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Abstract: Urinary tract infections (UTIs) affect nearly 50% of women in their lifetime. Uropathogenic Escherichia 
coli (UPEC) expresses F9/Fml pili tipped with protein FmlH that specifically bind to terminal galactoside and 
galactosaminoside units in glycoproteins in kidney and bladder cells and colonize host tissues. Traditional UTI 
treatment using excessive antibiotics has led to the rise of various UPEC antibiotic-resistant strains. An 
alternative therapeutic approach prevents the initial bacterial attachment on the host cells using competitive 
FmlH-binding inhibitors. In this study, we have used computer-aided drug design techniques to identify novel 
glycomimetics that are predicted to bind strongly to UPEC FmlH and inhibit binding to host glycoproteins. We 
have performed in-silico receptor-based and ligand-based scaffold hopping, and molecular docking to predict 
novel FmlH-binding glycomimetics with high chemical synthesizability. We have replaced the two major 
scaffolds of the most potent known FmlH-binding ligand to obtain novel compounds. Additionally, we have 
applied global machine-learning models to predict ADMET properties of the molecules. Compounds with 
calculated low ADMET risks were subjected to molecular dynamics simulations and detailed investigation of 
the FmlH–glycomimetic interactions was performed. We have prepared and supplied a library of 58 novel 
glycomimetics that can be subjected to further biological activity studies. 
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Supplementary data items: Clearance profiles of the hits obtained from Scaffold 1 and Scaffold 2 
hopping; Root-mean square deviation of the hits from MD simulations 
 

Introduction 

Urinary tract infections (UTIs) are among the most prevalent infectious diseases, affecting 
millions of people annually [1]. According to a report by Yang et al., in 2019, ~404 million cases of 
UTIs were estimated globally [2]. An acute or chronic UTI can lead to high chances of recurrence 
within 6 months [1]. The increasing antibiotic resistance among uropathogens imposes a significant 
economic burden leading to a high rise in the annual global healthcare costs of UTI treatment [1]. 
Hence there is an urgent need to design better therapeutics for UTI treatment and/or prevention. 
Gram-positive and Gram-negative bacteria and fungi are the primary microbial agents that cause 
UTIs [1,3–8[, among which uropathogenic Escherichia coli (UPEC) is the most common [9–11]. UPEC 
expresses fibers known as chaperone-usher pathway (CUP) pili that are tipped with adhesins which 
specifically bind to host receptors to colonize and invade various host tissues [1,12–14]. UPEC uses 
F9 pili and their adhesin protein FmlH to bind to glycoproteins present on the host cell surfaces that 
are heavily glycosylated with terminal galactosides, and thereby the bacteria are able to avoid being 
washed out by the urinary flow and can have a long residence time in the urinary tract, leading to 
chronic inflammation [15–18]. 

Traditional antibiotic treatment has led to the rise of various antibiotic-resistant strains of UPEC. 
The increasing antimicrobial resistance has rendered the antibiotic therapeutic strategy less effective, 
thus creating a greater need for alternate strategies. One such alternative therapeutic approach is the 
anti-adhesion strategy [19]. This strategy aims at early-stage prevention of adhesion of an infectious 
agent, thus preventing bacterial survival and their pathogenesis. The underlying concept is that the 
anti-adhesive agents competitively block bacterial adhesion [19]. The F9 pilus is a rod-like structure 
that is produced on the surface of the UPEC, formed by multiple protein domains non-covalently 
interacting with each other. The pilus consists of a tip adhesin lectin, FmlH, which specifically binds 
to glycoproteins that are glycosylated with galactose-containing structures and mediates adhesion to 
host cell surfaces, initiating infections [17]. The tip adhesin FmlH forms the end of the pili. FmlH 
contains two domains: the C-terminal domain (FmlHPD), which contains an immunoglobulin-like 
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fold, and the N-terminal lectin domain (FmlHLD), which recognizes the galactose units on the target 
receptors present on the urinary tract epithelial cells [15,16]. 

Recent efforts were made to design and optimize glycomimetic small molecules that can bind 
strongly to FmlHLD and inhibit the adhesion of UPEC to host cell surfaces, potentially preventing 
infections [14–16]. Biphenyl derivatives containing N-acetylgalactosaminosides (GalNAc) showed 
strong binding to FmlHLD and also exhibited significant inhibitory potency [14–16]. In a rational drug 
design study by Maddirala et al., several GalNAc-containing biphenyl compounds showed activity 
against FmlH in the nanomolar range. Two of the most potent compounds showed good metabolic 
stability but with poor oral bioavailability [16]. In that work, X-ray co-crystal structures of the potent 
ligands with FmlH were obtained. The structures can serve as starting points for the design of 
improved FmlH-binding glycomimetics, using both receptor-based and ligand-based approaches. In 
our recent work, we designed and implemented a state-of-the-art virtual screening method using a 
hybrid fragment-based approach [14]. In that work, novel hit glycomimetics that exhibited improved 
FmlH-binding were proposed, along with a database of small molecule aglycone fragments which 
can be utilized for the identification of FmlH-binding molecules [14]. 

In this study, we have used in-silico ligand-based and receptor-based scaffold hopping 
techniques to obtain novel GalNAc-containing matched molecular pairs (MMPs) that are predicted 
to exhibit high binding affinity to FmlH. Scaffold hopping has tremendous potential for novel drug 
discovery: multiple novel scaffolds can be generated and screened as part of a search for new lead 
compounds with improved properties that still preserve key FmlH–ligand interactions. In addition 
to its role in lead optimization, scaffold hopping is valuable in idea generation on the path to creating 
new intellectual property. In this study we considered hits that have high synthesizable accessibility 
after scaffold hopping. We also carried out additional molecular modeling approaches, including 
molecular docking, molecular dynamics (MD) simulations and binding free energy calculations, to 
further investigate and validate the FmlH–hit binding. We have designed a total of 58 glycomimetics 
with high synthesizable accessibility scores and have predicted their pharmacokinetic profiles using 
machine-learning models. Several of the hits exhibited improved predicted ADMET properties 
relative to the glycomimetic that has been reported as the most potent against FmlH. Our results 
show promise as a starting point for a novel class of small molecules to serve as potential 
antivirulence therapies for the treatment of UTIs. The library of molecules provided with this study 
can serve as an excellent resource for further investigation using in-vitro and in-vivo studies. 
Additionally, this study can serve as an attractive example of how to do next-generation research 
using computer-aided drug design techniques for FmlH-binding glycomimetics discovery. Using the 
molecular modeling approaches that are adopted in this work can help expedite the drug design 
process by reducing the chances of failure of late-stage drug candidates targeting FmlH for the 
prevention of UTIs. 

2. Methods and Materials 

2.1. Generation of Protein 3D Structure 

The prepared X-ray crystal structure of the complex of an ortho-GalNAc biphenyl antagonist and 
FmlH (PDB: 6MAW) used in our previously published study [14] was used as a starting point of this 
work. 

2.2. Scaffold Hopping 

The hit molecule is a combination of a glycone (GalNAc) and an aglycone fragment. The 
aglycone fragment can be considered to be composed of two scaffolds (Figure 2A). In this work, we 
have performed scaffold hopping for each of the scaffolds, the central moiety (Scaffold 1) and the 
terminal moiety (Scaffold 2). Scaffold hopping is an extensively used computer-aided approach to 
search for active compounds that contain different core structural features. It is utilized in the design 
of compounds that are structurally significantly different than the parent compound but that are 
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similar enough to exhibit similar or improved biological properties relative to those of the parent 
compound [20,21]. 

2.2.1. Scaffold 1 Hopping 

Scaffold 1 growing points for hopping are shown in Figure 2B. Ligand-based and receptor-based 
scaffold hopping were performed on the parent molecule. To enhance the interactions exhibited in 
the protein–hit complexes, the minimum cut-off for the number of hydrogen bonds was set to 8 for 
the receptor-based scaffold hopping. Heavy-atom steric clashes with the receptor were prevented by 
setting the maximum number of clashing ligand atoms to 2 and the clash criterion to <2.2 Å. The 
Schrödinger core hopping library (named core_library_2014.1-86640.sqlite) was used for scaffold 
searching. Hits obtained from scaffold hopping are ordinarily grouped based on three measures: 
overlap score, side chain root-mean square deviations (RMSD) and synthesizability scores. A high 
overlap score and a low RMSD score would indicate highly homologous compound structures. To 
enable design of chemical species with novel structures, the overlap scores and RMSD values were 
not considered in this study but instead only the synthesizability scores were used for compound 
ranking. For the ligand-based scaffold hopping, a synthesizability score of >0 was considered as a 
criterion to collect hits. The Schrödinger Core Hopping capability calculates the synthesizability score 
based on whether a particular substitution pattern has been observed in drug-like molecules, and on 
the number of attachment points that are substituted in the new core molecule – the higher the 
synthesizability score, the better [22]. A study by Pasala et al. used similar criteria for the 
synthesizability scores for selecting the hit compounds, as our study [23]. These hit compounds were 
subjected to molecular docking studies. The known most potent glycomimetic exhibited a Glide score 
of −5.71 kcal·mol−1, as reported in our preceding study [14]. Therefore, a Glide score of <−6 kcal·mol−1 
was used as a criterion to determine which molecules showed enhanced binding to FmlH compared 
to the known most potent ligand. For the receptor-based scaffold hopping, compounds with a 
synthesizability score >0 and with the number of hydrogen bonding interactions >8 were selected as 
our potential hit compounds (Figure 1). 

 

Figure 1. Molecular modeling decision tree adopted in this study. 
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2.2.2. Scaffold 2 Hopping 

Scaffold 2 growing points for hopping are shown in Figure 2C. Scaffold hopping of Scaffold 2 
was performed using the same method as described above. 

2.3. Molecular Docking 

The hits from ligand-based scaffold hopping were docked into the binding pocket of FmlH using 
the previously published docking protocol for GalNAc-containing glycomimetics [14]. In short, 
molecular docking was performed with the Glide Standard Precision docking protocol [24–30] in 
Schrödinger, using the wild-type FmlH 3D crystal structure (PDB: 6MAW) [16]. The OPLS4 forcefield 
was used for all docking calculations. A docking grid with outer box of 25 x 25 x 25 Å3 and inner box 
of 20 x 20 x 20 Å3 was used. The center of mass of the previously identified interacting protein residues 
was used as the center of the docking boxes [16]. 10 poses per ligand were generated for each docking 
run. In this work, we reported and analyzed the best Glide scored pose as the best pose. 

2.4. ADMET Prediction 

The co-crystalized ligand and the hits from molecular docking and from the receptor-based 
hopping were subjected to ADMET calculations using ADMET PredictorTM 10.3.0.7 machine-learning 
models [31]. The ADMET risk scores were predicted for the compounds. The ADMET risk score is a 
combination of three risks (Absn_Risk, CYP_Risk and Tox_Risk) as well as two more that touch on 
potential pharmacokinetic problems: hum_fup% (fraction unbound) and Vd (steady-state volume of 
distribution). There are 20 rules that contribute to the three risk models [31]. Detailed toxicity 
property prediction, such as of the compounds’ cardiotoxicity, hepatotoxicity, acute toxicity in rats, 
carcinogenicity in mice and mutagenicity, was also performed using the ADMET PredictorTM 10.3.0.7 
Tox Module. The ADMET models that were used in this study are explained in-depth in the ADMET 
Predictor Modules (https://www.simulations-plus.com/software/admetpredictor/toxicity/, 
https://www.simulations-plus.com/wp-content/uploads/ADMETPredictor9.5_5-16-19.pdf). 

2.5. Molecular Dynamics Simulations 

The protein–ligand complexes formed between FmlH and the compounds that exhibited an 
ADMET risk ≤6 were subjected to MD simulations, using the OPLS4 force field in Desmond, 
Schrödinger [32,33]. For the docked ligands at the end of ligand-based scaffold hopping, the best 
Glide scored docking pose was used as the starting structure. A 12 Å TIP3P water buffer was used to 
solvate each protein–ligand complex. Each system was neutralized with Na+ and Cl– ions. The 
systems were equilibrated using a previously published multistep protocol for equilibration of 
FmlH–glycomimetic complexes [14], followed by a 100 ns production run in the NPT ensemble at 298 
K. The non-bonded interactions were cut off at 9 Å. The Nosé–Hoover chain thermostat and Martyna–
Tobias–Klein barostat were used for the production run. A timestep of 2 fs was used for each MD 
simulation. 

2.6. Prime MM-GBSA Calculations 

Binding free energy calculations were performed using Prime Molecular Mechanics Generalized 
Born/Surface Area (MM-GBSA) on 200 snapshots per MD simulation of the FmlH–hit complex, using 
the OPLS4 force field. The MM-GBSA calculations were performed using the previously published 
settings [14]. Briefly, the thermal_mmgbsa script by Prime Schrödinger was used following the MD 
simulations of the FmlH–hit complexes to compute the binding free energies of the ligands on frames 
extracted from the trajectory at an interval of 5 ns. Using this script, hetgroups (ions and water atoms) 
in the frames were removed and the VSGB continuum solvation model for water was used [34]. The 
dielectric constant was set to 80. The binding free energies of the hits were calculated using the 
equation in our previously published report [14]. 

3. Results and Discussion 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 September 2024 doi:10.20944/preprints202409.0437.v1

https://doi.org/10.20944/preprints202409.0437.v1


 6 

 

3.1. Scaffold 1 

The FmlH–parent reference molecule complex is shown in Figure 2A. Two scaffold growing 
points were selected on the parent reference molecule to replace the central scaffold (Scaffold 1) of 
the molecule (Figure 2B). Both in-silico ligand-based and in-silico receptor-based scaffold hopping 
were performed on Scaffold 1. 

 

Figure 2. Definition of scaffolds used in this study. (A) The most potent co-crystallized ligand 
(considered as the reference ligand) is characterized by two scaffolds (indicated in blue and violet), 
other than the sugar. The glycomimetic binding pocket in FmlH is shown in surface representation. 
(B) The two scaffold growing points (shown in blue) used to replace Scaffold 1 in this study. (C) The 
two scaffold growing points (shown in violet) used to replace Scaffold 2 in this study. 

Ligand-based scaffold hopping. A total of 10,000 core-hopping structures were obtained. 1115 
hits were obtained that exhibited a synthesizability score > 0. We docked these compounds into the 
binding pocket of FmlH. 9 compounds showed a Glide score of <–6 kcal/mol (Figure 3; Table 1). The 
three-dimensional structures of the hits from molecular docking are shown in Figure 3. The binding 
poses of these compounds are shown in Figure 3 (bottom panel). We observed three distinct binding 
modes, in which the ligand’s aglycone end occupied three different sub-pockets of the main FmlH 
binding pocket. This suggests that there can be three exit vectors, which can be utilized in design of 
novel compounds by Scaffold 1 replacement. For all ligands, the GalNAc moiety occupied the same 
part of the main binding pocket (Figure 3). The synthesizability scores for all molecular docking hits 
are summarized in Table 1. 

OO

H
N

HO

OH

NH

HO

O

CF3

S
O

O

Scaffold 1 hopping

Scaffold 1

Scaffold 2
Scaffold 2

Scaffold 1

Parent molecule–protein complex

OO

H
N

HO

OH

NH

HO

O

CF3

S
O

O

Scaffold 2 hopping

A B

C

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 September 2024 doi:10.20944/preprints202409.0437.v1

https://doi.org/10.20944/preprints202409.0437.v1


 7 

 

 

Figure 3. Matched molecular pairs obtained from in-silico ligand-based Scaffold 1 hopping. Three-
dimensional structures of the obtained hits. The un-replaced scaffolds are shown with green carbons 
and the novel scaffolds after replacement are shown with gray carbons. The three distinct binding 
sub-pockets of the main FmlH binding pocket that are occupied by the aglycone of the hits are shown 
in the bottom row panels. The orange arrows point to adjacent sub-pockets which highlight possible 
exit vectors to facilitate ligand design. The FmlH binding pocket is shown in surface representation. 

Table 1. and synthesizability scores. Glide scores are only listed for the ligand-based Scaffold 1 
hopping hits which were subjected to molecular docking, whereas the other data is available for both 
ligand-based and receptor-based hits. The ligands that exhibited at least one interaction between the 
novel Scaffold 1 and FmlH residues are highlighted. Ligands 01, 02, 03 and 04 are from Samanta et al. 
[14] and were included in the table for comparison. Not applicable is denoted as n/a. 

1 2 3

4 5 6

7 8 9

(6,7)

(parent,1,2,3,8)

(4,5,9)

Ligand Glide score Synth 

score 

Ligand Glide score Synth score 

 01 * −5.71 n/a 18 n/a 0.498 

02 * −6.16 n/a 19 n/a 0.492 
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*Values obtained from previously reported study, Samanta et al. [14]. 

Receptor-based scaffold hopping. A total of 1684 core-hopping structures were obtained. 177 
hits were obtained that exhibited a synthesizability score > 0. We choose only those compounds that 
have a synthesizability score > 0 and that exhibited ≥ 9 hydrogen bonding interactions with FmlH, 
which yielded 29 compounds (Table 1). Molecules that showed at least one interaction with the novel 
central scaffold obtained after replacement are shown in Figure 4. The FmlH–hit interactions as 
obtained from in-silico receptor-based scaffold hopping are shown in Figure 4. For compound (a), the 
π–π interaction that was observed between Y46 and the most potent co-crystallized ligand [16] as 
well as the ligands identified by Samanta et. al. [14] was preserved (Figure 4). This π–π interaction 
was replaced by a cation–π interaction in ligand 16 (Figure 4). Additionally, an electrostatic 
interaction was observed between ligand 16 and D45 (Figure 4). In all cases, the GalNAc moiety 
exhibited the same complex network of hydrogen bonding interactions with FmlH residues as 
observed for the parent reference molecules [14]. For compounds 10, 20, 25 and 33, the GalNAc and 
Scaffold 1 linker moiety exhibited interactions with the FmlH binding pocket (Figure 4). The novel 
Scaffold 1 in ligand 38 showed a halogen bonding interaction with K97 which was not observed for 

03 * −6.31 n/a 20 n/a 0.492 

 04 * −6.42 n/a 21 n/a 0.469 

 1 −6.34 1.000 22 n/a 0.469 

 2 −6.33 0.250 23 n/a 0.438 

3 −6.32 0.250 24 n/a 0.598 

4 −6.27 1.500 25 n/a 0.375 

5 −6.26 0.250 26 n/a 0.375 

6 −6.16 0.250 27 n/a 0.250 

7 −6.10 2.000 28 n/a 0.250 

8 −6.10 2.188 29 n/a 0.250 

9 −6.08 0.250 30 n/a 0.250 

10 n/a 1.500 31 n/a 0.250 

11 n/a 0.496 32 n/a 0.250 

12 n/a 1.000 33 n/a 0.250 

13 n/a 0.500 34 n/a 0.250 

14 n/a 0.500 35 n/a 0.250 

15 n/a 0.500 36 n/a 0.250 

16 n/a 0.500 37 n/a 0.250 

17 n/a 0.500 38 n/a 0.250 
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the other ligands (not shown in the figure). The hits from both ligand-based and receptor-based 
scaffold hopping were subjected to ADMET prediction calculations. The synthesizability scores for 
all hits obtained from receptor-based scaffold hopping of Scaffold 1 are summarized in Table 1. 

 
Figure 4. Matched molecular pairs obtained from in-silico receptor-based Scaffold 1 hopping. Only 
those molecules are shown here which exhibited interactions between the novel Scaffold 1 and FmlH 
residues. The un-replaced scaffolds are shown with green carbons and the novel scaffolds after 
replacement are shown with gray carbons. Pink dashed lines indicate FmlH–ligand polar interactions. 
Cyan dashed lines represent π–π interactions. The key residues in the FmlH binding pocket are 
shown (with orange carbons). The key interacting residues are labeled in the figure. 

ADMET predictions. The overall pharmacokinetic risks of the hits obtained after Scaffold 1 
replacement were calculated. An ADMET Predictor risk score ranges between 0-22, and indicates the 
number of potential ADMET problems a compound might have; Absorption contributes up to 8 
points, Distribution up to 2, CYP metabolism up to 6, and Toxicity up to 6. A cut-off of ADMET risk 
score of ≤ 6 was used to select the hit compounds with significantly low ADMET risk (01, 03, 2, 5, 9 
and 24). 01 and 03 are the most potent co-crystallized ligand [16] and a hit molecule identified in our 
previously reported in-silico study [14], respectively. The selected hits from Scaffold 1 hopping which 
exhibited improved ADMET scores were subjected to all-atom MD simulations and binding free 
energy calculations. The molecule-level intrinsic clearance (uL/min/mg) for human (HLM) and rat 
(RLM) liver microsomes were predicted and are shown in Figure S1. 
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Figure 5. Overall risks and ADMET risk scores of all hit molecules obtained from Scaffold 1 hopping. 
The wedge plots represent the predicted overall risks which are comprised of five different scores, 
distinctly shown in five colors (Tox_risk, Mut_risk, CYP_risk, Absn_risk and ADMET_risk). Cross-
hatched wedges indicate predictions for out-of-scope molecules. The heat maps next to the wedge 
plots represents the ADMET_risk score. Green indicates low ADMET_risk and red indicates high 
ADMET_risk. 

To investigate the toxicity profiles of the hit compounds, we performed a thorough and detailed 
toxicity profile prediction study (Figure 6). Most hits obtained from Scaffold 1 replacement showed 
lower predicted acute hepatoxicity through the liver enzyme alanine aminotransferase (SER_ALT) 
than the known most potent co-crystallized ligand (01) (cyan). However, most compounds showed 
similar predicted hepatotoxicity through the liver enzyme aspartate aminotransferase (SER_AST) as 
that of 01 (red). Almost all hits had low predicted mutagenicity risk (gray), similar to 01. 19 of the hit 
compounds (03, 04, 5, 7, 9, 10, 13, 14, 18, 19, 23, 26, 27, 28, 29, 30, 31, 34 and 35) showed lower 
hERG_pIC50 than 01 (green). 

 
Figure 6. Toxicity property predictions for all hit compounds obtained from Scaffold 1 hopping. The 
wedge plots show properties for the molecules calculated using machine-learning ADMET 
PredictorTM10.3.0.7 models. Cross-hatched wedges indicate predictions for out-of-score molecules. 
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The different colored wedges represent the various toxicity properties which are indicated in the 
figure labels. 

3.2. Scaffold 2 

Two scaffold growing points were selected on the parent reference molecule to replace the 
aglycone terminal scaffold (Scaffold 2) of the molecule (Figure 2C). 

Ligand-based scaffold hopping. A total of 10,000 core hopping structures were obtained. 1109 
hits were obtained with synthesizability score > 0. We docked these compounds into the binding 
pocket of FmlH. 12 compounds showed a Glide score of <–6 kcal/mol. (Table 2). The three-
dimensional structures of the hits from molecular docking are shown in Figure 7. The binding poses 
of these compounds are also shown in Figure 7. In this case, only two of the sub-pockets in the binding 
region were seen to be occupied by the hits. The synthesizability scores for all hits after molecular 
docking are summarized in Table 2. 

 

39 40 41

42 43 44

45 46 47

48
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Figure 7. Matched molecular pairs obtained from in-silico ligand-based Scaffold 2 hopping. Three-
dimensional structures of the obtained hits. The un-replaced scaffolds are shown with green carbons 
and the novel scaffolds after replacement are shown with gray carbons. The two distinct binding sub-
pockets in the FmlH binding region that are occupied by the hits are shown in the right bottom row 
panels. The orange arrows point to adjacent sub-pockets which highlight possible exit vectors to 
facilitate ligand design. The FmlH binding pocket is shown in surface representation. 

Table 2. and synthesizability scores. Glide scores are only listed for the ligand-based Scaffold 2 
hopping hits which were subjected to molecular docking, whereas the other data is available for both 
ligand-based and receptor-based hits. The ligands that exhibited at least one interaction with the novel 
Scaffold 2 and FmlH residues are highlighted. Ligand 01 was reported by Samanta et al. and is 
included in the table for comparison [14]. n/a denotes not applicable. 

Ligands Glide 

score 

Synth 

score 

Ligands Glide 

score 

Synth 

score 

 01 * −5.710 n/a 49 −6.023 1.000 

39 −6.506 1.498 50 n/a 2.961 

40 −6.465 1.000 51 n/a 2.000 

41 −6.402 2.875 52 n/a 2.000 

42 −6.216 0.500 53 n/a 2.000 

43 −6.168 0.250 54 n/a 2.000 

44 −6.118 0.500 55 n/a 0.500 

45 −6.093 0.250 56 n/a 0.498 

46 −6.093 1.500 57 n/a 0.375 

47 −6.076 2.250 58 n/a 0.375 

48 −6.045 2.500    
*Value for known most potent co-crystallized ligand from previously reported study, Samanta et al. [14]. 

Receptor-based scaffold hopping. A total of 65 core hopping structures were obtained. 9 hits 
were obtained with synthesizability score > 0 which also exhibited ≥ 8 hydrogen bonding interactions 
with FmlH (Table 2). Molecules that showed at least one interaction with the novel central scaffold 
are considered. The FmlH–hit interactions as obtained from in-silico receptor-based scaffold hopping 
are shown in Figure 8. In all cases, the GalNAc moiety exhibited a complex network of hydrogen 
bonding interactions with FmlH residues as observed for the parent reference molecules [14]. 
Hydrogen bonding interactions were observed between the FmlH binding pocket residues and the 
side-chain functional groups of the novel terminal scaffold. Additionally, electrostatic interactions 
were observed between ligand 52 and K132/R142. For ligands 50, 52, 53, 54 and 55 the linker moiety 
between Scaffold 1 and Scaffold 2 exhibited interactions with the FmlH binding pocket. The 
synthesizability scores for all hits obtained from receptor-based scaffold hopping of Scaffold 2 are 
summarized in Table 2. 
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Figure 8. Matched molecular pairs obtained from in-silico receptor-based Scaffold 2 hopping. Only 
those molecules are shown here which exhibited interactions between the novel Scaffold 2 and FmlH 
residues. The un-replaced scaffolds are shown in green and the novel scaffolds after replacement are 
shown in gray. Pink dashed lines indicate FmlH–ligand polar interactions. Cyan dashed lines 
represent π–π interactions. The key residues in the FmlH binding pocket are shown (C orange). The 
key interacting residues are labeled in the figure. 

ADMET predictions. The overall pharmacokinetic risks of the hits obtained after Scaffold 2 
replacement were calculated. The hit molecule 48 obtained from Scaffold 2 hopping showed 
improved ADMET score relative to that of the known potent co-crystallized ligand (01). This selected 
hit was subjected to all-atom MD simulations and binding free energy calculations. The molecule-
level intrinsic clearance (uL/min/mg) in rat or human liver microsomes was also predicted (cf. Figure 
S2). 
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Figure 9. Overall risks and ADMET risk scores of all hit molecules obtained from Scaffold 2 hopping. 
The wedge plots represent the predicted overall risks which comprise of five different scores, 
distinctly shown in five colors (Tox_risk, Mut_risk, CYP_risk, Absn_risk and ADMET_risk). Cross-
hatched wedges indicate predictions for out-of-scope molecules. The heat maps next to the wedge 
plots represent the ADMET_risk score. Green indicates low ADMET_risk and red indicates high 
ADMET_risk. 

A thorough and detailed toxicity profile prediction study was conducted to investigate the 
toxicity profiles of the hit molecules after Scaffold 2 hopping (Figure 10). Several of the hits (50, 53, 
54, 55, 56 and 58) obtained from Scaffold 2 replacement showed lower predicted acute hepatoxicity 
through the liver enzyme alanine aminotransferase (SER_ALT) than the known most potent co-
crystallized ligand (01) (cyan). Only one hit from Scaffold 2 hopping (54) exhibited reduced predicted 
hepatotoxicity through the liver enzyme aspartate aminotransferase (SER_AST) relative to that of the 
known most potent molecule (01) (red). Almost all hits had low predicted mutagenicity risk (gray), 
except for 48. 10 of the hit molecules (41, 42, 46, 50, 51, 52, 53, 54, 55, 56) showed lower hERG_pIC50 
than the known most potent (01) (green). 
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Figure 10. Toxicity property predictions for all hit compounds obtained from Scaffold 2 hopping. The 
wedge plots shows properties for the molecules calculated using machine-learning ADMET 
PredictorTM10.3.0.7 models. Cross-hatched wedges indicate predictions for out-of-score molecules. 

3.3. Molecular Dynamics Simulations 

The molecules that exhibited an ADMET risk ≤ 6 (01, 03, 2, 5, 9, 24 and 48) were subjected to MD 
simulations. Molecules 01 and 03 are matched molecular pairs of Scaffold 1 identified using our 
previously designed virtual screening workflow. MD simulation results for 01 and 03 were reported 
in our previously published work [14]. 

For the top hits from this work (2, 5, 9, 24 and 48), the interactions that were maintained during 
the 100 ns MD simulations between the ligands and FmlH are given in Figure 11. It was observed in 
the previous work by Samanta et al. that the most potent co-crystallized ligand did not show π–π 
interaction with Y46 [14]. The novel scaffold in 2 exhibited π–π stacking with Y46 which was 
maintained for 63% of the simulation time (Figure 11A), a significant improvement over the most 
potent co-crystallized ligand [14]. In addition, a hydrogen bonding interaction was observed with the 
neighboring S10 residue. One of the sulfonamide oxygens of the terminal aglycone fragment 
interacted with the sidechain of the S10 residue in previously reported research on FmlH-binding 
small molecule glycomimetics [14,16]. In molecule 5, the central novel scaffold is a non-aromatic 
moiety; therefore, π–π stacking interaction with Y46 was not possible, but instead there was 
hydrogen bonding of the carbonyl group with Y46. (Figure 11B). In molecule 9, a water-mediated 
hydrogen bonding interaction was observed between the glycosidic linkage connecting the GalNAc 
and the novel Scaffold 1 moiety, which was maintained for 52% of the simulation time (not shown 
for clarity). A hydrogen bonding interaction was found between the primary amine group in the 
central scaffold in molecule 24 and residue D45 (Figure 11D). D45 was previously identified to be an 
important residue involved in polar interactions with strong FmlH-binding glycomimetics [14,16]. 
Finally, for molecule 48 (obtained after replacing Scaffold 2), the novel aglycone terminal scaffold 
exhibited a hydrogen bonding interaction with the neighboring R142 residue, which was maintained 
for 43% of the simulation time (Figure 11E). In all cases, a complex network of hydrogen bonding 
interactions between the GalNAc moiety and FmlH residues were maintained. The root-mean square 
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deviations (RMSD) of the five hits are shown in Figure S3. 5 and 9 exhibited lower RMSD variations 
than 2, 24 and 48 (Figure S3). All ligands maintained low RMSD values throughout the MD 
simulation trajectories indicating that they were stable bound in the FmlH binding pocket. 

 

Figure 11. MD simulation analysis of the 100 ns trajectories of the FmlH–hit complexes. (A–D) Hit 
glycomimetics from Scaffold 1 hopping which exhibited improved ADMET profiles. (E) Hit 
glycomimetic from Scaffold 2 hopping which showed improved ADMET profile. The molecule 
number is indicated inside each box panel in bold. 

3.4. Binding Free Energy Calculations from MD Simulations 

Binding free energy calculations using the MM-GBSA method were performed on frames 
extracted from each FmlH–ligand complex MD simulation trajectory (Figure 12). The binding free 
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energy of the known most potent co-crystallized ligand was obtained from Samanta et al. and plotted 
for comparison [14]. All ligands showed average negative binding free energies, indicating favorable 
binding to FmlH. All ligands 2, 5, 9, 24 and 48 exhibited comparable predicted binding free energies 
to the most potent ligand (01) and hence can be considered as strong FmlH-binding glycomimetics 
that merit further investigation in the design of FmlH anti-adhesives. 

 
Figure 12. Average binding free energies of the hit ligands (2, 5, 9, 24, 48) from MD simulation 
trajectories, calculated using Prime MM-GBSA. The average binding free energy of the known most 
potent co-crystallized ligand (01), from Samanta et al. [14] was included for comparison. Error bars 
represent the standard error of the mean (SEM). 

The previous study by Samanta et al. showed three molecules with a novel central scaffold 
(Scaffold 1) exhibited enhanced FmlH-binding with improved pharmacokinetic properties [14]. In 
addition, the study focused on design and implementation of a novel virtual screening protocol to 
design FmlH-binding glycomimetics using a hybrid fragment-based e-pharmacophore modeling 
approach [14]. The hits identified in that study had thiazole and modified thiazole moieties as 
Scaffold 1. It was also established that both aromatic and non-aromatic moieties in the central scaffold 
can be considered as potential approaches to FmlH-binding glycomimetics design. Scaffold 1 
hopping in this work yielded two distinct kinds of hits, ones with aromatic moieties or non-aromatic 
moieties as Scaffold 1 (Figure 4). The non-aromatic Scaffold 1 moieties exhibited hydrogen bonding 
interactions between the protein residues and the GalNAc–aglycone linker or the peripheral 
functional groups of the central moiety. The aromatic Scaffold 1 moieties showed a π–π interaction 
with residue Y46 of FmlH, which was also observed in previous FmlH-binding molecular design 
studies [14,16]. Y46 is present at the tip of the binding pocket. Additionally, an electrostatic interaction 
between D45 and the charged center of Scaffold 1 (16) was also observed (Figure 4). Residue D45 was 
previously found to be important for glycomimetic binding to FmlH [14,16]. 

It was previously reported that co-crystallized ligands bound to a highly homologous protein, 
FimH, exhibited two different binding modes: (a) an in docking mode and (b) an out docking mode 
[35,36]. In the in docking mode, the molecule interacts with a “tyrosine gate” in FimH formed by 
Tyr48 and Tyr137 [14,35,37–39]. Meanwhile, in the out docking mode, the docked molecule binds to 
the outside of the tyrosine gate where it interacts closely only with Tyr48 of FimH [14,35,37–39]. The 
sequence alignment of FimH and FmlH shows that two key tyrosines in FimH, Tyr48 and Tyr137, 
correspond to Tyr46 and Tyr131 in FmlH [14]. Hits from the Maddirala et al. and Samanta et al. 
studies exhibited a somewhat out docking mode [14,16]. Overall, the hits in this study also showed a 
similar somewhat out docking mode, exhibiting interactions with Tyr46 of FmlH. 

Leveraging the power of modern-day drug discovery methods, our current study focuses on 
using in-silico approaches to generate a database of matched molecular pairs with strong predicted 
binding to FmlH. Scaffold hopping is a valuable approach to generate ideas for design of novel 
derivatives and to enhance the intellectual property of drug compounds by developing synthetically 
accessible new chemical space. Global machine-learning models of the small molecule glycomimetics 
allow rapid and accurate prediction of their ADMET profiles and enable multi-parameter 
optimization (MPO) for hit generation. 
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The potential of FmlH as a drug target and the design of galactoside/N-acetylgalactosamine 
inhibitors are relatively new areas of research and hence the atomic level understanding provided in 
this study can play a crucial role in the development of potent inhibitors with suitable 
pharmacokinetic profiles. Future efforts following this study can be regarding the use of in-silico 
predictive models in the compartmental and noncompartmental pharmacokinetic analysis (NCA) of 
hits, which can aid in efficient FmlH inhibitor discovery. Structure-based drug design can also be 
used to handle the MPO problem for optimization of several ADMET properties as well as FmlH-
binding. 

Conclusion 

Using in-silico scaffold hopping, we have designed novel small molecule glycomimetics that 
showed enhanced predicted FmlH binding. We have obtained 38 and 20 matched molecular pairs 
after Scaffold 1 and 2 replacement, respectively. The novel scaffolds we selected all are predicted to 
be accessible to synthesis. 

In this study, we have performed MPO to enhance the number of polar interactions between the 
ligands and FmlH and to improve the pharmacokinetic properties of the ligand. The small library of 
58 compounds prepared in and provided with this study could be further investigated and can be an 
excellent resource for identifying novel classes of compounds that could be further studied using in-
vitro studies and in-vivo validation. Several of the hits exhibited predicted lowered cardiotoxicity 
through reduced hERG off-target binding relative to previously reported FmlH inhibitors. Molecules 
with low ADMET risks were further investigated in MD simulations and the key pairwise FmlH–
ligand interactions were identified, followed by investigation of their binding energy profiles. 

The in-silico techniques used in this study to identify MMPs to obtain novel small molecule 
glycomimetics that belong to various classes of potentially potent FmlH inhibitors is the first of its 
kind in FmlH computer-aided inhibitor design study. Our generated library of 58 small molecule 
glycomimetics with novel scaffolds will likely be of use to others who are seeking to discover potent 
inhibitors of FmlH. 
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