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ABSTRACT

Multivalent carbohydrate-lectin interactions at host-pathogen interfaces play a crucial role in
the establishment of infections. Although competitive antagonists that prevent pathogen
adhesion are promising anti-microbial drugs, the molecular mechanisms underlying these
complex adhesion processes are still poorly understood. Here, we characterize the interactions
between the fimbrial adhesin FimH from uropathogenic Escherichia coli strains and its natural
high-mannose type N-glycan binding epitopes on uroepithelial glycoproteins. Crystal structures
and a detailed kinetic characterization of ligand-binding and dissociation revealed that the
binding pocket of FimH evolved such that it recognizes the terminal o(1-2)-, a(1-3)- and ou(1-
6)-linked mannosides of natural high-mannose type N-glycans with similar affinity. We
demonstrate that the 2,000-fold higher affinity of the domain-separated state of FimH compared
to its domain-associated state is ligand-independent and consistent with a thermodynamic cycle
in which ligand-binding shifts the association equilibrium between the FimH lectin and the
FimH pilin domain. Moreover, we show that a single N-glycan can bind up to three molecules
of FimH, albeit with negative cooperativity, so that a molar excess of accessible N-glycans over
FimH on the cell surface favors monovalent FimH binding. Our data provide pivotal insights
into the adhesion properties of uropathogenic Escherichia coli strains to their target receptors

and a solid basis for the development of effective FimH antagonists.
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Introduction

Multivalent carbohydrate-lectin interactions are fundamental for many biological processes,
including cell-cell recognition, cell adhesion, signal transduction, immune system activation,
and pathogen invasion.!”? A detailed molecular understanding of these interactions is therefore
relevant for many medical applications.>® Individual carbohydrate-lectin interactions typically
show low affinities, with dissociation constants (Kq) in the micromolar to millimolar range.®1°
However, the low affinities can be compensated by strong avidity effects that can dramatically
improve pathogen adhesion. These avidity effects are caused by the presence of multiple lectins
on the pathogen and multiple carbohydrate ligands on the target cell. A quantitative molecular
description of multivalent host-pathogen interactions is usually hampered by the complexity of
binding protein and target ligand distribution at the cell-cell interface.!!"!? Specifically, the
precise, quantitative understanding of carbohydrate-lectin based host-pathogen interactions
remains highly challenging.

Multivalent carbohydrate-lectin interactions play a key role in the bacterial adhesion and
subsequent infection by pathogenic Escherichia coli (E. coli) strains, which are responsible for
the vast majority of urinary tract infections (UTIs) in humans.!? In the first critical infection
step, the bacteria attach to the uroepithelium via filamentous type 1 pili, which are displayed
on the bacterial surface in several hundred copies per cell.!*!> Type 1 pili are composed of a
0.1 —2 um long, helical rod consisting of up to 3,000 copies of the pilus subunit FimA, and a
tip fibrillum at the distal end formed by the pilus subunits FimF, FimG and FimH.!® The adhesin
FimH at the pilus tip is a lectin that recognizes terminal o-D-mannopyranosides of high-
mannose type N-glycans on the surface of urothelial cells.!” Due to its role as an essential
virulence factor, FimH has attracted a lot of attention as a potential drug target for UTI
treatment. '8-22

FimH is a two-domain protein, composed of an N-terminal lectin domain (FimHr) and a

C-terminal pilin domain (FimHp). FimHp connects FimH to the pilus and interacts with the
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neighboring pilus subunit FimG via a mechanism termed donor strand complementation, in
which the N-terminal extension of FimG (DsG) inserts as a -strand into the immunoglobulin-
like fold of FimHp.!® The two-domain architecture of FimH enables type 1 piliated E. coli cells
to form “catch-bonds” after binding to target glycans: FimH shows the remarkable ability to
bind ligands stronger under tensile mechanical forces acting on FimH-ligand complexes under
the flow conditions of urine excretion, which prevents pathogen elimination by urination.?® The
catch-bonds formed by FimH are based on an allosteric mechanism in which the inter-domain
interactions at the FimHp-FimHL interface accelerate spontaneous ligand release from FimHL
in the absence of mechanical force by 100,000-fold relative to the domain-separated FimH state
induced by shear force. This results in a more than 1,000-fold weaker affinity of the domain-
associated state of FimH (A-state) relative to the domain-separated S-state. The relatively weak
affinity of FimH in the absence of shear force in turn favors bacterial motility along the urinary
epithelium and invasion of new tissue areas.?*2

The catch-bond mechanism of FimH was established by characterizing the binding of the model
ligand n-heptyl a-D-mannopyranoside (HM) to a soluble, monomeric version of full-length
FimH, FimH-DsG, in which FimHp was stabilized with a synthetic peptide corresponding to
DsG, and the isolated FimHr domain representing the S-state of FimH under shear force (Figure
la).26 Within the urinary tract environment, FimH recognizes a variety of glycoproteins,
including uroplakin la, Bl and a3 integrins, and uromodulin.!” 27-28 All these glycoproteins
present high-mannose type N-glycans on their surface with glycoforms ranging from MansGna
to ManoGnz, and terminally exposed a-D-mannopyranosides that can be either o(1-2)-,
a(1-3)- or a(1-6)-linked to the respective N-glycan (Figure 1b).2°-** Notably, previous studies
indicated that FimHr more readily binds to o(1-3)-linked versus a(1-2)-linked and o(1-6)-
linked dimannosides.*>-** However, fundamental questions on the interactions between FimH

and its natural N-glycan binding epitopes remained unresolved: (i) How does FimH bind the
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different terminal mannosides at the structural level? (ii) How do the different conformational
states of FimH affect binding kinetics to their natural binding epitopes? (iii)) How many FimH
molecules can bind to a single high-mannose type N-glycan and is multivalent carbohydrate

binding accompanied by steric hindrance effects or positive cooperativity?

a) b)

static conditions flow

Epithelium T
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FimH, ree bound
FimH,
FimG
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o « a6 a3 ab a3
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@ ®
Man ManaMe o2Many ao3Many ob6Manpy  Mang Mans Man3Gnjp MansGnyp MangGnyp

Figure 1. Catch-bond mechanism and binding epitopes of FimH-mediated adhesion. (a) Schematic representation
of the FimH catch-bond mechanism. In absence of shear force, formation of the FimH-receptor interactions is
characterized by a highly dynamic equilibrium between the Afiee to the Apound state, in which the FimHr-FimHp
domain interface remains intact. Fast binding and release to target receptors in the absence of shear forces are a
prerequisite for bacterial motility in the urinary tract. Shear forces convert the Avound to the domain-separated,
high-affinity Svound state, which shows the same binding properties as the isolated lectin domain FimHvr The
strongly increased affinity of Swound prevents bacterial clearance by urine excretion. (b) The main FimH receptor
in the urinary tract is uroplakinla (UPIa) bearing high-mannose type N-glycans ranging from MansGnz to
ManoGnz.!” Terminal mannosides in these N-glycans can be a2-, a3- or a6-linked to the next mannopyranoside

residue. ¢) Schematic representation of the mono- and multivalent ligands used in this study.
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To address these questions, we used synthetic, a-linked mono- and dimannosides that represent
natural terminal o-D-mannoside moieties present on FimH target glycoproteins in the bladder
(Figure 1b,c). These monovalent model ligands enabled a complete kinetic and structural
characterization of the binding properties for both the A- and S-state of FimH. The experiments
revealed that FimH can bind multiple terminal N-glycan structures with similar affinity and
demonstrate that the higher affinity of the S-state relative to the A-state is ligand-independent.
High-resolution structures of multiple FimH-dimannoside complexes show that the flexibility
of amino acid side chains of the extended FimH binding site supports binding to higher N-
glycans. In addition, analytical size exclusion chromatography revealed that multiple copies of
FimH can bind to a single high-mannose type N-glycan and allowed detailed, quantitative
characterization of these multivalent carbohydrate-FimH interactions. This comparative
analysis rationalizes the structural specificity of FimH to its natural ligands, and our results on
the thermodynamics and kinetics of ligand-binding provide a framework for the development

of efficient FimH antagonists.
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Results & Discussion

Design and synthesis of the natural FimH model ligands

We previously analyzed the different functional and structural states of FimH with the model
ligand HM.2® Owing to its aliphatic n-heptyl substituent, HM binding properties may differ
from high-mannose type N-glycans displayed on urothelial FimH target glycoproteins. To
obtain a precise picture of FimH binding characteristics towards the different terminal
mannopyranosides in natural N-glycans, we synthesized three natural model dimannosides,
Mana(1-2)ManaMe (a2Manz), Mano(1-3)ManoMe (a3Many) and Manao(1-6)ManoaMe
(a6Many) (Figure S1). The reducing end of each dimannoside ligand was modified by a
methoxy group in the a-configuration, as in natural high-mannose type N-glycans. In addition,
we included D-mannopyranose (Man) and methyl o-D-mannopyranoside (ManaMe) as
reference ligands, allowing us to distinguish between contributions of the terminal and the
subsequent mannopyranoside residue, as well as the effect of different glycosidic linkages on
FimH binding (Figure 1b). To study multivalent carbohydrate-FimH interactions, FimH
binding to the trimannoside (Mans), the pentamannoside (Mans), the core N-glycan Man3Gna,

MansGn, and MansGn, was analyzed (Figure 1c) (see below).

FimH binds a2-, a3- and a.6-linked dimannosides with similar affinity

The K4 values for binding of the mono- and dimannoside ligands (Figure 1c) to FimH-DsG and
FimHr were determined by equilibrium competition experiments using the fluorescein-labeled
a-D-mannoside GN-FP as competitor.26 GN-FP shows an about 2-fold fluorescence decrease
and a strong fluorescence anisotropy increase at 528 nm upon binding to FimH. Its K4 values
for binding to FimH-DsG and FimH were determined to be 1.5 x 107 M and 7.0 x 10! M,
respectively (Figure S2, Table 1).2° Figure 2a,b shows the recorded equilibrium competition

experiments in which GN-FP was displaced from FimH-DsG or FimHr with increasing
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concentrations of the respective mannoside ligand. The deduced Kq values of Man, ManaMe,
a2Many, a3Man; and a6Many for binding to FimH-DsG and FimHr were in the range of
28 -320 uM and 15 - 150 nM, respectively. Both FimH-DSG (Abound) and FimHr (Sbound)
showed highest affinity for ac3Man,, and 2-fold and 10-fold reduced affinity for a2Man, and
a6Many, respectively (Table 1). In addition, a3Man, and a2Man; exhibited 4-fold and 10-fold
higher affinities to both FimH states than the monosaccharides Man and ManaMe, indicating
additional, stabilizing interactions between the subsequent mannopyranoside moieties of the di-
mannosides and FimH (Table 1).

Stopped-flow tryptophan fluorescence kinetics revealed essentially identical association rates
of ~2-3x10°M's! for all tested mono- and dimannoside ligands to the FimH A-state
(FimH-DsG), demonstrating that the increased affinity to the A-state of the dimannosides
relative to the monosaccharides originated from slower dissociation rates (Figure 2c¢ and
Table 1). This was confirmed by the kinetics of the GN-FP anisotropy increase during
competitive ligand displacement by excess GN-FP (Figure 2d, Figure S3 and Table 1).
Analogous results were obtained for ligand-binding to the FimH S-state (FimHt): dimannosides
were bound with higher affinity than monosaccharides, the order of affinity for the
disaccharides remained a3Man, > a2Man, > a6Man;, the on-rates of all mono- and
dimannoside ligands were identical within a factor of two and differences in affinity were

determined by the rates of spontaneous ligand dissociation (Figure 2b,d and Table 1).
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26
;; Figure 2. Thermodynamics and kinetics of ligand-binding and release by FimH-DsG (a,c) and FimHL (b,d) at
;g pH 7.4 and 25°C. Ligand-binding equilibria of FimH-DsG (a) and FimHL (b), analyzed by competitive
21 displacement of GN-FP via the increase in GN-FP fluorescence. The K4 values for GN-FP binding of 0.15 uM
2
33 and 0.07 nM to FimH-DsG and FimHi, respectively, were fixed during fitting the data globally (solid lines). (c)
34
35 Stopped-flow kinetics of ligand-binding to FimH:DsG, recorded via the increase in tryptophan fluorescence above
36
37 320 nm. Kinetics were recorded under pseudo-first order conditions, and the observed pseudo-first order rate
38
39 constants (kobs) were plotted against ligand concentration. The slopes of the linear fits correspond to the respective
40
41 second-order rate constants (kon), and the y-axis intercepts correspond to the rates of spontaneous ligand
42
43 dissociation (kofr). (d) Kinetics of spontaneous ligand dissociation from FimHy, recorded via GN-FP binding after
44
45 ligand dissociation. A solution with equimolar concentrations of FimHr and ligand (1 pM) was mixed with excess
46
47 GN-FP (1.25 uM), and the increase in fluorescence anisotropy at 528+20 nm as a consequence of ligand
48
49 dissociation and GN-FP binding was recorded. The obtained first-order kinetics (solid lines) were independent of
50
51 GN-FP concentration (Figure S3) and thus directly monitored ligand dissociation.
52
53
54
55
56
57
58
59
60
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Table 1. Kinetics and thermodynamics of ligand-binding to FimH-DsG and FimHL.

Page 10 of 25

Protein Ligand

Kon (M-1 5-1)

Kot (5-1)

KofilKon (Kinetics; M)@

Ka (equilibrium; M)®

Man

ManaMe

abMan:z

FimH-DsG a2Man,

(A-state)

a3Man:z

GN-FP

Man

ManaMe

abMan:z

FimHc o2Man;

(S-state)

a3Man:z

GN-FP

(1.80.2) x 10°
(3.3+0.2) x 10°
(2.0£0.1) x 10°

(2.7+0.1) x 10°

(3.2¢0.1) x 10°

(2.9+0.01) x 107

(8.4+0.3) x 103®
(1.330.1) x 10¢®
(6.0£0.3) x 103®

(5.5+0.3) x 103©

(1.4£0.1) x 10¢®

(1.40.03) x 10°©)

(6.2+0.8) x 10"
(1.0£0.1) x 102
(6.5+0.5) x 10"

(2.9+0.5) x 10"

(1.4%0.3) x 10

(5.0£0.02) x 10°

(1.2£0.003) x 10°
(1.6£0.01) x 10
(8.6£0.02) x 10

(2.4+0.01) x 10*

(2.0£0.01) x 10*

(9.840.1) x 10°

(3.5+0.6) x 10
(3.2+0.3) x 10
(3.2+0.3) x 10

(1.10.2) x 10

(4.4+0.9) x 10°

(1.7£0.01) x 107

n.a.
n.a.
n.a.

n.a.

n.a.

n.a.

(3.2¢0.2) x 10
(2.7+0.1) x 10
(2.7+0.2) x 10

(7.0£0.8) x 10°

(2.840.2) x 10°

(1.5£0.1) x 107 ©

(1.50.1) x 107
(1.2£0.05) x 107
(1.40.1) x 107

(4.4+0.2) x 10°®

(1.5+0.1) x 10°®

(7.0£0.1) x 10711 @

Parameters were determined at pH 7.4 and 25°C. Errors are standard errors obtained from the respective fits. The rate constants
kon and Kot were determined from the experiments shown in Figure 2 and Figure S2. The Kq values for the complex formation
between ligands and FimH-DsG and FimHL were (a) obtained from the ratio of rate constants (kot/kon), (b) calculated from the

competition equilibria with GN-FP, (c) obtained from direct equilibrium titration experiments, or (d) were taken from reference 26,

and (e) kon values were calculated from Kq and Kofr.
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1
2
z Table 2. Comparison of ligand-binding by FimH-DsG (A-state) versus FimHL (S-state).
Z Ka (H-DsG)/ kon (H-DsG)/ kott (H-DsG)/ t12 (H-DsG) tiz (Ho)
Ligand
; Ka (Hu) Kon (HL) Kott (HL) (ms) (min)
?0 Man 2,100 21 52,000 11 10
: ; ManaMe 2,300 25 63,000 7 7
:i a6Man; 1,900 33 76,000 11 13
: 2 a2Man; 1,600 49 121,000 24 48
: ; a3Man; 1,900 23 70,000 50 58
1
23 GN-FP 2,100 21 51,000 139 118
21
Values from Table 1 were used to calculate the respective ratios between the Kq, kon and kor values of FimH:DsG and FimHL..
22 P
23
24
25
26 In summary, the results show that the FimH A-state (FimH-DsG) binds to all natural, terminal
27
;g o-D-mannoside structures with medium affinity, while all D-mannosides are uniformly bound
30
31 with approximately 2,000-fold higher affinity by the FimH S-state relative to the A-state. For
32
33 each ligand, the higher affinity of the S-state results from an about 70,000-fold slower ligand
34
22 dissociation from FimHr and an about 30-fold slower association compared to the A-state
37 . .
Tables 1 and 2). The fact that the S-state shows a 2,000-fold higher affinity than the A-state
38 g y
39
40 independently of the respective ligand strongly indicates that the catch-bond mechanism of
41
fé FimH is based on a thermodynamic cycle in which ligand-binding favors domain separation,
44 . . e . .
45 as previously proposed.’” The cycle predicts that the equilibrium constant of domain separation
46
47 is shifted by a factor of 2,000 towards the S-state in the absence of mechanical force, i.e., the
48
49 same factor by which the Kq values of the A-state are lower than those of the S-state (Figure 3).
50
g; Despite the shift of the equilibrium from Apound t0 Sbound, We could not detect the Spound State in
53
54 solution, because the kinetics of ligand-binding and dissociation for FimH-DsG did not deviate
55
56 from those expected for binding to a single protein conformation (A-state) and reproduced the
57
g g equilibrium Ky values within experimental error. Based on this, we estimate that Spound Was not
60

populated by more than 10% in solution, and that the Afree/Ssee equilibrium constant in the
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absence of ligand is larger than 20,000 (Figure 3), in agreement with the observation that neither
the Stiee NOr the Spound state of FimH-DsG could be crystallized.?® 3® The Spound state of FimH
mainly occurs under the shear forces during urine excretion, and the measured off-rates of the
Sbound state define the lower limit of the off-rates under shear forces in the urethra.

Our thermodynamic cycle model is consistent with previous studies showing that monoclonal
antibodies (mAbs) generated against FimHy (S-state) also improved ligand-binding of full-
length FimH (A-state). Significant population of the S-state without shear stress was most likely
observed because the S-state selective mAbs pulled the high-affinity S-state from the FimH A-
state/S-state equilibrium.?* % In summary, our results provide strong evidence that full-length
FimH (FimH-DsG), and not FimHz, is the best target for anti-adhesive drug screening, because
the Sqee state (represented by free FimHr) is not significantly populated in vivo during
colonization of the bladder habitat. We are fully convinced that the search for efficient FimH
antagonists should primarily focus on molecules with high-affinity to and slow dissociation
from the A-state of full-length FimH, since such drugs would be efficient anti-adhesives during
early stages of infection. The fact that none of the FimH antagonists developed so far shows
significantly lower off-rates than natural mannoside ligands indicates that there is still a large
potential for developing efficient FimH antagonists.** The fluorescent mannoside GN-FP
(Figure S2) should prove to be an excellent tool for thermodynamic and kinetic high-throughput

screening of compound libraries for improved FimH antagonists (Figure S3).4!
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Figure 3. Thermodynamic cycle connecting the free energy of FimH domain-separation with the free energies of
ligand-binding in solution. The A-state conformation of FimHL is colored red, while the S-state conformation of
FimHL is colored grey. FimHp, DsG, and the ligand (L) are colored yellow, blue and green, respectively. The lower
limit of the Abound/Sbound ratio of 10:1 corresponds to the estimated detection limit of a second, slow kinetic phase

of ligand dissociation for FimH-DsG-ligand complexes in the absence of mechanical forces.

Structural analysis of FimH-oligomannoside complexes

We determined X-ray co-crystal structures of FimHr with the ligands a2Man;, a6Man,, and
the trimannoside Mans, as well as FimH-DsG bound to aa3Man, and Mans with resolutions
ranging from 1.72 to 2.50 A (Figure S4 and Table S1). We compared them with the reported
structures of FimHy, with ManoMe (PDB ID: 5JCR) and Man3Gn;, (PDB ID: 2VCO).****3 In all
FimH-DsG co-crystal structures, FimH adopts the domain-associated state, characterized by an
intact domain interface (Apound State) (Figure S4). All FimHr complex structures exhibit the
elongated conformation of FimHr of the Spound State, in agreement with the thermodynamic
cycle model depicted in Figure 3.

Superposition of the binding sites of the five monovalent FimH-ligand complexes revealed a
high structural similarity with a backbone r.m.s.d. of less than 0.3 A (Figure 4 and Figure
S5 — S8). Binding of the terminal a.-D-mannopyranoside is identical in all FimH structures and
is characterized by ten direct hydrogen bonds with the side chains of residues Asp54, GIn133,

Asnl35, Aspl40 and to the main chain of Phel and Asp47. This extensive hydrogen bond
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network is responsible for the specificity and high-affinity of FimH for all terminal a-D-

mannopyranosides.**

Tyr137
Extended
Primary o Asn135
° (13
Asp47\ f}: . °j{
Asndb Asp140

Phe1 ;
GIn133

Figure 4. Ligand conformation in the FimH binding site of dimannoside complexes. The primary FimH binding
site forms an extensive, conserved hydrogen bond network (orange) between the terminal a-D-mannopyranoside
of all ligands (grey sticks with oxygen in red). The extended FimH binding site is mainly formed by the side chains
of Tyr48 and Tyr137 that coordinate the subsequent mannoside residues and are colored green for a2-, blue for
o3- and lime green for the 0.6-linked dimannosides. Tyr48 can adopt two side chain conformations, termed closed
(grey, coordinating a2Manz or a6Manz) and open (red, coordinating a.3Manz) (see also Figure S5). The side chain
flexibility of Tyr48 enables FimH to minimize steric hindrance effects, allowing FimH binding to multiple

oligomannoside glycans.

The subsequent mannoside residues of the dimannoside ligands are mainly coordinated by the
residues Tyr48, Ile52 and Tyr137 that line the entry of the primary binding site and are referred
to as the “tyrosine gate” (Figure 4). The tyrosine gate can adopt a closed or an open
conformation.*>-*¢ In the open conformation, the side chain of Tyr48 is rotated towards the
mannose-binding pocket, while in the closed conformation the Tyr48 side chain points upwards

to the distal end of the ligand-binding site (Figure 4 and Figure S5). In contrast to Tyr48, the
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conformation of Tyr137 is unchanged in both conformations. Previously, chemical shift
perturbation NMR experiments verified the existence of both Tyr48 side chain conformations
in solution, but until now its biological function remained unclear.*’

FimHi binds to the ligands ManaMe, a2Man; and c.6Man;, with the tyrosine gate in the closed
conformation, whereas in the FimHr-Man3Gn, and FimH-DsG-a3Man, complex the tyrosine
gate is in the open conformation (Figure 4 and Figure S5-S7). In the dimannoside complexes,
the subsequent a.-methyl-mannosides show characteristic orientations of their o.-methyl groups,
which define the position of the next mannoside in natural N-glycans (Figure 4 and Figure S5).
For the structure of the FimHr-a6Man> complex, elongation by a third mannosyl residue in
direction of the methoxy group would result in a clash with the closed gate conformation of the
Tyr48 side chain (Figure 4 and Figure S6). However, a change of Tyr48 from closed to the open
conformation would prevent this steric clash and enable FimH to bind the putative o(1-6)
terminated N-glycan branch in a conformation that could be identical to the one obtained in our
co-crystal structure (Figure S6). Therefore, we propose that the main function of the Tyr48 side
chain flexibility is to support FimH binding to multiple high-mannose type N-glycans. This
agrees with the FimHr-Man3Gnz complex structure, where the side chain conformation of
Tyr48 was suggested to play an important role in ligand adaption of Man3Gnz as a closed Tyr48
conformation would sterically clash with the first GalNAc of ligand Man3Gn; (Figure S7). In
addition, Wellens et al. showed that the apolar B-face of the subsequent mannoside residue of
Man3Gn; is involved in CH-n-stacking interactions with the aromatic side chain of Tyr48 in the
open gate conformation (Figure S7).*> Consequently, these interactions may stabilize not only
the conformation of the subsequent mannoside, but also stabilize the open tyrosine gate
conformation. Comparison of the FimH-DsG a3Man; and the FimHr Man3;Gnz co-crystal
structures reveal identical orientations for the respective Mana(1-3)Man moieties and for the

Tyr48 side chain (Figure S7). In natural high-mannose type N-glycans, the different subsequent
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mannosides would, however, be a-linked to the rest of the N-glycan, in contrast to the B-linkage
of Man3Gn.

In addition to the monovalent FimH-dimannoside complexes, we determined the co-crystal
structures of FimHr and FimH-DsG with the trimannoside ligand Mans (Figure 5 and Figure
S4). In both structures, two FimH molecules were bound to a single Mans ligand
(Manz-(FimH),) and the FimHp domains showed clearly distinct relative orientations,
respectively, stabilized by crystal contacts, demonstrating the Mans retained a high intrinsic

structural flexibility when complexed with two FimH molecules (Figures 5 and S4).

a b
)FlmH ‘DsG-Man,-FimH-DsG ) FimH, Man3 FimH,

D@+ OP

Divalent ligand FimH complexes (L-H,)
Figure 5. Cartoon representation of the Mans-(FimH-DsG): (a) and the Mans-(FimHL), complex (b),
demonstrating the high flexibility of Mans when complexed with two molecules of FimH. The FimH molecules
bound to the terminal a3-linked mannopyranoside at the bottom of each panel are shown in the same orientation.

Man;s is shown in stick representation (green) with its oxygen atoms depicted in red.

Positive and negative cooperativity in multivalent oligomannoside-FimH interactions

The structures of the Mans-(FimHy), complexes indicated that multivalent binding of FimH to
natural high-mannose type N-glycans might also be formed when type 1 piliated E. coli cells
interact with urinary endothelial cells. To test this possibility, we used the high-affinity variant
FimHr and analyzed its binding stoichiometry to more complex oligomannosides by high-
resolution analytical gel filtration. This allowed us to quantify free FimHr, mono-, di- and

trivalent oligomannoside complexes at equilibrium as a function of the respective
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oligomannoside to FimHy ratio. We analyzed FimH. binding to five different oligomannoside
ligands, Man3, Mans, Man3Gn,, MansGn, and ManeGn, (Figure 6) and compared the
equilibrium fractions of mono- and multivalent oligomannoside-FimHL complexes to those
predicted for independent (non-cooperative) FimHr binding to the terminal mannopyranoside
residues, assuming the same Kq values as those determined for FimHy binding to a.6-, a3-, and
o2Man, (Table 1) (Figure 6 and Figure S9). The results obtained for Manz (Figure 6e¢)
confirmed the Mans : FimHy stoichiometry of 1 : 2 observed in the crystal structure (Figure 5b)
and demonstrated positive cooperativity for FimHr binding, as the divalent Mans-(FimHr)>
complex was strongly favored over the monovalent Mans-FimHr complex at Mans/FimHp
ratios > 0.5 (Figure 6a,e). In contrast to Mans, the divalent Man3Gn,-(FimHy ), complex showed
negative cooperativity, because the monovalent Man3Gnz-FimHr complex was significantly
populated at Man3Gny : FimHL ratios < 0.5 and the fraction of FimHr in the divalent
ManzGny-(FimHy ), complex never exceeded 60% (Figure 6a,g). The results indicate that the
B4-glycosidic linkage between the reducing end of Mans and the two N-acetylglucosamines in
Man3Gn; restricts the flexibility of the Mans unit and leads to steric clashes between both
FimHp molecules in the Man3Gny-(FimHt), complex. The negative cooperativity of FimHp
binding to Man3Gn; also agrees well with the finding that only one FimHr was bound to
Man3Gn; in the crystal structure of complex, namely to the o3-linked terminal
mannopyranoside that is bound with higher affinity than the a.6-linked mannopyranoside (Table
1, Figure S7).* Notably, analogous results were obtained for the potentially trivalent
oligomannosides Mans and MansGna, which both formed only divalent complexes with FimHr
(Figure 6b,c,f,h). While two FimHr molecules bound independently (non-cooperatively) to
Mans, the two N-acetylglucosamines linked to the reducing end of the Mans unit again caused
negative cooperativity in FimHt binding to MansGn; (Figure 6b,c,f,h), identical to the negative
cooperativity observed for Man3Gn; (Figure 6g). The only oligomannoside ligand for which
we could detect trivalent FimHr binding was MansGnz (Figure 6i), but binding was again
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accompanied by strong negative cooperativity. Compared to the predicted maximum fraction
of 80% of FimHL in the trivalent MansGnz-(FimHLy); complex at a MansGno/FimHy ratio of

0.33 (Figure 6d), the fraction of FimH¢ in the trivalent complex never exceeded 20% (Figure

6d,1).
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Figure 6. Binding of FimHL to multivalent oligomannoside ligands at pH 7.4 and 25°C, analyzed by analytical
gel filtration. FimHL (constant concentration of 10 uM) was equilibrated with different amounts (0-20 uM) of the
respective oligomannoside ligand. Free FimHL (H, black symbols) was then separated from monovalent (L-H,
blue symbols), divalent (L-Hz, red symbols) and trivalent (L-Hs, violet symbols) complexes by rapid gel filtration
and the fraction of FimHL in the individual complexes was quantified by peak area integration (Figure S9).

(a-d) Predicted equilibrium fractions (dashed lines) of H, L-H, L-H> and L-H3 assuming i) independent FimHL
binding to multivalent glycans, ii) Ka values of FimHL binding to terminal mannopyranoside residues identical to
those determined for a6-, a3-, and a2Manz (Table 1) and iii) negligible complex dissociation during gel filtration.
Simulations for two independent binding sites are shown for (a) Man3Gnz or Mans, (b) MansGnz or Mans, and for
three independent binding sites for (c) MansGnz or Mans and (d) MansGnz. (e-1) Measured fractions of FimHL in
the complexes with the oligomannosides Mans (e), Mans (f), MansGnz (g), MansGnz (h) and MansGn2 (i). Data
points are connected by solid lines. The predicted populations of the L-H> and L-Hs species (dashed lines from
a-d) were included in specific cases to illustrate deviations from non-cooperativity. The red arrows in (e) and (g)
illustrate the positive cooperativity in binding of two FimHL molecules to Mans and the negative cooperativity in

binding of two FimHL molecules to Man3Gna.
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Together, our results demonstrate for the first time that two or three copies of the type 1 pilus
adhesin FimH are capable of binding to a single, natural high-mannose type N-glycan when
FimH is present at excess over the target glycans. Inversely, monovalent FimH binding is
favored when target glycans are present at excess over FimH, which is likely the case for the
interactions between type 1 piliated E. coli and uroepithelial cells, because these cells are almost
completely covered by a dense, two-dimensional surface layer of the FimH receptor

uroplakinla.!”> 47

However, multivalent interactions between a single glycan and multiple
copies of FimH may occur in vivo during adhesion of type 1 piliated pathogens to other
mammalian cells with low target glycan density, and could be facilitated by the intrinsic
flexibility of the type 1 tip fibrillum.*

In all natural N-glycans investigated (Man3;Gnz, MansGn; and MansGnz), binding of more than
one FimH molecule was accompanied with negative cooperativity, most likely due to steric
clashes between the bound adhesins that are caused by a limited flexibility of the
oligomannoside due to the P4-linkage of the proximal mannopyranoside with the two N-
acetylglucosamines that is common to all natural N-glycans. The only case of positive
cooperativity was observed for the non-natural ligand Mans, possibly due to stabilizing
interactions between the two bound FimH molecules. Thus, our results provide important

information on the interplay between the density of available FimH target ligands on the urinary

cell surface and the FimH/target ligand ratio.

Conclusions

Many pathogens, including type 1 piliated uropathogenic E. coli, make use of adhesins
presented in a multivalent format on their cell surface for the attachment to target cells
displaying multiple target ligands. Although full-length FimH at the fimbrial tip shows only
moderate affinity (3 x 10* — 3 x 103 M) for terminally exposed mannopyranosides displayed

on high-mannose type N-glycans, up to 200 type 1 pili on a single E. coli cell enable stable
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bacterial adhesion by simultaneously binding to surface glycans on the target cell. Our results
show that individual FimH-glycan interactions are kinetically labile and only have very short
lifetimes, in the range of 15 - 70 ms (Table 1). The highly dynamic FimH binding in the absence
of shear forces prevents irreversible attachment of E. coli to its initial attachment site and favors
bacterial motility on the urothelial surface, a prerequisite for the invasion of new tissue areas.?
4 In addition, these reversible multivalent interactions allow cell type-specific adhesion,
because the target cells of the urinary epithelium show the highest density of FimH surface
ligands.’® Bacterial detachment from the urinary epithelium is only prevented under flow
conditions during urine excretion when mechanical forces cause domain-separation in FimH
and dramatically increase the lifetime of FimH-ligand complexes.

Notably, a natural, multivalent FimH antagonist exists, uromodulin, which has been proposed
to compete with urinary epithelium cells for binding to type 1 piliated E. coli.’! Uromodulin is
the most abundant protein in human urine, bears high-mannose type N-glycans and polymerizes
to more than 1 um long, supramolecular filaments that may form multivalent complexes with
type 1-piliated E.coli cells.>? Consequently, multivalent, mannosylated compounds might be an
alternative strategy for developing efficient anti-adhesives for UTI treatment.>3->’

Our results clearly illustrate the need for developing FimH antagonists that dissociate more
slowly from FimH than natural ligands, because monovalent FimH binders will only be able to
competitively prevent FimH-mediated multivalent target cell adhesion if they show
dramatically slower off-rates than FimH target glycans. All published high-affinity FimH
antagonists, however, still show comparably fast dissociation from FimH (dissociation half-
lives: 0.01 - 46 s), and their increased FimH affinity compared to natural glycans is due to faster
association with FimH.** Notably, all fast-binding FimH antagonists possess aromatic
substituents, indicating that n-stacking interactions with the tyrosine gate of FimH may lead to
faster binding. This also agrees with our finding that our fluorescent mannoside, GN-FP, binds

two orders of magnitude faster to FimH than all investigated dimannosides (Figure S2, Table 1).

ACS Paragon P?rl(J)S Environment

Page 20 of 25



Page 21 of 25 Journal of the American Chemical Society

GN-FP may become a very useful tool for high-throughput screening of compound libraries for

slow dissociation from FimH with fluorescence anisotropy measurements (Figure 3d). The

oNOYTULT D WN =

thermodynamic and kinetic data on the binding of natural ligands by FimH recorded in this
10 study provides a solid framework for multivalent carbohydrate-lectin interactions and defines
the requirements that need to be fulfilled by effective FimH antagonists for the treatment of

15 urinary tract infections.
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