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Escherichia coli (E. coli) is responsible for multiple diseases in
humans and animals. Many of them are treated with antibiotics;
however, the need for new therapies has led to research in alter-
native treatments. One such approach involves preventing the
adherence of E. coli to host cells by inhibiting their adhesins.
Adherence is a crucial step of pathogenesis, and bacterial lectins
that recognize host glycans play major roles in host cell adhesion.
In fact, lectins are the most common bacterial adhesins. The vari-
ous pathogenic and nonpathogenic E. coli strains express a mul-
titude of lectins, many of which are found on E. coli fimbriae.

1. Introduction
1.1. The Relevance of Pili and Fimbriae

Pili and fimbriae are nonflagellar protein filaments that coat many
bacterial cells (mostly Gram-negative bacteria, but can also be
found on Gram-positive bacteria).? Although the terms are
often used interchangeably, fimbriae are shorter, more numerous
than pili and mediate bacterial adhesion. The longer conjugative
pilus is the organelle responsible for transferring plasmids
between donor and recipient cells.? Pili and fimbriae serve sev-
eral functions that include biofilm formation,® conjugation,™
adhesion to environmental surfaces and host cells,” motility,
and transformation.” They can also act as targets for bacterio-
phages.® Fimbriae are polymeric structures consisting of the
pilus rod, formed by repeating subunits, which are attached to
the outer membrane.” At the tip of the pilus rod there are adhe-
sin proteins, which typically bind to specific receptors on the host.
(Figure 1) Carbohydrate epitopes in glycoproteins or glycolipids
in the host cell surface are amongst the most important ones rec-
ognized by fimbrial adhesins."®

Escherichia coli (E. coli) strains are commensal Gram-negative
bacteria that are an important part of the normal gut microflora.
However, there are also many pathogenic groups (or pathotypes)
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Current research on lectin inhibition using glycomimetics has pro-
duced many mannose-based inhibitors of the uropathogenic
E. coli fimbrial lectin FimH. However, only a limited number of
synthetic inhibitors are reported for other lectins. In this review,
many other cell surface adhesins of E. coli are discussed, focusing
on fimbrial lectins. The types of E. coli strains they are found in,
their carbohydrate targets, and their binding sites are also dis-
cussed. This review aims to highlight the many lectins that can
become therapeutic targets to treat E. coli infections in addition
to FimH.

of E. coli that cause disease in humans and animals. Typically,
three types of illnesses can result from infections by these path-
otypes: 1) enteric or diarrhoeal disease (caused by enteropatho-
genic E. coli (EPEC), enterohaemorrhagic E. coli (EHEC),
enterotoxigenic E. coli (ETEC), enteroaggregative E. coli (EAEC),
enteroinvasive E. coli (EIEC), and diffusely adherent E. coli
(DAEQ)), 2) urinary tract infections (UTls, caused by uropathogenic
E. coli (UPEQ)), and 3) sepsis or meningitis (caused by meningitis-
associated E. coli (MNEQ))."*" E, coli serotypes have traditionally
been classified according to surface antigens: the O-polysaccha-
ride antigens, flagellar H-antigens, and capsular K-antigens, with
over 180 different E. coli O-groups and over 50 H-types, which
makes serotyping highly complex.'? There are =100 different
fimbrial types expressed by E. coli.'*! Serotypes are used for strain
identification and tracking, while adhesion specificities are more
directly related to pathogenic mechanisms and host tropism.
Most pathogenic E. coli strains produce specific fimbrial adhesins,
which represent essential colonization factors.!'¥

One of the most thoroughly studied fimbrial adhesins is the
adhesin of Type 1 pili (FimH), found predominantly in UPEC, but it
is also present in other E. coli intestinal pathotypes such as EPEC
and ETEC. FimH is also expressed in other pathogenic bacteria,
including Enterobacter cloacae, Citrobacter freundii, and
Klebsiella pneumoniae; it may also be expressed by some
Salmonella species.”">'® FimH binds to terminal a-linked manno-
ses of the glycosylated receptor uroplakin on urinary epithelial
cells or glycoproteins in the epithelial linings of the intestinal
tract.l"'® Due to its important role in the initial steps of infection,
FimH has been thoroughly studied for the development of anti-
adhesion therapies,”'? biofilm inhibition,”® and treatments for
patients with Crohn’s disease.”’?? Much of this work has been
done with synthetic derivatives of native carbohydrate drugs,
termed glycomimetics.”® Numerous mannose (Man)-based
FimH antagonists have been reported and discussed previously
in several recent reviews.**2® Amongst those, the biphenyl man-
nosides by Ernst,?”? Janetka, and Hultgren®®*! have shown high
potency and oral bioavailability in the treatment of UTls.
Remarkably, some of these compounds have progressed to dif-
ferent stages in clinical trials; these include the study lead by
Takeda to prevent recurrence of Crohn’s disease, which did
not progress past Phase 2a,® and the study involving FimH
inhibitors optimized by Fimbrion and GSK, which has recently
completed Phase 1b.2% In addition, Phase 2 clinical trials are
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Figure 1. Schematic representation of: a) the structure of the type 1 pilus, an example of a CU pilus; b) the structure of the CFA/I pilus, an example of an
alternate chaperone user pilus; and c) the structure of a type IV pilus in Gram-negative bacteria. (a,b) Redrawn from™ and (c) Redrawn from."*® Created in

BioRender. Coyle, S. (2025) https://BioRender.com/f33e154.

being planned to evaluate the efficacy of a FimCH vaccine to pre-
vent UTls caused by UPEC.®"

The intense research activity focusing on FimH inhibitors,
along with the promising results obtained in this field so far,
highlights the potential of fimbrial adhesins in the development
of innovative antivirulence strategies. Importantly, there are
many fimbrial proteins that have not yet been extensively
investigated. While the structure and functionality of the differ-
ent types of pili, fimbriae, and protein appendages in E. coli
and other Gram-negative bacteria have been discussed previ-
ously in some excellent reviews (see for example),''>3233 here

we will concentrate on the subset of these proteins that bind
carbohydrates (other than FimH), as well as on the structures
of their corresponding carbohydrate epitopes, when known.
We will discuss their binding specificities, function, and poten-
tial as therapeutic targets for new strategies to treat E. coli
infections.
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1.2. E. coli Pili and Fimbriae Classifications

Pili and fimbria classification is quite complex and has changed
significantly over the years.">** E. coli pili and fimbriae are often
classified into six groups, based on their biosynthetic pathways:
1) the chaperone-usher (CU) pathway, 2) the alternate CU path-
way (also called a fimbriae or class 5 pili), 3) type IV pili assembly,
4) curli synthesis, 5) type lll secretion system pili, and 6) type IV
secretion system pili (Table 1).5% There is an alternate naming
convention for some of these groups: the CU family is called clas-
ses 1,2, and 3; pili belonging to the alternate usher family have
the name class 5 pili, type IV pili can also be called class 4 pili and
curli can be referred to as class 6.2¢' CU pili are the most abundant
group of surface filaments. In E. coli, this class would include Type
I, Type Ill, Type IX, P, S, Dr and AUF pili subgroups.®’*® Some of
them, such as the type | and P pili, are tipped with carbohydrate-
binding proteins (lectins) like FimH and PapG, respectively, which
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Centre. In 2014 she established her research
group to investigate AMR from a one health per-
spective across environmental, animal, and
human health. Her research group is particularly
interested in the transmission of AMR across dif-
ferent systems and how to find solutions to
AMR. Walsh has been recognized as a leading
expert in AMR and was listed in the World’s
Top 2% Scientist Rankings.

Trinidad Velasco-Torrijos is an associate
professor at the department of chemistry,
Maynooth University (Ireland). Trinidad received
her Ph.D. from University of Bristol (UK) in carbo-
hydrate recognition and supramolecular chemis-
try. She pursued postdoctoral research at Ghent
University (Belgium) with Prof. A. Madder, then
joined Prof. P. Murphy's group at University
College Dublin (Ireland) as a Marie Curie post-
doctoral fellow. Her current research interests
include the synthesis of glycomimetics and gly-
coconjugates as antivirulence agents in fungal
and bacterial infection.

© 2025 The Author(s). ChemBioChem published by Wiley-VCH GmbH

85U80| 7 SUOWIWOD aA 181D 3|qeo!|dde ayy Aq peusenob are saone YO 8sn Jo s3|n. 10} ARig1T 8uluO /8|1 UO (SUORIPUOD-pUR-SWIBIW0D" A8 IM"AReIq U1 |UO//SANY) SUONIPUOD pUe swe 1 8u1 89S *[9202Z/T0/62] Uo Ariqiauljuo 8|1 ‘yioouke N pueel] JO A1IsieAlun uoieN Ag E£7005202 2109/Z00T 0T/I0p/wod A | m Ae.qpuljuoadone-Alis weyd//sdny woiy pepeojumod ‘f ‘520z ‘€€9.6EVT


http://doi.org/10.1002/cbic.202500433

Review

Chemistry
Europe

European Chemical

ChemBioChem doi.org/10.1002/cbic.202500433 Societies Publishing
Table 1. Confirmed pili-based lectins found on E. coli (excluding FimH).
Pilus Lectin adhesin Alternate names Assembly Ligand Reference
pathway
F9 pilus FmlIH YdeQ!™! cuyB TF antigen®™® [SIF1]? [49]
Yde pilus*”! Terminal Gal/GalNAC®® [SIF2,3]
GalNACP? [SIF4]
Terminal Gal-B-1,3-GIcNACc®" [SIF5]
Several synthetic ligands®®®*2*% [SIF6]
P pilus® PapGl PapGe6©® cuBa Gal-a-1,4-Gal®* [SIF7] [61]
G-l (Gl) adhesin®> Several synthetic ligands®>%” [SIF8]
P pilus PapGll PapGapi10°” cuB Gal-a-1,4-Gal®®* [SIF7] [61]
KS71Al4 PapGp,°? Several synthetic ligands® [SIF8]
KS71B!e4 P adhesin®”
F7 (F7, and F7,)!'641631 G-Il (Gll) adhesin®*
F'I 1 561 FSOG[75]
FstGUs)
P pilus PapGilll PrsG o CcuB Gal-a-1,4-Gal®? [SIF7] [61]
PrsGP®! GalNAc-a-1,3-GalNAC®® [SIF9]
F adhesin®”
G-Il (GIIl) adhesin®®
P pilus PapGIV CcuB GalNAc-a-1,3-GalNAc-B-1,3-Gal-0-1,4-Gal-B-1,4-Glc-Cer [61]
(Globoside-5)*" [SIF10]
P pilus PapGV CcuB GalNAc-a-1,3-GalNAc-p-1,3-Gal-a-1,4-Gal-p-1,4-Glc-Cer [61]
(Globoside 5)®" [SIF10]
PIf PIfGI, PIfGII cywe Globoside-3, Globoside-4, Globoside-57% [SIF10,11,12] [78]
F1C FocH Type 1C B GalNAC®" [SIF4] [80]
KS71Cte! Gal®" [SIF13]
Gal-B-1-Cer''®”! [SIF14]
Globotriaosylceramide (Globoside-3)1"%® [SIF11]
Asialo-GM1, Ky = 109.1 + 45.6 nM®% [SIF15]
GalNAC-B-1,4-Gal-B®* [SIF16]
Several synthetic ligands®®? [SIF17]
S-fimbriae SfaS Sfa fimbriae cuyBa Glycoproteins containing sialic acid® [79]
Sfa-l Neu5Ac-0-2,3-Gal residues®® [SIF18]
Sfa-11184 Neu5Ac-a-2,3-Lac-containing receptors,
MIC = 0.3 mM7223! [S|F19]
F165, N/D” cuss GalNAc-a-1,3-GalNAc-B7”) [SIF20] 176]
Human erythrocytes with blood group A,P,"” [SIF21,22]
Gal-a-1,4-Gal-p7” [SIF23]
F6 (987 P)®®! FasG cuB Glycolipids (Galactosylceramides and [89]
pog7!1e9 Sulfatide)®°% [SIF24]
F17 F17G-F17aG®! cuyns GlcNAc-B-1,3-Gal, Kg=0.66 x 10~ [SIF25] [95]
(Fy, FY, Att25)e71701 B-GIcNAc, Ky=1.2 x 107394951 [S|F26]
More pili names based on GlcNAc-B-1,2-Man''®? [SIF27]
major subunit as seen in GIcNAC-B-1,4-GlcNAc, Ky = 10731931 [SIF28]
the text GIcNACc-B-1-OMe"®*! [SIF29]
GIcNAc-[B—]—SeMe”GB] [SIF30]
F17 (Fy, Att25, Vir adhesin ~ F17G-F17bG® cyns GICNAC-B-1,3-Gal, Ky= 1030 [SIF25] [95]
F17-like)®7170) B-GIcNAC, Ky = 1039495 [SIF26]
GIcNAc-B—1,2-Man”63] [SIF27]
GIcNAC-B-1,4-GIcNAC!®®! [SIF28]
F17 (Fy, Att25, 20K, F17G-F17¢G" GafDP¥ cyrs! GlcNAC-[}—1,3—Ga|[95] [SIF25] [95]
G)7 170 B-GICNACP**! [SIF26]
F17 (Fy, Att25, Att111, F17G-F17dG" cuyns GlcNAc-B-1,3-Gal*®®! [SIF25] [95]
F11 1)[97,170] B_G|CNAC[94,95] [S|F26]
F17 (Fy, Att25)®” F17G-F17eG" cuyn GlcNAc-B-1,3-Gal, Kg=0.28 x 1074 [SIF25] [95]
B-GICNAC®%%! [SIF26]
F17 (Fy, Att25)e7 F17G-F17fGl"s3 cyns! GIcNAc-B-1,3-Gal, Kq= 10931 [SIF25] [163]
B-GIcNAC, Ky = 10734%% [SIF26]
Ucl Fimbriae UclD F17-like fimbriae® cyP Sialyllacto-N-fucopentose VI® [SIF31] [99]
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Table 1. Continued. %
Pilus Lectin adhesin Alternate names Assembly Ligand Reference 3
pathway 7

F4-F4,,00% FaeG cusa! Lac'®% [SIF32] [103] !
K88ab!'°" Gal-0-1,3-Gal'"°®! [SIF33] ;
An intestinal mucin-type Neu5Acglycoprotein!'®” !

Galactosamine (GalN)!"?® [SIF34] s

Transferrin'%4 g

Gal-a-1,4-Gal-B-1-Cer"®! [SIF35] g

Gal-a-1,4-Gal-B-1,4-Glc-p-1-Cer"®%! [SIF36] g

F4-F4,,10% FaeG cus! Gal--1,3-GaINAC"® [SIF37] [103] :
K88ac!'o" Fuc-a-1,2-Gal-B-1,3/4-GIcNAC"* [SIF38,39] 2
An intestinal mucin-type Neu5Acglycoprotein!'® 5

Gal-B-1,3-GIcNAC®” [SIF40] §

Gal-a-1,3-Gal®” [SIF33] 2

Asialo-GM1%% [SIF15] §

F4-F4,41'0% FaeG Ccye IGLad glycosphingolipid [103] &
K88ad!"°"! (neolactotetraosylceramide)"°"'%¢ [SIF41] g
Lac'®? [SIF32] 3

(This protein contains a galactose binding site!'%%) 5

@

F-18 fimbriae FedF 8813, 2134 P, cuBa Glycosphingolipids containing Fuc-a-1,2-Gal-p-1,3- [112] &
F18ac F107, GlcNAc, Gal-a-1,3-(Fuc-a-1,2)-Gal-B-1,3-GIcNAc or GalNAc- 2
F18ab Av24°7.110 a-1,3-(Fuc-a-1,2)-Gal-B-1,3-GIcNAC""'? [SIF38,42,43] §
Sulfated LacNAc™®! H

Gal-B-1,4-GIcNAc sulfated at positions 3’, 6' and 61° 3

[SIF44] =

F5 fimbriae FanC Kool!"e! cyBd Neu5Ac-a-2,3-Gal-B-1,3-GIcNAC® [SIF45] [80] 2
Other sialoglycolipids'”" z

Neu5Gc-GM31" [SIF46] c

Neu5Gc-paragloboside!'®! [SIF47] 2

ECP fimbriae EcpD Meningitis-associated cyrsl Gal-a-1,6-GIc®” [SIF48] [120] B
and temperature- Asialo-GM 1% S

regulated fimbriae Blood group B trisaccharide®® [SIF49] &

(Mat)®% GIcNACc-B-1,6-Gal-B-1,4-GIcNAC® [SIF50] é’

Yag!™® L-Arabinosyl residues,'2" [SIF51] g

Yad YadC cuyB Xylose!"? [SIF52] [124] g
Yqi fimbriae EXPEC adhesin | Yqi adhesin cuB Gal-B-1,4-GIcNAc-B-1,3-(GIcNAc-B-1,6)-Gal-B-1,4-GIcNAc- [80] 8
Sp2 spacer,®9 [SIF53] g

GlcNAc-B-1,3-Gal-B-1,4-GIcNAc-B-Sp3 spacer,®® [SIF54] =

Gal-B-1,3-(Fuc-a-1,4)-GIcNAc-B-5p3,18? @ [SIF55] g

Fuc-a-1,2-(Gal-a-1,3)-Gal-B1,4-GlcNAc-B-Sp3,%9 [SIF56] El

Fuc-o-1,3-(Gal-a-1,3-Gal-B1,4)-GIcNAc-B-5p3,2%9 [SIF57] g

Has a preference for terminal GIcNAC.®® [SIF58] g

AF/R1 AfrD/AfrE!"72) cuB Galactosylceramide (GalB-1-1-Cer)"'**! [SIF59] [125] §
o

F42 fimbriae F42 lectin cyn73 GalNAC!?®! [SIF4] [126] §
CFA/I CfaB/CfaE F2 (antigen), (encoded  Class 537 Isoglobotriaosylceramide!3? [SIF60] [132] é
by cfa)®*” Gal-o-1,3-Gal-a-1,3-Gal--1,4-Glc-B-1-Cer'"*? [SIF61] g

Lactosylceramide!"*? [SIF62] g

cs2 CotD"3! CFA/IT3) Class 55 Neu5Ge, ICso = 17.3 mM™34 [SIF63] [135] g
F301731 Neu5Ac, ICso = 32.9 mM"34 [SIF64] H

Neu5Ac-Lac (linkage not specified), I1Cso = 6.2 mM!'*% g

[SIF65] g

CS4 CsaE CFA/IVI39) Class 55% Isoglobotriaosylceramide!3? [SIF60] [132] g
Csg'*2 Gal-a-1,3-Gal-a-1,3-Gal-B-1,4-Glc-B-1-Cer">? [SIF61] 2
Lactosylceramide!"*? [SIF62] g

cs7 334 A fimbriae!"”% Class 5 due to Isoglobotriaosylceramide!3? [SIF60] [132] .?;
similarity Lactosylceramide!"*? [SIF62] z

with €S54 Neolactotetraosylceramide!'*? [SIF41] %

cs3 CFA/ID3S! cuss! GM113 [SIF66] [139] 3
F3073 Asialo-GM173% [SIF15] &

GM21" [SIF67] E

CS21 (longus) LngA Type V(142 Sialic acids (including NeuSAc)!'*? [142] g
g

)

g

g

3

3
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Table 1. Continued.

Pilus Lectin adhesin Alternate names Assembly Ligand Reference
pathway

N/D N/D Fimbrial Gal [SIF13] [157]

Type 3 fimbriae MrkD cyBa Type V collagen?” (highly glycosylated) [129]

Mannan (variant-dependent)?”

Has a lectin domain!'?®

linked to the glycans: Sp2 is -(CH,);-NH- and Sp3 is -(CH)s-NH-.['7!

JThe chemical structures, as well as SNFG (symbol nomenclature for Glycans) representation of selected ligands are provided in the Supporting Information
Figures (SIF). ®The abbreviations for monosaccharides are as follows: D-Galactose = Gal, N-Acetyl-D-galactosamine = GalNAc, N-Acetyl-D-glucosamine =
GlcNAc, D-Glucose = Glc, N-Acetyl-D-neuraminic acid = Neu5Ac, D-Lactose = Lac, D-Mannose = Man, D-Galactosamine = GalN, L-Fucose = Fuc and N-Glycolyl-
D-neuraminic acid = Neu5Gc. In addition, Cer = ceramide. D or L configuration is only explicitly noted for L-fucose and L-arabinose. “P pili were given antigen
numbers F7 to F16.'7%! ¥For the purpose of this table, Globoside-5 is treated as the Forsmann antigen, as indicated in the references provided in the Table.
Globoside-5 has also been referred to as Gal-B-1,3-GalNAc-B-1,3-Gal-a-1,4-Gal-B-1,4-Glc-Cer, distinct from the Forsmann antigen.”® @ICsq, Ky, or minimum
inhibitory concentration (MIC) values of ligands are given when known. PNot described. 9Sp2 and Sp3 refer to the chemical structure of the spacer groups

specifically bind to glycans on host cells.*® Bundlin pilin proteins
found in EPEC recognize and bind N-acetyllactosamine (LacNAc)
moieties at the surface of intestinal host cells.*® The class 5 pili
include coli surface (CS) or colonization factor antigen (CFA) in
ETEC. Class 5 pili assemble through a similar mechanism to
the classical CU family and have similar structural characteristics;
however, there is little sequence similarity between components
of the two classes.*! Some CFA fimbriae adhere to sialylated gly-
coprotein on the small intestinal cell surface.*? E. coli also
expresses aggregative, amyloid-type curli fibers which promote
cellular adhesion, invasion, and biofilm formation.*® Type Il
secretion systems are important in the pathogenesis of E. coli,
although specific functional roles are still being elucidated.™***!
Type IV pili are long, flexible filamentous structures that not only
mediate the adherence of pathogenic E. coli to their hosts and
other bacteria, but also are involved in biofilm formation, motility,
and conjugation.6~¢

2. Chaperone-Usher (CU) Fimbrial Lectins
in E. coli

Fimbrial adhesins assembled through the CU pathway are the
most abundant class of carbohydrate-binding (lectin) adhesins
in E. coli. Type | pili and their mannose-recognizing adhesin
FimH, the best studied lectin adhesin in E. coli, also belongs to
this category.'?¥ Many other CU adhesins have been confirmed
to have lectin activity, while others have been proposed as lectins
according to their sequence analysis. Aside from FimH, this dis-
cussion will cover several other significant CU adhesins, some of
which may serve as potential therapeutic targets.

2.1. FmIH

FmIH is the adhesin found in F9 pili. The F9 pilus, also referred to
as the Fml/Yde pilus, is significant for the colonization of the kid-
ney and bladder in chronic UTls. It is the pilus most closely related
to the Type 1 pilus, which is also implicated in UTIs.*¥ FmiH, (also
called YdeQ), is the tip adhesin that facilitates binding to host
tissues."™ In the kidney, FmIH exhibits a high affinity for terminal
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Gal-p-1,3-GalNAc epitopes, known as the Thomsen-Friedenreich
(TF) antigen. Additionally, FmIH binds to terminal galactose (Gal)
and N-acetylgalactosamine (GalNAc) residues, particularly in the
kidney and inflamed bladder.*® FmIH can also recognize Gal-p-
1,3-GIcNAc glycans and lacto-N-tetraose (Figure 2). F9 genes are
highly prevalent in UPEC isolates from urosepsis patients.
Furthermore, 90% of the strains in a well-defined E. coli reference
(ECOR) collection express at least one F9 gene.”"

FmIH has emerged as a potential target to attenuate virulence
factors in UTIs, which has prompted the development of several
synthetic ligands, some of which are shown in Figure 2. Hultgren
and Janetka initially reported compound 1, the most potent of a
small set of biphenyl Gal and GalNAc glycomimetics.*? The affin-
ity of compound 1 for FmIH (ICso = 0.64 uM) was subsequently
improved using X-ray structure-guided design, yielding com-
pounds such as 2 (ICso = 0.034 uM), which has been cocrystallized
with FmIH (Table 2). Compound 2 also exhibited excellent meta-
bolic stability in mouse plasma and liver microsomes.*® Further
optimization led to the development of several orally bioavailable
FmIH ligands like compound 3, albeit with a slightly lower affinity
for FmIH (ICso=0.19 uM, calculated by ELISA competition
assays).”® The overlay of the structures of compounds 2 and 3
cocrystallized with FmIH shows high similarity with respect to
the GalNAc sugar binding, however the positions of the biaryl
rings differ significantly. Tyrosine (Tyr46) and arginine (Arg142)
side chains contribute to the aglycones binding through edge-
to-face m-stacking, electrostatic and hydrophobic interactions.
The stronger interaction between the sulfonamide in 2 and
FmIH accounts for the potency difference between the two com-
pounds. The availability of structural data (such as the FmIH
crystal structures with compounds 2 and 3) enables the use of
several computational techniques, such as fragment-based
e-pharmacophore virtual screening protocols, which allows for
the design of potential FmIH ligands.®¥

2.2. PapG
PapG adhesins are arguably the most studied type of E. coli adhe-

sins after FimH. PapG adhesins are found on the tip of P-fimbriae
(pyelonephritis-associated pili) in UPEC®* They bind galabiose
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Figure 2. Top: Chemical structure of the carbohydrate epitopes recognized by FmIH, e.g., Thomsen-Friedenreich (TF) antigen and terminal Gal-B-1,3-GIcNAc
and Bottom: Chemical structures and binding affinities of glycomimetic ligands for FmIH developed by Hultgren and Janetka.®*>2%3

Table 2. Fimbrial lectins on E. coli with synthetic ligands and/or experimental 3D structures. FimH is not included.
Pilus Adhesin Crystal or Cryo-EM structure Synthetic ligand Crystal structure (with synthetic ligand) Reference
(with natural ligand)
F9 pilus®® FmIH PDB ID: 6aox'>2) Yes, highest affinity PDB ID: 6maw!>" [50,52]
ICso=34nM
P pilus PapGl N/D Yes, highest affinity N/D [67]
ICso =2 uM
P pilus PapGll PDB ID: 1j8r'3 Yes, highest affinity PDB ID: 4z3g"” [65,69]
ICs0 = 68 UM
F1C FocH N/D Yes, highest affinity 1Cso = 15 uM [82]
F17 F17G-F17aG® PDB ID: 3f6j** N/D PDB ID:1zpl""" [95,171]
F17 F17G-F17bG" PDB ID: 4k0o™ N/D N/D [95]
F17 F17G-F17¢G (GafD)® PDB ID: 10i0!"*" N/D N/D [96]
F17 F17G-F17eG®! PDB ID: 2bsb®®”! N/D N/D [95]
F17 F17G-F17fG""" PDB ID: 1zk51"7" N/D N/D [171]
Ucl Fimbriae UclD PDB ID: 7mzp,®? N/D N/D [99]
F4 F4. PDB ID: 4we2!'%% N/D N/D [103]
F4 Fdoc PDB ID: 4wen,l'78 N/D N/D [176]
F4 Floq PDB ID: 4weil'% N/D N/D [106]
F18 FedF PDB ID: 4b4q"™ N/D N/D [113]
CFA/I CfaB/CfaE PDB ID: 6nrv!'771) N/D N/D [177]
(&9 CssB PDB ID: 4b9g,"78% N/D N/D [178]
Type 3 MrkD PDB ID: 3u4k,l"7 (crystallized N/D N/D [129,179]
from a different species.)
In the case where these lectins have multiple experimental 3D structures, a representative structure was selected. ®FimH has been excluded, but it has
multiple crystal structures and synthetic ligands, which are beyond the scope of this review. For some excellent recent reviews see refs. [24-26]. “Protein Data
Bank Identifier (PDB ID). “These are unbound protein structures because 3D structures that contain ligands are unavailable for these proteins on the protein
data bank (PDB).

thoroughly studied. The different classes of PapGI-IV have been
given alternative names (see Table 1). PapGl (or Gl adhesin), also
referred to as PapGe, is an adhesin associated with P pili, which
are classified under the F13 serotypes.”® PapGill (or Gll adhesin) is

(Gal-a-1,4-Gal) containing glycolipids such as globosides.*® Five
PapG classes encoded by five different alleles of the PapG gene
have been reported, each with different glycan binding sites.””
Among the P-type fimbrial adhesins in E. coli, PapGl-lll is the most
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also known as PapGap1 1 (for the F7, serotype) or PapGi,, (for the
F11 serotype), as they are encoded by these sequences;
PapGapi10 and PapGa, have almost identical glycolipid binding
profiles.” PapGlil has been called PrsG,o or PrsG, and is present
on the F13 serotype. This variant of PapG has been referred to
as the F adhesin.”®

Fimbrial adhesins in UPEC strains are effective virulence fac-
tors that are critical for bacterial pathogenesis initiation in UTls. In
a recent study by Golpasand et al., the analysis of fimbrial adhesin
gene (FAG) patterns in UPEC strains isolated from UTI patients
showed the highest frequency corresponding to FimH (found
in 93.3% of isolates), with PapG found in 37.5% of the isolated
strains; of this 37.5%, the prevalence of PapGl, PapGll, and
PapGlll genes was identified as 2.9%, 30.8%, and 3.8%
(PapGll > PapGlll > PapGl), respectively.®” PapGll has also been
shown to be a significant risk factor for progression from UTI
to bacteremia®" and bloodstream invasions.®® PapGll preferen-
tially binds globoside GbO4, a glycolipid isoreceptor of the
human kidney.>®

The X-ray crystal structure of PapGll bound to GbO4 (GalNAc-
B-1,3-Gal-a-1,4-Gal-B-1,4-Glc linked to ceramide (Cer)) (Figure 3,
showing the tetrasaccharide component of Gb04)®¥ has pro-
vided valuable information on the molecular interactions
required for stable adhesin-carbohydrate epitope binding. As
shown in Figure 3, the tetrasaccharide binds to PapG in a V-shape,
with reducing end Glc (residue D) and the Gal residue next to it
() forming one branch of the V, and the following Gal (B) and
GalNAc (A) residues forming the other branch. The crystal

@ HO OH HO OH
@) O
HO O

structure reveals several water molecules in the binding site
which bridge contacts between the carbohydrate ligand and
the protein. H-bonds, hydrophobic, and aromatic contacts
between tryptophan Trp107 and Gal-B-1,4-Glc are essential for
the binding of PapGill to the glycan. Another key residue for bind-
ing is that of arginine Arg170, which makes interactions with the
02 and 03 hydroxyl groups of residue D. Glu 59 interacts with the
hydroxyl in 06 in residue C and makes water-mediated contact
with hydroxyl in O2 in residue B. In residue B, the O4 hydroxyl
participates in H-bonding between the changed Glu91 and
Lys172 side chains, and its O6 hydroxyl forms an H-bond with
the main chain nitrogen of Gly104. The binding of residue A is
also mediated by Lys172, which interacts with the O5 and the
methyl in the acetyl group in the GalNAc and makes water-
mediated contacts with the O4 hydroxyl. Glu91 makes direct
H-bond interactions with the O6 hydroxyl. In addition to the crys-
tallographic structures, the solution structure of the adhesin
domain in PapGll from UPEC and its recognition of Gal-a-1,
4-Gal (galabiose) have been investigated by nuclear magnetic res-
onance (NMR).** This study showed that although the PapGll
adhesin shares some structural similarities with FimH, the carbo-
hydrate-binding domain is located in one side of PapGll (in con-
trast to FimH, where carbohydrate recognition occurs mainly at
the tip of the structure). This study also highlighted that lle173,
Lys172, Tyr166, Glu109, Leu102, and Ser89 residues are surface-
exposed and were most strongly affected during the NMR titration
with galabiose. It has been proposed that PapG class specificity
may be related to variations in the residue type in these positions.

Figure 3. a) Chemical structure of the tetrasaccharide (GalNAc-B-1,3-Gal-0-1,4-Gal-B-1,4-Glc) component of GbO4, the natural ligand for PapGll: reducing
end Glc (residue D, pink), Gal (residue C, green), Gal (residue B, blue), and terminal GalNAc (residue A, pink); b) graphical representation of interactions
between protein and receptor. Direct polar interactions are indicated by red arrows. Water mediated interactions are indicated by blue arrows. Brackets
and arrows in orange indicate contacts with aromatic/hydrophobic platforms. Redrawn from®* using PDB ID: [1j8r] created with Flare from Cresset;'>°'¢2
and ¢) a graphical representation of the binding site of the PapGll adhesin with the tetrasacharide component of GbO4 from X-ray structure PDB ID: 1j8r.

The Glu91 and Trp107 important for binding are shown. Redrawn from'®*! using PDB ID: [1j8r] created with Flare from Cresse!
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These studies provided detailed knowledge of the intricate
interactions between PapGll adhesins and their carbohydrate
receptors, which are highly valuable for the design of synthetic
ligands and glycomimetic compounds targeting these proteins.
Although the optimal carbohydrate epitope for PapGll is the tet-
rasaccharide found in GbO4, most synthetic ligands for PapG
class | and Il are based on the galabiose disaccharide.

Ohlsson et al. investigated synthetic derivatives based on a
galabiose core as inhibitors of PapG class | and I.°* The inhibitors
were discovered by screening small libraries of galabiose func-
tionalized at the O1 and O3’ positions. PapGl binding is favored
by hydrophobic substituents at the O1 and is not hampered by
modifications at the O3’ position of galabiose. On the other hand,
the binding site of PapGll extends beyond the galabiose disac-
charide, so the introduction of substituents that interact with
the lectin in a favorable manner can offset the absence of addi-
tional carbohydrate moieties. Compound 4 (Figure 4), which fea-
tures aromatic substituents at both ends of the galabiose core,
was found to inhibit PapGl with an ICs, of 4.1 uM by hemaggluti-
nation inhibition assay, making it 20-30 times more potent than
the natural ligand GbO4. The relative potency of Compound 4 to
Gb0O4 was found by comparing its hemagglutination inhibition
assay results to the hemagglutination inhibition assay results
of a reference with a known ICs, for inhibiting adhesion to
Gb04.1%>%¢! Compound 5 (Figure 4), with an ICs, of 68 uM as deter-
mined by hemagglutination inhibition assay, is still the most
potent reported synthetic inhibitor of PapGll and has an activity
comparable to the tetrasaccharide in GbOA4. Interestingly, com-
pound 6, functionalized only at the O1 position, retains significant
affinity for both PapGl and PapGll adhesins (ICs, of 11 and 110 pM
by hemagglutination inhibition assay, respectively). This can be
accounted for by aromatic stacking interactions between the
aglycon and conserved Trp107 residue, located near galabiose
01, as found in the crystal structure of the PapGill.

Some synthetic ligands and glycomimetics that target differ-
ent PapG variants have been reported. Salminen et al. reported a
series of mono and multivalent galabiose derivatives as inhibitors
of adhesion of E. coli PapGes (class 1) (Figure 4). Interestingly,
while inhibition of adhesion was not strongly affected by multi-
valency, the octavalent compound 7 was found to be the most
effective inhibitor, with the lowest 1Cs5, (2 uM) for inhibition of
PapGl reported to date (though a different assay was used to
determine this ICs, as compared to the previously discussed
inhibitors of PapGl). This value was determined using a live-
bacteria application of surface plasmon resonance (SPR), to mimic
the flow conditions of natural infections. It showed a minimum
inhibitory concentration (MIC) value of 9 uM as determined by
hemagglutination assay.”

Although PapGill preferentially binds to the globoside GbO4,
early studies by Stapleton et al. reported increased affinity for the
natural sialosyl galactosyl globoside (SGG), which features the
P blood group antigen hexsaccharide (Neu5Ac-a-2,3-Gal-p-1,
3-GalNAc-B-1,3-Gal-a-1,4-Gal-B-1,4Glc 8, Figure 5)® (Neu5Ac is
N-acetylneuraminic acid). Using isothermal titration calorimetry
(ITC), Navarra et al. determined dissociation constants (Kp) and
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thermodynamic parameters of the binding between PapGill
and several carbohydrate ligands including hexasacharide 8
and the GbO4 tetrasaccharide (Figure 5).°? Hexasaccharide 8
had threefold higher affinity than the GbO4 tetrasaccharide
(Kb =219 and 59.1 uM, respectively). Notably, the structure of
PapGll cocrystallized with 8 did not show a direct interaction
of the additional Neu5Ac-0-2,3-Gal-B moiety with the protein.
Alongside with the experimental ITC measurements, the authors
of this study carried out molecular dynamic simulations and pro-
posed that the presence of extended solvation shells at the sur-
face of both protein and ligand accounts for the additional
affinity. Upon ligand binding to the carbohydrate recognition
domain, the disaccharide moiety in 8 is close to the PapGll sur-
face, which forces both ligand and protein to release water
molecules from their outer solvation shells. This entropic contri-
bution due to the desolvation of nonbinding components of the
saccharide ligands may be useful in ligand design to improve
carbohydrate-lectin interactions. Interestingly, this study suggests
that the main contribution to the binding of the glucose unit
at the reducing end in the GbO4 tetrasaccharide is due to lipo-
philic interactions established by the hydrophobic B-face, and
its replacement by aromatic rings (as in some synthetic ligands
such as 6) maintains this interaction, although with reduced des-
olvation cost.

PapGlll, also known as the F adhesin,'*” preferentially binds
more complex glycolipids bearing the Forssman antigen 9 (fea-
turing terminal GalNAc-a-1,3-GalNAc, Figure 5) which is found on
sheep erythrocytes and other animals. While the galabiose moi-
ety of GbO4 can be considered, in fact, as the minimum binding
epitope, the tendency of an enhanced adhesion toward elon-
gated saccharides is more significant for PapGlll than for
PapGilL."®

P pili also have different major PapA subunits depending on
serotype (Figure 6), such as in fteA-F10, F11, F12, F13, ffoA-F14,
ffiA-F15, F20, F43, F48, F7-1, F7-2, feiA-F8, and fsiA-F16.7"73) In the
F7, P pilus, the FsoG (from “F-seven-one”) protein binds Gal-a-1,
4-Gal epitopes. The FsoE and FsoF proteins have been reported to
be involved in the adhesion to fibronectin and basolateral mem-
branes.”¥ The F7, P pilus is sometimes called Fst (from “F-seven-
two"). FstG is sometimes used as the name for the adhesin of F7,
P pili. Thus, FsoG and FstG correspond to PapG class I1.7°!

F165, is another type of P-like fimbriae (similar to PapG class
l1l/Prs) found in extraintestinal pathogenic E. coli (EXPEC) strains in
animals and humans. F165;-positive bacteria have a high stochas-
tic phenotype switching rate (they can have ON (fimbriated),
OFF (afimbriated), and also partial phases). This allows them to
adapt to environmental changes during the infection cycle, which
could represent increased fitness.”® F165, positive E. coli clones
show adhesion to terminal GalNAc-0-1,3-GalNAc of Forssman
antigen, GalNAc-a-1,3-Gal, and human erythrocytes of blood
group A,P,."”

A newly identified group of Pap-like fimbriae (PIf) in EXPEC
mediated adherence to host cells and colonization of the host
kidney cells. Two predominant adhesin classes (PIfGl, PIfGlI)
were identified out of five distinct classes, according to

© 2025 The Author(s). ChemBioChem published by Wiley-VCH GmbH

85U80| 7 SUOWIWOD aA 181D 3|qeo!|dde ayy Aq peusenob are saone YO 8sn Jo s3|n. 10} ARig1T 8uluO /8|1 UO (SUORIPUOD-pUR-SWIBIW0D" A8 IM"AReIq U1 |UO//SANY) SUONIPUOD pUe swe 1 8u1 89S *[9202Z/T0/62] Uo Ariqiauljuo 8|1 ‘yioouke N pueel] JO A1IsieAlun uoieN Ag E£7005202 2109/Z00T 0T/I0p/wod A | m Ae.qpuljuoadone-Alis weyd//sdny woiy pepeojumod ‘f ‘520z ‘€€9.6EVT


http://doi.org/10.1002/cbic.202500433

Chemistry
ReView EE}:l;gwl:()Iim‘cal
ChemBioChem doi.org/10.1002/cbic.202500433 Societes Publishing
Ohlsson et al.[6%]
HO OH Me
IC50 for PapGl = 4.1 pM;
©/\ %\ IC5q for PapGll = 180 pM.
4 HO OH OH NHAc
O Ho ~S A OMe
(0]
S/\/\O‘m %\ \/\([)]/
OHo “oH
6] IC5q for PapGI = 120 pM;
5 IC5q for PapGll = 68 uM.

Hc@ﬁ O
IC50 for PapGl = 270 pM;

6 IC5q for PapGll = 470 pM.

Salminen et al.l67]

RHN—\_
0}

RHN—\_
IC5q for PapGll =2 yM o] CO,Me

HO

H
HO (0] N
) M \n/\o/\ﬂj{
(0] (0]
Figure 4. Chemical structures of selected synthetic ligands for PapG.®>¢”
sequence differences in the PIfG adhesin. These proteins  glycolipids GbO3, GbO4, or GbO5, which suggest that PIfG adhe-

caused hemagglutination of turkey or human erythrocytes.  sins bind different receptors from those recognized by P fimbrial
Interestingly, hemagglutination was not inhibited by globoside  adhesin classes.”®

ChemBioChem 2025, 26, €202500433 (10 of 21) © 2025 The Author(s). ChemBioChem published by Wiley-VCH GmbH

3SUD|T SUOWILLOD A IEaID a(qedi|dde ayy Ag pausanoh are sajonte YO ‘asn Jo sajni 10} ARid1T auluQ A8]1AA UO (SUORIPUOD-PUR-SWLB}WI0D AB 1M Aeld 1)Ul |uo//SAdNY) SUORIPUOD pUe SWB | L) 883 *[9202/T0/62] Uo ARldiTauluQ AB[IM ‘Yloouke | puepl] JO AsAIUN feuoieN AQ E£7005202 9109/200T OT/I0p/wod A3 1m Ariqipul|uo-adone-Ans iweyd//sdny woly papeojumoq ‘F ‘5202 ‘€€9/6EVT


http://doi.org/10.1002/cbic.202500433

Review

ChemBioChem

doi.org/10.1002/cbic.202500433

Chemistry
Europe

European Chemical
Societies Publishing

HO OHOH OHOH OHOH
O o) [e) O
Y OH OH NHAc HO OH
HO™ 2 COOH o c& oH
HO o) 0
OH HO OH
OHOH OH
O oHOH OHOH

OH

2
O o
OH Hoﬁ&o---

OH

Figure 5. Chemical structures of the P blood group antigen hexasaccharide Neu5Ac-a-2,3-Gal-B-1,3-GalNAc-B-1,3-Gal-a-1,4-Gal-B-1,4-Glc 8, a natural ligand
for PapGlI®® and Forssman antigen 9 (featuring terminal GalNAc-a-1,3-GaINAc)."® The structure of the GbO4 tetrasaccharide is shown in blue.
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Figure 6. Schematic representation of structural variability of the P pilus subunits. Redrawn from® Created in BioRender. Coyle, S. (2025) https://BioRender.

com/zt95t6p.

2.3. S-Fimbriae

Fimbriae of the S-fimbrial family are frequently expressed in
extraintestinal E. coli strains. S-fimbriae adhesins have similar
sequence identities, and the pili are organized similarly.
However, their receptor specificities are different.”

FocH is the fimbrial adhesin of F1C fimbriae, which are part of
the S fimbria superfamily. F1C fimbriae are found on 14% to 30%
of ExPEC strains of UTI origin and mediate binding to epithelial
cells in the kidneys, ureters, and bladder.®® FocH has affinity for
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nonsialylated glycolipids such as asialo-GM1 and asialo-GM2;
notably, the disaccharide sequence GalNAc-B1,4-Gal-B, found in
these glycolipids, is the high-affinity binding epitope for the
UPEC F1C fimbriae (Figure 7).2" FocH has a Kp =109 nM for
asialo-GM1, as determined by SPR analysis.”*”

F1C fimbriae are also found in the Pseudomonas aeruginosa
strains PAO and PAK. Synthetic ligands against F1C have been
reported, featuring terminal GalNAc-B-1,4-Gal moieties. Mono
and multivalent dendritic ligands, with different spacer lengths,
were investigated as inhibitors of the adhesion of P. aeruginosa
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Figure 7. Chemical structure of asialo-GM1 (Gal--1,3-GalNAc-B-1,4-Gal-B-1,4-Glc-Cer) and asialo-GM2 (GalNAc-B-1,4-Gal-B-1,4-Glc-Cer) ligands for FocH and

disaccharide GalN.Ac-B-1,4-Gal-B, all ligands for FocH.®"

and UPEC. The lowest ICs, for inhibition of binding of asialo-GM1
was found to be 15 uM in an ELISA assay for the tetravalent deriv-
ative, only slightly lower than the ICs, value of 19 pM obtained for
the corresponding divalent derivative (Figure 8). Interestingly,
comparable results were obtained against P. aeruginosa, despite
the differences between the two pathogens.®?

SfasS is the sialic acid-specific adhesin on certain S-fimbriae. It
is expressed by E. coli strains causing sepsis, neonatal meningitis,
and UTls. This adhesin recognizes Neu5Ac-0-2,3-Lac-containing
glycans.®®3 There are two Sfa fimbriae classes, Sfa-l and Sfa-ll
(found in newborn meningitis) which differ in their major subu-
nits and two minor subunits; however, the genes coding for their
SfaS adhesins are identical.®” SfaS has been considered a

RHN
_\_O

COzMe
(@]
RHN—/_
IC50 =19 uM
OH OH
R = (@)
HO O OH

virulence factor; SfaS encoding genes were found in 1.8% of
ExPEC samples analyzed in a study by Lindstedt et al.®”

S/F1C-related fimbriae (Sfr) are found on E. coli expressing
FimH.®® Sfr fimbriae are genetically homologous to Sfa.*®
However, despite its homology to known lectins, its receptor
specificity differs from S-type lectins; it causes a lower amount
of agglutination than Sfa when subject to anti-Sfa serum and
it does not agglutinate bovine erythrocytes (unlike Sfa).®®

The analysis of the fac (fimbria of avian E. coli) gene cluster
showed it is highly homologs to other S-fimbriae gene clusters
(Sfr, Sfa, and Foc). One gene is homologous with SfaAll, FacG,
and FacS are homologous to SfaG-l and SfaS-l, while FacH is
homologous to FocH.®¥ Other S-type fimbriae related to FocH

CO,Me

ICso = 15 uM

AcHN (0] O
HO O\)J},{

OH

Figure 8. Chemical structures of selected synthetic ligands for FocH, the ad
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hesin of FIC fimbriae, featuring binding epitope GalN.Ac-p-1,4-Gal.®?
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include F165,%7 and CS18 fimbriae® (both from the fot gene
cluster). Dobrindt et al. reported a possible adhesin related
to S-type adhesins that could not be identified as any of
the other adhesins grouped in the S adhesin family. It was
designated Sfx.®?

Other fimbrial adhesins related to S-fimbriae include FasG,
which is a subunit of 987 P(F6) fimbriae of ETEC which mediate
attachment to intestinal epithelial cells.®® FasG was shown to
bind galactosylceramide containing hydroxylated fatty acids
and sulfatides.”® Site-directed mutagenesis of FasG showed that
the lysine residue 117 was essential for FasG-sulfatide interaction,
possibly through hydrogen bonding and/or salt bridge forma-
tion.®" Inhibiting the major subunit of 987 P-fimbriae (FasA) with
antibodies can inhibit binding to a porcine hydroxylated cer-
amide receptor.® (S18 fimbriae (also known as Fot or
PCF020), found in human ETEC, are similar to 987P.% F1B fim-
brial adhesins have also been reported on E. coli and have simi-
larity in their first 33 residues with F165,.°% Like F1C fimbriae,
they have also been reported to be similar to Type 1 fimbriae 2258
CS30 isolates have also been shown to be related to 987P fim-
briae, specifically to the major subunit FasA.®

2.4. F17 Fimbriae, GafD, UcID

The F17 fimbriae are a group of fimbriae that contain lectin
domains. They have also been called G fimbriae.** F17G adhesins
present six natural variants (F17a-fG), with F17¢G also called
GafD.”® Despite a lack of sequence similarity, GafD is more struc-
turally related to FimH than PapG, though it shares common
motifs with both lectins.®® F17 fimbriae types have also been
referred to as Fy and Att25.°7

The carbohydrate-binding specificity of the F17G adhesins
has been studied by Lonardi et al.® F17G lectins were found
to selectively recognize glycans with a terminal GIcNAc moiety,
such as found in intestinal mucins. All F17G variants specifically
recognize the GIcNAc-B-1,3-Gal epitope, with a Ky of 0.28 mM for
F17eG, as determined by SPR. F17G adhesins can bind B-GIcNAc,
with lower affinity (Kp = 1.2 mM by SPR).

GafD/F17¢G and F17fG were crystallized bound to GIcNAc
(Table 2).°%¥ The crystal structures show that the monosaccha-
ride binding site is on the side of the adhesins (Figure 9). For
GafD, the binding is mediated by side-chain as well as main-chain
H-bonding interactions. The specificity for GIcNAc arises from the
arrangement around Thr117-Asn44, where Thr117 accepts an
H-bond from the nitrogen atom in the acetamide and donates
one to the carbonyl group. Trp109 provides hydrophobic inter-
actions so that the indole ring is parallel with the plane of the
sugar ring (Figure 10).°9

The crystal structure of F17bG cocrystallized with disacchar-
ides featuring a terminal GIcNACc (i.e., GIcNAc-B-1,2-Man, GIcNAc-
B-1,3-Gal, and GIcNAc-B-1,4-GIcNAc), shows that terminal, nonre-
ducing GIcNAc occupies the primary binding pocket, while the
other carbohydrate in the disaccharide ligand is involved in addi-
tional stacking onto the hydrophobic region neighboring the
pocket (Figure 11).°”

ChemBioChem 2025, 26, €202500433 (13 of 21)

(@)

Figure 9. a) Graphical representation of the GafD1-178 monomer showing
both GIcNAcs bound from X-ray structure PDB ID: 10io. Redrawn from!®®
using PDB ID: [1oio] created with Flare from Cresset.'>*7'%?! b) Graphical
representation of the F17fG lectin domain with GIcNAc bound from X-ray
structure PDB ID: 1zk5. Redrawn from!'®® using PDB ID: [1zk5] created with
the open-source PyMOL Molecular Graphics System, Version 3.1,
Schrédinger, LLC.

Figure 10. Graphical representation of GIcNAc in the binding site GafD with
hydrogen bonds shown in blue from X-ray structure PDB ID: 10io. Redrawn
from®® using PDB ID: [10i0] created with Flare from Cresset.'*-'62

UclD is a glycan binding adhesin at the tip of Ucl (F17-like)
fimbriae on EXPEC, which is homologous to GafD. Ucl fimbriae
consist of four proteins, UclA-D. A recent study by Hancock
et al. on glycan binding specificity of Ucl fimbriae showed that
UcID binds with the strongest affinity to sialyllacto-N-fucopentose
VI ((Neu5Ac-a-2,6-Gal-B-1,4-GlcNAc-B-1,3-Gal-B-1,4-(Fuc-a-1,3)-
Glc), a structure possibly expressed on the gut epithelium,
(Figure 12) with a K, of 11.72nM, as determined by SPR.
Comparison of the carbohydrate-binding patterns of the UcID

© 2025 The Author(s). ChemBioChem published by Wiley-VCH GmbH
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Figure 11. Graphical representations of GIcNAc-B-1,2-Man (PDB ID: 3ffo) (left), GIcNAc-B1,-3 Gal (PDB ID: 4k0o) (middle), and GIlcNAc-B-1,4-GIcNAc (PDB ID:
2bs7) (right) in the binding site of F17bG. Redrawn from™®* using PDB ID: [3ffo, 4k0o, 2bs7] created with Flare from Cresset.'>*'62
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Figure 12. Sialyllacto-N-fucopentose VI.

adhesin and UcaD (the tip adhesin from Proteus mirabilis, with a
homologous tertiary structure) using glycan array analysis,
showed that although both adhesins bind to sialyllacto-N-
fucopentose VI, they recognize different glycan oligosaccharides
despite their high amino acid sequence identity. Although a
crystal structure of UcID with any ligand is not available, crystal
structures of UcaD in complex with L-fucose (Fuc), glucose,
and galactose show a broad-specificity carbohydrate-binding
pocket.®”!

2.5. FaeG

FaeG is the adhesin subunit on F4 fimbriae found on ETEC which
binds glycolipids and glycoproteins."° F4 fimbriae have also been
called K88,"°Y and their binding specificity has been studied exten-
sively in porcine pathogens. FaeG is highly conserved between dif-
ferent F4 serotypes (found in 88%-100% of serotypes).'° Three
main naturally occurring variants of F4 fimbriae with differences
in FaeG units exist (F4.,, F4.., and F4.4), each having a related,
yet distinct, carbohydrate-binding profile, which leads to different
F4 receptor specificities.'® FaeG,, and FaeG,. bind an intestinal
mucin-type Neu5Acglycoprotein, while only FaeG,, binds a por-
cine intestinal glycosylated transferrin.!'%41%%!

FaeG,q4 binds neutral glycosphingolipids, proposed to be lacto-
sylceramide, gangliotriaosylceramide, gangliotetraosylceramide,
globotriaosylceramide, lactotetraosylceramide, and lactotetraosyl-
ceramide'%1%! The F4,, and F4,. variants show more similarities

ChemBioChem 2025, 26, €202500433 (14 of 21)
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in their glycosphingolipid recognition patterns compared to the
F4.4 variant. F4,, and F4,. fimbriae interacted with both sulfatide
and galactosylceramide, whereas F4,4 fimbriae did not, binding
instead gangliotriaosyl- and gangliotretraosylceramide."®”
Nonreducing, B-linked galactose and/or N-acetylgalactosamine
residues play important roles in the binding of all the fimbriae
variants; Gal-al,3-Gal disaccharides® and Gal-B-1,3-GalNAc
and Fuc-a-1,2-Gal-B-1,3/4-GIcNAC!"® have also identified as rec-
ognition motifs. The X-ray structure of FaeG,4 bound to lactose
provides a structural insight into the receptor specificity and
mode of binding of the F4 fimbriae.'% Lactose interacts at
the side of this FaeG, where the carbohydrate-binding site is
in a shallow groove. The interactions of the terminal galactose
residue involve two short amino acid stretches, Phe150-
Glu152 and Val166-Glu170, with the galactose sandwiched
between the side chains of Phe150 and Lys167 (Figure 13).
The presence of an aromatic residue facing the nonpolar carbo-
hydrate surface is commonly found in galactose-binding pro-
teins."% Pili with the FaeG adhesin are also expressed by
Salmonella species.!'”

2.6. F18-Fimbriated E. coli (FedF)

F18 pili are expressed on ETEC and Shiga toxin producing E. coli
(STEQ) in pigs. The major subunit of the pilus is FedA, with two
antigenic variants named F18ac (also referred to as 8813, 2134P
or Av24) and F18ab (also called F107).°”"'% The F18 fimbrial
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Figure 13. Graphical Representation of Crystal Lactose in the binding site
of FaeG (F4,4) from X-ray structure PDB ID: 4wei. Redrawn from""®! using
PDB ID: [4wei] created with Flare from Cresset.'*9-'62

subtype was significantly associated with the pathogenicity of
these strains, with 73.2% of the STEC isolates having F18ab genes,
and 93.6% of the STEC/ETEC isolates were F18ac positive.!"'” FedF
is the minor subunit of the protein, which serves as adhesin for
this pilus. FedF has been shown to be highly conserved, with
90.4% homology across E. coli isolates from pigs.""" FedF medi-
ates binding of F18-fimbriated bacteria to glycosphingolipids
having blood group ABH determinants. The minimal binding epi-
tope was identified as blood group H-type 1 determinant (Fuc-a-
1,2-Gal-B-1,3-GlcNAc), but optimal binding epitopes were found
to be the blood group B type 1 determinant [Gal-a-1,3-(Fuc-a-
1,2)-Gal-B-1,3-GlcNAc] and the blood group A type 1 determinant
[GalNAc-0-1,3-(Fuc-a-1,2)-Gal-B-1,3-GIcNAcL."'? FedF has been
characterized as a two-domain adhesin, as demonstrated by
experiments with a truncated form of the protein. This trun-
cate construct bound blood group A type 1 hexose with a

A 4
=) NH
N
(o)

Asn
A50 His
A88

Ko =35.2 uM (determined by SPR) and 1.76 uM (determined by
backscattering interferometry, BSI). Crystal structures of this trun-
cated cocrystallized with blood group B type 1 hexasaccharide
(PDB ID: 4b4r) and blood group A type 1 hexasaccharide (PDB
ID: 4b4q) (Figure 14) have also been reported.'"®

Furthermore, FedF has also been shown to bind sulfated
N-acetyllactosamine and lactose derivatives. The best binder
was determined to be Gal-p-1,4-GIcNAc sulfated at positions
3/, 6/, and 6 as determined by glycan array analysis.*!

Successful inhibition of FedF attachment has been achieved
in piglets through the development of nanobodies. Dissocia-
tion constants for the four most effective nanobodies were
determined using Microscale Thermophoresis (MST), with Kp
values ranging from 29 nM to 1.58 nM.""'¥ One of these nano-
bodies has also been successfully crystallized with the FedF
lectin domain (PDB ID: 4w6x). Amino acid residues 60 to 109
were necessary for F18 binding to porcine epithelia, with a disul-
fide bridge between Cys64 and Cys83 being essential for
binding.l'"®

2.7. Other Chaperone-Usher Adhesins

Adhesin FanC is the major subunit of F5 fimbriae (previ-
ously called K99)"'® found in porcine, bovine, and ovine
ETEC.""7"'8 F5 fimbriae bind sialylated glycolipids,”"'® including
Neu5Ac-0-2,3-Gal-B-1,3-GIcNAc, as reported by Day et al. using a
recombinant E. coli strain expressing different CU fimbriae,
together with glycan array analysis.® This study also reported
that ExPEC adhesin | (Yqi adhesin), associated with adhesion
and colonization of the lungs of chickens in avian-pathogenic
E. coli (APEC), recognized structures featuring terminal
B-GIcNAc. It also binds structures containing L-fucose such as
Lewis A, blood group antigen B, and a-Gal-Lewis X. The structures
recognized by Yqi are widely expressed across various tissue
types and host species. Blood groups and Lewis antigens are
common targets for pathogens.®™ In addition, Day et al.’s analysis
also identified the binding of E. coli common pilus (ECP) fimbriae
to Gal-a-1,6-Glc, asialo-GM1, blood group B trisaccharide, and

Figure 14. 2D (left) and 3D (right) graphical representations of the blood group A type 1 hexasaccharide in the binding site of FedF from X-ray structure
PDB ID: 4b4q. In the 2D representation, interactions found by Cresset Flare from the PDB structure are shown as dashed lines representing hydrogen
bonds. Arrows are interactions found only by;"'® blue arrows are hydrogen bonds while orange arrows are hydrophobic interactions. Redrawn from!''"

using PDB ID: [4b4q] created with Flare from Cresset.[>-62!
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0 OH divided into three subclasses: 5a (CFA/I, CS4, CS14), 5b (CS1,
OH HO (@) CS17, CS19, PCFO71), and 5¢ (CS2). They contain minor adhesin
HOsz HMOH subunits.!'>"
OH OH CFA/I fimbriae are composed of a major repeating subunit,
CfaB, and a single tip subunit, Cfak. The tip adhesin, CfaE, of
L-Arabinose Xylose CFA/I appears to bind sialylated proteins at a binding site with

Figure 15. Chemical structure of L-arabinose and xylose, recognized by
ECP and Yad fimbriae, respectively.

GIcNAc-B-1,6-Gal-B-1,4-GIcNAc. The tip adhesin (EcpD) in ECP
allows binding to the glycoproteins fibronectin, laminin, collagen
I and IV, and mucins."? ECP is sometimes referred to as YAG."®
Interestingly, ECP targets L-arabinosyl residues (Figure 15) with
a-1,5 links and longer arabinan chains.!"?" These sugars are com-
monly found in plant cell walls but rarely in animals.

Yad fimbriae are commonly found in UPEC. In addition to
the yad operon, several other operons such as ycb (also known
as elf, E. coli laminin fimbriae or loc5), yfc, yra, sfm, and yeh
encode functional fimbriae that contribute to E. coli's ability
to adhere to various surfaces, including abiotic ones.l'?2'23
The yad operon is also referred to as loc2.'**! Xylose (Figure 15),
another sugar commonly found in plants, targets YadC and has
shown effectiveness in both the prevention and treatment of
UPEC infections. The receptor for YadC has been identified as
annexin A2.0'?9

AF/R1 fimbriae enable E. coli to adhere to rabbit small intes-
tine epithelial cells. This binding is mediated by glycolipids (pro-
posed to be galactosylceramides) and glycoproteins featuring
sialic acid and B-galactosyl residues.'*' F42 is a colonization fac-
tor of ETEC found in piglets, but it also binds to glycoproteins and
causes agglutination in chicken erythrocytes; hemagglutination
caused by this adhesin may be inhibited by GalNAc.'?%

MrkD is expressed on type 3 fimbriae found in E. coli and
Klebsiella pneumoniae. MrkD primarily binds to type V colla-
gen®”"271 byt some variants can also bind to mannan. MrkD struc-
ture consists of a lectin domain with a putative binding pocket
and a fimbria-anchoring pilin domain; these domains bind the
target in a catch bond-like manner, with enhanced binding under
increasing shear conditions. This resembles the binding mecha-
nism of FimH. Catch-bonds are a type of interaction in adhesin-
receptor complexes that increases the lifetime of these
complexes under tensile mechanical force, their mechanism in
FimH has been described by Sauer et all'?® Interestingly,
although MrkD and FimH only have 12% amino acid sequence
similarity, homology modeling proposes comparable structures
for these adhesins."?®' MrkD is also encoded in species including
Klebsiella aerogenes, Enterobacter hormaechei, Enterobacter cloa-
cae, Citrobacter freundii, and Citrobacter koseri; it may also be
expressed by some Salmonella species.!'>'®

3. Class 5 Fimbrial Adhesins

Class 5 fimbriae in ETEC include eight distinct types that
mediate adhesion to the small intestine. These fimbriae are

ChemBioChem 2025, 26, €202500433 (16 of 21)

three arginine residues*" while the major subunit, CfaB, binds
nonsialylated glycosphingolipids.'*? For CS1, the adhesin
CooD also requires arginyl residues for binding and is associated
with CFA/II colonization factors.'*® CS2 fimbriae are also specific
to sialylated glycans. Fimbrial binding to erythrocytes could be
inhibited with low concentrations of sialyl-lactose."*¥ The tip
adhesins for CS2, CS4, CS17, and CS19 fimbriae are CotD, CsaE,
CsbD, and CsdD, respectively.”*'3*13¢ Both major and minor sub-
units of class 5 fimbriae show high homology within their
subclasses.

3.1. Fimbriae Related to Class 5 Alternate

Class 5 fimbriae alternate include several types of adhesins that
mediate adhesion in ETEC. CS6, one of the most commonly
detected nonfimbrial adhesins, is composed of two subunits,
CssA and CssB. The CssB subunit is responsible for highly specific
binding to sulfatide (SOs-3 Gal-B-1-Cer),""*” while the CssA sub-
unit was found to recognize fibronectin, although this is not a
carbohydrate-mediated interaction.!'*®

CS3 fimbriae are produced by CFA/Il type ETEC. They
mediate binding to glycoproteins in intestinal cell membranes
featuring galactosylated glycans, with GM1, asialo-GM1, and
GM2 inhibiting this interaction. This highlights that GalNAc-
B-1,4-Gal is necessary for CS3 binding. This disaccharide
has not only been implicated as a binding epitope for other fim-
briae in EPEC but also for other pathogens like Pseudomonas
aeruginosa.l'”

CS7 fimbriae belong to the CS5 group of class 5 fimbriae and
weakly bind isoglobotriaosylceramide, lactosylceramide, and
neolactotetraosylceramide.'3%14"

4, Type IV Pili

Adhesive type IV bundle-forming pili (BFP) are in EPEC. The pilin
subunit, BfpA, has diverse alleles divided into two groups: a and .
a-BfpA mediates adherence to host cells via N-acetyllactosamine
in human intestinal cells and HEp-2 cells, but B-BfpA does not
recognize it.'*"

CS21 (or longus) is type Vb pili found in many ETEC. CS21's
major subunit, LngA, mediates adhesion to intestinal epithelial
cells through binding of sialylated glycans."*?

Longus is highly related to, but distinct from, CFA/IIL'3 CFA/
lIlis a type IVb pilus which has a minor pilin, CofB, with an H-type
lectin domain at its tip. However, a secreted protein Cofl,
encoded within the same CFA/IIl operon, binds the expected car-
bohydrate recognition site of the CofB’s H-type lectin domain.
An X-ray crystal structure of CofB complexed with a peptide

© 2025 The Author(s). ChemBioChem published by Wiley-VCH GmbH

85U80| 7 SUOWIWOD aA 181D 3|qeo!|dde ayy Aq peusenob are saone YO 8sn Jo s3|n. 10} ARig1T 8uluO /8|1 UO (SUORIPUOD-pUR-SWIBIW0D" A8 IM"AReIq U1 |UO//SANY) SUONIPUOD pUe swe 1 8u1 89S *[9202Z/T0/62] Uo Ariqiauljuo 8|1 ‘yioouke N pueel] JO A1IsieAlun uoieN Ag E£7005202 2109/Z00T 0T/I0p/wod A | m Ae.qpuljuoadone-Alis weyd//sdny woiy pepeojumod ‘f ‘520z ‘€€9.6EVT


http://doi.org/10.1002/cbic.202500433

Chemistry
Europe

European Chemical
Societies Publishing

Review

ChemBioChem doi.org/10.1002/cbic.202500433

containing the binding region of CofJ and solution data were
used by Oki et al. to propose a model for the CofJ-CFA/IIl pilus
complex, necessary for binding the host cell membrane.['*

5. Miscellaneous

Often, the terms pili and fimbriae are used interchangeably,
though reserving the term pili only to pili mediating conjugation
has been proposed. However, fimbrial structures are occasionally
categorized into two types: short fibrils and longer flexible struc-
tures. Some consider fibrils distinct from fimbriae. Thin pili are
also known as fibrillae.l'"16145147] Rod-shaped pili may transi-
tion to fibrillar structures, while curli (found in E. coli and
Salmonella species) have been occasionally referred to as amyloid
fibrils and fimbriae.®>'*® Nonfimbrial and fibrillar lectins present
on E. coli are shown in Table 3.

The F41 lectin of ETEC is known to bind sialic acid and the
sialoglycoprotein glycophorin in erythrocytes of the MM and, less
strongly, the NN blood types.'*9"*% The STEC autoagglutinating
adhesin, also found in EHEC and verotoxigenic E. coli (VTEC),
shows adherence sensitive to mannose."*" Lymphostatin (LifA)
is found in adherent EPEC and in EHEC as Efa1.'"l It is involved
in adherence, though its mode of action is not well under-
stood. Recombinant lymphostatin binds uridine diphosphate
N-acetylglucosamine and contains a glycosyltransferase domain
similar to large clostridial toxins.'>? EtpA is an enterotoxin
secreted and captured by the tips of flagellin for presentation
to its receptors,”'>* which has also been reported to bind to blood
group A antigens."> OmpaA is an outer membrane protein pro-
duced by K1 E. coli that mediates attachment to endothelial cells
recognizing specifically GIcNAc-B-1,4-GIcNAc and  1,4-linked
GlcNAc oligomers from chitin.!'** CS31A has been found to bind
GIcNAc and Neu5Ac™® Finally, a galactose-specific fimbrial
adhesin was identified in an EAEC strain. The binding of this strain

to HEp-2 cells was inhibited by galactose. Antibodies for the
adhesin were developed, but prevented galactose binding, sug-
gesting these antibodies bound at the sugar-binding site.l'”

6. Summary and Outlook

We have outlined some of the most significant carbohydrate-
binding adhesins (other than FimH) found in fimbria and pili
of different strains of pathogenic E. coli. In light of the antimicro-
bial resistance crisis, the need for new therapeutic alternatives to
treat infectious diseases brings attention back to fimbrial adhe-
sins, with the potential to serve as a target for antivirulence ther-
apies. The extensively investigated mannose-based compounds
targeting FimH for the treatment of UTIs highlight the potential
of this approach.* However, there are limited examples of syn-
thetic inhibitors for other prevalent E. coli carbohydrate-binding
proteins (lectins) despite the wide range of adhesins that are con-
sidered virulence factors and are known to interact with host gly-
cans to initiate infection and colonization. One major hurdle in
the development of successful antagonists of fimbrial adhesins
has been the limited structural knowledge of said proteins, with
a relatively small number of crystallographic structures reported
so far. The crystallographic structure of some known lectins can
aid in the development of inhibitors; however, not all lectins have
known binding modes. The study of how lectins interact with
their carbohydrate receptors may enable in silico drug design
of lectin inhibitors. Nevertheless, the considerable energetic con-
tributions of water to the binding of some lectins combined with
their shallow binding sites complicate the rational design of high-
affinity binding drugs through structure-based methodologies.
Traditional approaches to enhance binding affinity, such as the
design of multivalent or glycomimetic compounds which are suc-
cessfully being applied to other carbohydrate-binding proteins
such as galectins, have been explored only for some adhesins;

Table 3. “Nonfimbrial” and “fibrillar" lectins in E. coli.
Structure name Adhesin Ligand Reference
CSé6 CssB SO;-3-Gal-B-1-Cer'"*” [SIF68] [138]
CFA/IVI33] S0;-3-Gal-B-1,4-Glc-B-1-Cer'">”! [SIF69]
F41 fimbriae F41 lectin Acidic monosaccharides!>® [149]
Similarities to K88 Erythrocyte glycophorins!'>%
(cuyn3 NN blood type glycophorin'*®
STEC Autoagglutinating adhesin (Saa) Saa Mannose!"*" [SIF70] [151]
Lymphostatin (outer membrane) LifA Recombinant lymphostatin binds uridine [152]
Efa-1/Efa1l""152 diphosphate GIcNAC!">? [SIF71]
Presented on flagellin EtpA Binds blood group A antigens!*¥ [SIF72] [153]
GalNAC, Ky~ 1.6 x 10~ M5 [SIF4]?
Outer membrane protein A OmpA GIcNAC-B-1,4-GIcNAc epitopes!'*® [SIF28] [155]
1,4-linked GIcNAc oligomers!'>!
CS31A ClpG GIcNAC!>® [SIF73] [156]
Neu5Ac!"®® [SIF64]
N,N"-Diacetylchitobiose!'*® [SIF74]
N,N’,N”-Triacetylchitotriose!'*® [SIF75]
ICsos, MICs, or Kys of ligands are given when known.
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these strategies to enhance binding strength are yet to be opti-
mized in suitable adhesin targets. Moreover, new technologies
such as Alphafold, which allows for rather accurate prediction
of protein structure from amino acid sequence, are becoming
highly valuable tools to assist in the design of new glycomimetic
ligands for carbohydrate-binding fimbrial adhesins for which
crystallographic (or cryoEM) structures are not yet available.
Finally, many adhesins have yet unknown receptor specificities.
In this regard, advanced glycan array methodologies can be
extremely useful to assess the binding of purified lectins or
whole-cell recombinant adhesins® which can lead to the iden-
tification of new carbohydrate-binding bacterial targets.

As discussed throughout this review, certain adhesins with
defined binding specificities are more frequently found in some
serotypes, especially within defined pathotypes. A single serotype
can express multiple adhesins, and different strains with the same
serotype can have different adhesion profiles. Moreover, these
adhesins play a key role in determining the tissue tropism and
virulence of each group. This reflects the functional complexity
of host-pathogen interactions and adaptation strategies in E. coli.
For example, FimH found in UPEC binds mannose-containing gly-
coproteins on bladder epithelial cells, but glucoside binding PapG
adhesins are also commonly found in pyelonephritis-associated
UPEC strains. In addition, PapG adhesins have been identified
in several E. coli strains causing neonatal meningitis.”"*® This com-
plexity can be harnessed towards the development of innovative
therapeutics and diagnostic tools to treat and diagnose E. coli
infections. In addition to the examples already discussed earlier
in this review, which consider mainly FimH, FmlIH, and PapGill,
antiadhesion therapies targeting other well structurally character-
ized adhesins can be investigated to block pathogen binding
using antibodies or synthetic molecules which mimic host cell
receptors, binding to adhesins and preventing pathogens from
attaching to host tissues. Similarly, these recognition moieties
can also be exploited in targeted drug delivery applications,
whereby they can be incorporated onto nanoparticles or drug
carriers to target the pathogen specifically. Additionally, E. coli
adhesins could be engineered to target specific tissues or cells,
improving drug localization and reducing side effects. The
remarkable achievements obtained so far with FimH antagonists
and other ligands targeting carbohydrate-binding proteins pave
the way for exciting developments in this field of research.
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