH mutants.

In conclusion, we report evidence supporting that the previ-
ously solved T and R FimH conformations represent two distinctive
populations in the conformational landscape of this protein, which
appears more expansive than previously anticipated and that
mutations in FimH30 influence the transitions between conforma-
tional states, thereby optimising FimH30 adhesin function for
ST131 virulence.
6. Materials and methods

6.1. Molecular dynamics simulation methods

FimH was modelled for the FimH2, FimH18, FimH22, FimH27,
FimH30, and FimH41 protein variants (Fig. 1B) in the T state con-
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formation (PDB ID: 4XOE) and R state conformation (PDB ID:
4XOB) with mannose bound (Fig. S1). In the R state crystal struc-
ture (PDB ID: 4XOB), FimH is interacting with the b-strand of FimF
(donor strand F or DsF), however DsG of FimG is the native donor
peptide to FimH. Therefore, DsF was replaced with the DsG prior to
modelling. PropKa [36,37] was run on the crystal structure and all
amino acids were determined to be in their canonical protonation
state (pH = 7), with the exception of C3 and C161, which form a
disulphide bond. Molecular dynamics (MD) simulations were per-
formed using AMBER16 [38] with the AMBER ff14FB force field
[39] for the protein, and the Glycam_06j-1 force field [40] for the
mannose. Ions were modelled with the parameters developed by
Joung and Cheatham [41]. The complexes were solvated in a TIP3P
octahedral box such that the minimum distance between the box
edge and FimH was 10 Å. NaCl was added to the systems to a final
concentration of 0.150 M, while additional Cl- ions were added to
neutralize the charge of each system.

Systems were minimized in a step-wise procedure with mini-
mization of 1) water and counter ions, 2) protein hydrogen atoms,
3) FimH, DsG and mannose, and 4) the entire system. Each step of
minimization included 2500 steps of steepest descent and 2500
steps of conjugate gradient minimization, while applying a
50 kcal/(mol�Å2) restraint on all other atoms. The systems were
then heated from 0 to 310 K in 6 steps, with each 10 ps simulation
having an increased temperature (i.e., 10, 60, 120, 180, 210, 260,
and 310 K). Heating was performed with a 1 fs time step,
10 kcal/(mol�Å2) restraint on the solute and the Langevin ther-
mostat (c = 1.0). The systems were then equilibrated over five
20 ps simulations while reducing the constraint on the solute
(i.e., 20, 15, 10, 5 and 1 kcal/(mol�Å2)). Equilibration was performed
at 310 K with a 2 fs time step. Unconstrained production simula-
tions of 300 ns were performed in triplicate for each system.
Throughout all simulations, the pressure was maintained at 1 bar
using isotropic position scaling and the Berendsen barostat
(sP = 2.0 ps), SHAKE, the periodic boundary condition, a nonbonded
cut-off of 8 Å, and long-range electrostatic interactions were trea-
ted with the Particle Mesh Ewald (PME) method. Analysis was per-
formed on frames spaced by 0.2 ns using the cpptraj module of
AMBER16 [38]. Visualization of the simulations and generation of
figures was performed using VMD 1.9.2 [42].

To further investigate the shear force induced conformational
change from an initial FimH T state, adaptive bias steered molecu-
lar dynamics (ASMD) was used [43,44]. In ASMD the reaction coor-
dinate is separated into stages and the potential of mean force
(PMF) is sampled independently in each stage using the Jarzynski
equality [45]. Here, a single structure is chosen as the starting point
of the subsequent stage based on the simulation in which the asso-
ciated work is closest to the Jarzynski average. In the simulations,
the distance between the mannose ligand (O5) and pilin domain
(using the CA of Thr287 from the DsG as a reference) was pulled
from 55 to 95 Å with a velocity of 10 Å/ns. The reaction coordinate
was separated into 20 stages and 100 simulations were performed
for each stage.

6.2. Bacterial strains and culture conditions

E. coli ST131 strain EC958 [26] was used as a reference MDR
clinical isolate that naturally encodes the fimH30 gene. A previ-
ously constructed EC958 DfimH mutant [3] served as the back-
ground strain for generating a panel of isogenic EC958 strains
each harbouring a different wild-type fimH allele (fimH27, fimH18,
fimH22, fimH41 and fimH30 that was re-introduced as a control;
Table S1). Each fimH sequence flanked by identical 500-bp
upstream and downstream homology regions (from the EC958
genome) [26,46] were synthesized and provided by Epoch Life
Science into pBSK plasmids (Table S1). Plasmids carrying distinct
4539
fimH alleles were used as templates for the amplification of linear
DNA cassettes that were exchanged into the EC958 fimH chromo-
somal locus by k-red mutagenesis [47] with modification [26].
All EC958 strains were cultured in LB-Lennox and passaged stati-
cally for three rounds of 48 h incubation at 37 �C to maximally
switch on type 1 fimbriae production as previously described
[27]. Fim-enriched strains were stored at �80 �C and used as inoc-
ulating cultures in all assays unless stated otherwise.

6.3. Determination of fimS orientation

The orientation of fimS was determined by PCR and restriction
digestion as described previously [48]. Briefly, a fimS containing
DNA fragment was PCR amplified from boiled bacterial cell lysate
using primers TCGTTTTGCCGGATTATGGG and AGTGAACGGTCC-
CACCATTAACC. The fimS orientation was then determined by Hinf1
restriction digestion of the amplicons followed by separation on a
2 % agarose gel. The percentage of the fragments corresponding to
a fimS switch-on orientation was estimated by the band intensity
ratio of (switch-on/total) using GeneTools (Syngene).

6.4. Confirmation of type 1 fimbriae expression

Semi-quantitative expression of type 1 fimbriae was performed
as previously [3]. Briefly, fim-enriched bacterial cell lysates were
separated by SDS-PAGE and subjected to Western immunoblotting
with anti-FimA antibody [3] and anti-GroEL antibody (Invitrogen).
Relative band intensities (FimA/GroEL) were normalized against
that of WT (defined as 1.00) and were used to compare between
blots. Production of functional type 1 fimbriae on the bacterial cell
surface was confirmed by yeast cell agglutination [26] with modi-
fications. Bacterial cultures (OD600 of 5.0) were 2-fold serially
diluted and mixed with an equal volume of 5 % (w/v) yeast cell
(Saccharomyces cerevisiae) solution in PBS in the presence or
absence of 1 % methyl a-D-mannopyranoside (Sigma, M6882).
The highest dilution with visible agglutination within 5 min was
recorded. Yeast agglutination titers were measured from four inde-
pendent experiments.

6.5. Mammalian cell culture and in vitro cell infection assays

Human bladder epithelial cells T24 (ATCC HTB-4, in McCoy’s 5A
medium [modified, Invitrogen]), human colonic epithelial cells
Caco-2 (ATCC HTB-37, in Dulbecco’s modified Eagle’s medium
[DMEM]), and T84 (ATCC CCL-248, in DMEM and Ham’s F-12 nutri-
ent mixture) were maintained in medium supplemented with 10 %
fetal calf serum (Invitrogen). Bacterial adhesion and invasion
assays were performed as described previously [3,26]. Briefly, cells
grown confluent on a 24-well plate were infected with bacteria at
the multiplicity of infection (MOI) of 10 and were incubated at
37 �C, 5 % CO2 for 1 h, followed by 5 washes with PBS. Cell mono-
layers were then lysed, and adherent bacteria were enumerated by
serial dilution and plating onto LB agar. The intracellular bacterial
load was determined by an additional 1 h gentamicin treatment
before enumeration as above.

6.6. Bacterial biofilm formation

Biofilm formation was performed as described previously [28].
Fim-enriched bacteria were inoculated into a 96-well round-
bottom plate (Greiner) at the OD600 of 0.03 in LB and were incu-
bated statically at 37 �C for 18 h. The biofilm was then quantified
by staining with 0.1 % (w/v) crystal violet for 30 min at 4 �C, fol-
lowed by solubilization in ethanol-acetone (80:20 v/v) solution,
and the absorbance was measured at 595 nm in a XMark micro-
plate reader (BioRad).
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