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Abstract

Fibroblast growth factor 23 (FGF23) is a therapeutic target for treating hereditary and acquired
hypophosphatemic disorders, such as X-linked hypophosphatemic (XLH) rickets and tumor-
induced osteomalacia (T10), respectively. FGF23-induced hypophosphatemia is mediated by
signaling through a ternary complex formed by FGF23, the FGF receptor (FGFR), and a-Klotho.
Currently, disorders of excess FGF23 are treated with an FGF23-blocking antibody, burosumab.
Small-molecule drugs that disrupt protein/protein interactions necessary for the ternary complex
formation offer an alternative to disrupting FGF23 signaling. In this study, the FGF23: a-Klotho
interface was targeted to identify small-molecule protein/protein interaction inhibitors since it was
computationally predicted to have a large fraction of hot spots and two druggable residues on
a-Klotho. We further identified Tyr433 on the KL1 domain of a-Klotho as a promising hot spot
and a-Klotho as an appropriate drug-binding target at this interface. Subsequently, we performed
in silico docking of ~5.5 million compounds from the ZINC database to the interface region of
a-Klotho from the ternary crystal structure. Following docking, 24 and 20 compounds were in
the final list based on the lowest binding free energies to a-Klotho and the largest number of
contacts with Tyr433, respectively. Five compounds were assessed experimentally by their FGF23-
mediated extracellular signal-regulated kinase (ERK) activities in vitro, and two of these reduced
activities significantly. Both these compounds were predicted to have favorable binding affinities
to a-Klotho but not have a large number of contacts with the hot spot Tyr433. ZINC12409120
was found experimentally to disrupt FGF23: a-Klotho interaction to reduce FGF23-mediated ERK
activities by 70% and have a half maximal inhibitory concentration (ICsg) of 5.0 £ 0.23 zM.
Molecular dynamics (MD) simulations of the ZINC12409120: a-Klotho complex starting from in
silico docking poses reveal that the ligand exhibits contacts with residues on the KL1 domain, the
KL1-KL2 linker, and the KL2 domain of a-Klotho simultaneously, thereby possibly disrupting
the regular function of a-Klotho and impeding FGF23:a-Klotho interaction. ZINC12409120 is a
candidate for lead optimization.

Graphical Abstract
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INTRODUCTION

Fibroblast growth factor 23 (FGF23) is a bone-derived hormone that regulates phosphate
and vitamin D homeostasis by forming a ternary complex with the FGF receptor (FGFR)
and a-Klotho in renal proximal tubules.12 Excess FGF23 impairs phosphate reabsorption
and vitamin D production, causing hereditary and acquired hypophosphatemic disorders,
such as X-linked hypophosphatemic (XLH) rickets and tumor-induced osteomalacia (T10),
respectively.3

In the past, treatment for XLH consisted of phosphate and vitamin D supplements, which
can cause excess phosphate and vitamin D and nephrocalcinosis.*® TIO can often be cured
by resection of the FGF23-producing tumor, but the tumor removal is only successful in
~50% of the patients.6.” Recently, the antibody burosumab has been approved by the Food
and Drug Administration (FDA) to treat XLH and TIO. Burosumab binds to and blocks
FGF23 activation of the FGFR:a-Klotho complex89 and increases serum phosphate levels in
patients with XLLH without reported toxicity,10 but it has a long 16 day biological half-life.11
In addition, peptides can also be used to partially block the FGF23 C-terminal tail to
significantly reduce extracellular signal-regulated kinase (ERK) activity,12 one of the critical
pathways for FGF23 signal transduction.13.14

Small-molecule drugs are a promising alternative to burosumab and peptides because
of their potential oral availability and lower cost. We previously used high-throughput
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virtual screening and ensemble docking to the N-terminal domain of FGF23 [Protein

Data Bank (PDB) code: 2P39]%° to identify a compound ZINC13407541 (A-[[2-(2-
phenylethenyl)cyclopenten-1-ylimethylidene]hydroxylamine), which was designed to bind
to FGF23 and experimentally verified to inhibit a-Klotho-dependent FGF23 signaling with
a half maximal inhibitory concentration (ICsg) of 0.45 + 0.24.M.13 Further development
of a series of analogues based on ZINC13407541 structure—activity relationships

identified two more compounds with enhanced drug-like properties,13a [(E)-2-((E)-4-
methylstyryl)benzaldehyde oxime] and 8n [(E)-2-(4-(tert-butyl)phenyl)cyclopent-1-ene-1-
carbaldehyde oxime] that blocked FGF23 signaling in vitro and significantly increased
serum phosphate and vitamin D concentrations in the mouse model of XLH (Hyp).16:17

Developing small-molecule drugs disrupting the FGF23:FGFR: a-Klotho complex is a
promising strategy toward discovering novel inhibitors. Recently, the crystal structure of

the ternary complex of FGF23:FGFR1c ectodomain: a-Klotho ectodomain 1:1:1 (PDB code:
5W21) was obtained (Figure 1),18 which shows that a-Klotho tethers the C-terminal tail of
FGF23 and FGFR1c simultaneously and that a-Klotho acts as a non-enzymatic molecular
scaffold for FGF23 signaling. The crystal structure provides the structural information
needed for computationally exploring small molecules that disrupt the protein/protein
interactions/interfaces (PPIs) to reduce FGF23 signaling.

In silico screening of virtual compound libraries is a promising way to identify effective

PPI inhibitors for subsequent experimental validation.1920 For example, pharmacophore
screening followed by molecular docking has led to PPI inhibitors with micromolar binding
affinity.21 A critical step for the success of this approach is to select appropriate binding sites
to dock the compounds (ligands) to. Promising ligand-binding sites in this scenario would

be “hot spot” residues. These residues confer a disproportionate amount of the binding
energy at the PPI and may be druggable by small molecules.?2 Hot spots can be predicted
computationally,23-31 and here, we used the KFC2a method,3? which is based on a machine
learning predictive model and recognizes structural features of PPIs.

In this study, we used the ternary crystal structure (PDB code: 5W21)!8 to computationally
identify the FGF23: a-Klotho interface as one with the largest fraction of hot spots

and druggable ligand-binding sites on a-Klotho. We further identified Tyr433 on a-

Klotho as a promising hot spot and a-Klotho as an appropriate drug-binding target

at this interface.~5.5 million lead-like compounds were then docked computationally

to an isolated a-Klotho crystal structure near its interface with FGF23 (see the red

box in Figure 1). We identified 24 compounds with the highest protein—ligand binding
affinities to a-Klotho and 20 compounds with the largest number of contacts with

Tyr433. 5 of the 44 compounds were selected for in vitro assays based on their

predicted ligand efficiency and vendor availability. We found that ZINC12409120 {3,4-
dihydro-1A-isoquinolin-2-yl-[3-(1H-indol-4-yl)-1,2,4-oxadiazol-5-ylJmethanone} disrupted
FGF23:a-Klotho interaction to reduce FGF23-mediated ERK activities by 70%, and it had
an IC 50 of 5.0 £ 0.23 xM. Molecular-dynamics (MD) simulations of the ZINC12409120: a-
Klotho complex starting from in silico docking poses show that ZINC12409120 interacts
with residues on the KL1 domain, the KL1-KL2 linker, and the KL2 domain of a-Klotho
simultaneously to potentially disrupt the function of a-Klotho and deter FGF23: a-Klotho
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interaction. More compounds will be tested, and more functional assays of ZINC12409120
will be conducted in future studies.

METHODS

Hot Spot and Surface Pocket Analyses.

We used the crystal structure of the FGF23:FGFR1ce: a-Klotho®t© 1:1:1 ternary complex
(PDB code: 5W21).18 The Atacetyl glucosamine residues on a-Klotho were not included
since they are not at the KL1:KL2:FGF23 interface,18 whose structural flexibility is in the
interest of this study. The four missing residues (Glu957-Glu960) on the C-terminal tail of
a-Klotho were patched using alignment followed by an automodel class without refinement
in MODELLER,32 and the missing atoms within each residue on the complex were then
built using VMD.33 Protonation states were determined using the pdb2gmx command in
GROMACS, where they are assigned using the pKa of isolated amino acids and pH =
7.3435 The complex for docking was prepared using MGLTools38 (https://ccsb.scripps.edu/
mgltools) to remove its non-polar hydrogen atoms. This structure was uploaded to the

KFC Server30:31 (https://mitchell-web.ornl.gov/KFC_Server) and FTMap Server?? (https:/
ftmap.bu.edu) for predicting hot spots using the KFC2a method3® and druggable sites at

the PPI, respectively. In addition, the CASTp method3” (http:/sts.bioe.uic.edu/castp) was
used to obtain solvent-accessible surface area (SASA) and residue information of the surface
pockets using a default probe radius of 1.4 A. A brief description of these three online
servers is in the following paragraph.

The KFC2a method3031 calculates each PPI residue’s eight features, which are mainly
related to its SASA and local plasticity, and compares them with those of experimentally
determined hot spots and outputs hot spot confidence scores. In the independent test set
of the KFC2a method, 82% of experimentally validated hot spots have positive confidence
scores, and 70% of non-hot spots have negative ones. Therefore, positive confidence scores
suggest prospective hot spots. The FTMap Server?® distributes 16 small organic probe
molecules, varying in size, shape, and polarity, on the protein surface, finds the most
energetically favorable positions for each probe type, and then clusters the probes. The
residue with the largest number of probe clusters is considered as the main druggable site.
CASTPp37 uses the alpha shape method38 to identify topographic features (e.g., area and
volume) of proteins.

Molecular Docking to a-Klotho.

Docking was performed on the a-Klotho structures extracted from the ternary complex!8
and from snapshots selected from MD simulations as described below. The latter approach,
known as ensemble docking, takes into account the thermal fluctuations of the binding-site
atoms.39

MD Simulations for Ensemble Docking.

a-Klotho was centered in a dodecahedron box with a 15 A padding between a-Klotho and
the box. The box was then solvated with water, and eight Na™ ions were also included to
neutralize the system. To ensure our findings do not depend on one initial configuration,
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five independent MD simulations (i.e., instances) with different initial velocity distributions
were performed using the CHARMM36 force field parameters*%41 for a-Klotho, the TIP3P
model#2 for water, and the GROMACS simulation code.34:35

For each of the five simulations, energy minimization was performed, followed by
equilibration in the NVT and then the NPT ensembles with a time step of 2 fs at 310 K

and 1 bar for 1 ns, with non-hydrogen atoms on the a-Klotho restrained using a force
constant of 1000 kJ/mol/nm? in each dimension. Subsequently, each of the five simulations
was continued for production in the NPT ensemble for 200 ns, with only the Zn atom on

the a-Klotho restrained using the above-mentioned force constant to ensure its coordination
state. The instantaneous energies and configurations were saved every 10 ps, and the last 100
ns were used for clustering. The details of the simulation settings and validation of data in
the last 100 ns are included in the Supporting Information.

Root-mean-square deviation (rmsd)-based clustering of a-Klotho was performed using the
GROMOS*3 method on all non-hydrogen atoms of nine residues at the KL1:KL2:FGF23
interface (i.e., interface residues) identified in the ternary crystal structurel8 (Table 1).

The GROMOS method counts the number of neighbor structures using the specified

cutoff, takes the structure with the largest number of neighbors and all its neighbors as

a cluster, eliminates these structures from the pool of clusters, and then repeats for remaining
structures in the pool.#3 The cutoff of rmsd from the crystal structurel® was varied between
1.5 and 2.0 A so as to identify the optimal rmsd cutoff, such that the total number of clusters
is ~40, and the number of 1-frame clusters is minimal.** The rmsd cutoff chosen here was
1.52 A which resulted in 38 clusters, only one of which contained 1 frame. The 10 central
structures, those with the smallest average rmsd from all other structures, each from the

10 most populated clusters #1-10 representing 98.4% of MD frames, were selected as an
ensemble of a-Klotho, named MD clusters #1-10 (Table S1), whose Zn atom has the same
coordination state as that in the crystal structurel8 (Table S2).

Preparation of Receptors and Ligands Prior to Docking.—The interface residues
in each MD cluster were aligned with those in the crystal structure!® using a least-squares
fit. The files in the PDB format of the aligned structures are included in the “alpha-
Klotho.zip” as the Supporting Information. For docking to the crystal structurel8 and each
of the 10 MD clusters, a cubic box of 30 x 30 x 30 A was centered at the geometric center
of Tyr432 (Table S3), a potentially druggable site (Table 1), to include the 6 computationally
predicted hot spots at the KL1:KL2:FGF23 interface (Tables 1 and S4), and the entire box
was used for searching ligand poses.

5,450,731 compounds in the lead-like*® and clean (without aldehydes and thiols) subsets

of the ZINC database? (http://zinc12.docking.org/subsets/clean-leads) were used since we
aimed at finding lead molecules in in vitro assays and keeping them safe for clinical trials

in mice and humans in future studies, and these compounds with different protonation

states but the same ZINC ID were included. Million-compound docking has been previously
shown to discover protein inhibitors with submicro to nanomolar binding affinity.#’:48 The
ligands for docking were prepared using MGLTools36 (https://ccsh.scripps.edu/mgltools)
where non-polar hydrogen atoms were removed, and Gasteiger partial atomic charges were
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not added to ligands. The atomic charges built in the ligands’ original.mol2 files from the
ZINC database®® were used.

Three-Phase Docking.—In the first phase, VinaMP1,4% a modified version of AutoDock
Vina®® optimized for performing calculations on supercomputers, was used to dock the
5,450,731 compounds to the a-Klotho crystal structurel8 with an exhaustiveness of 10. For
each compound, nine binding poses were generated, each with estimated protein-ligand free
energy of binding (AG). We note that AutoDock Vina has been shown to be one of the best
docking protocols in identifying the native ligand binding pose.>1:52

In the second phase, those 820,835 compounds whose AG was within 3 kcal/mol from the
AG of the best-ranked ligand were re-docked to the same region of the a-Klotho crystal
structurel8 with a larger exhaustiveness of 20 to potentially enhance binding pose prediction.
3 kcal/mol was used as it is the uncertainty of AG in AutoDock Vina.>? Subsequently, 1063
compounds were chosen for further evaluation: 476 compounds were selected based on the
lowest AG (< —10.4 kcal/mol), and the other 587 compounds were selected because one of
their binding poses had the largest number of contacts with Tyr433 (= 17), a critical hot spot
residue at the KL1:KL2:FGF23 interface of a-Klothol® (Table 1). A contact here is defined
as non-hydrogen interatomic distance between the protein and ligand <4.0 A.

In the third phase, these 1063 compounds were docked to the same region of the

a-Klotho crystal structurel® and to the 10 MD clusters (i.e., ensemble docking, which
considers protein flexibility and has proven to be useful in early drug discovery3?) with

an exhaustiveness of 30 to possibly further refine binding poses. 44 compounds were in

the final list: 24 compounds were selected based on the lowest AG (< —10.9 kcal/mol)

from the 476-compound set, and the other 20 compounds were selected based on the

largest number of contacts with Tyr433 (= 22) from the 587-compound set. The SASA

for each of the 44 compounds in the ZINC database*® was obtained using the SASA
command in GROMACS.343% We note that 44 out of 1063 (4%) compounds in the ensemble
docking are in the final list, and this percentage is similar to that (5%) in another recent
study.33 For each of the 24 and 20 compounds, the binding pose with the lowest AG

from Vina and that with the largest number of contacts with Tyr433, respectively, were
rescored using Kpgep,2* and the ligand efficiency was also derived by dividing AG (Kpggp)
by the number of non-hydrogen atoms in a ligand to provide a useful metric for lead
selection.®> Kpgep is a protein-ligand absolute binding affinity predictor based on deep
convolutional neural networks (CNNs),>* and its training set is the refined set of the
PDBbind database (v.2016), which contains 4057 diverse rather than a handful of families
of protein—ligand complexes experimentally determined with reported binding affinities and
deposited in the PDB.56 SwissADME® and https://www.cbligand.org/PAINS®8 were used to
evaluate drug-likeness and to identify Pan Assay Interference compounds (PAINS) of these
44 compounds, respectively. The files in the PDB format for these binding poses and the
simplified molecular-input line-entry system (SMILES) in the CSV format for each of the
44 compounds are included in “Compounds.zip” as the Supporting Information. In addition,
an average AG from Vina over all 11 a-Klotho structures, the crystal structure,18 and the 10
MD clusters from the ensemble docking was given to each of the 1063 compounds. The 50
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compounds with the lowest average AG (< —9.45 kcal/mol) are discussed in the Results and
Discussion section.

In Silico Ligand:a-Klotho Interaction Analysis.

Two sets of MD simulations of the solvated ZINC12409120: a-Klotho complex, with
starting structures obtained from the docking to MD cluster #8 and to the crystal structure,18
were performed.The force field parameters of ZINC12409120 which did not exist in latest
CHARMM3640:41 were obtained using the CHARMM General Force Field (CGenFF)9.60
(https://cgenff.umaryland.edu). The resulting MD trajectories were analyzed by calculating
1) contacts between non-hydrogen atoms of specific residues and ZINC12409120 using a
maximum contact distance of 4.0 A and 2) hydrogen bonds between all atoms of specific
residues and ZINC12409120 using a donor—acceptor cutoff radius of 4.0 A.

The contacts of ZINC12409120 and ZINC05326903 with a-Klotho in the ensemble docking
were analyzed using LigPlot™-61 For non-bonded contact calculation, the minimum and
maximum contact distances were set at 2.0 and 4.0 A, respectively. For hydrogen-bond
calculation, the maximum hydrogen-acceptor and maximum donor-acceptor distances were
set at 3.0 and 4.0 A, respectively.

In Vitro Functional Assays.

The criteria used to select compounds for experimental validation were (1) no PAINS;%8 (2)
consensus ranking, obtained by combining the ligand efficiency 7°° with the AG (Vina) in
Table 2 or the number of contacts with Tyr433 in Table 3; and (3) in stock availability from
the vendor [AKos Consulting and Solutions Deutschland GmbH (Lérrach, Germany)]. All
the AG values in Tables 2 and 3 are within the uncertainty, so we selected compounds by
also considering the Kpggp®* ligand efficiency,>® which is a useful metric for lead selection.
Unavailability at the time of purchase is the reason some compounds that are ranked high in
Tables 2 and 3 were not selected for experimental validation.

Two sets of assays were conducted to test the effects of these five compounds identified
computationally on (1) FGF23:FGFR1c: a-Klotho-mediated ERK activation13-14 and (2)
epidermal growth factor (EGF):epidermal growth factor receptor (EGFR)-mediated ERK
activation.82 First, human embryonic kidney (HEK) 293T cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10 wt % of fetal bovine serum (FBS) and

1 wt % of penicillin and streptomycin (P/S). Since HEK 293T cells expressed FGFR1c but
not transcripts encoding a-Klotho or the EGFR,13 they were transiently transfected with
the full-length human a-Klotho or EGFR along with the ERK luciferase reporter system
and Renilla luciferase-null as the internal control plasmid. Transfection was performed

by electroporation using Lonza Cell Line Nucleofector Kit R (Walkersville, MD), and
further treatment as described below was done 36 h after transfection. For measuring
FGF23-mediated ERK reporter activities, the a-Klotho-transfected cells were treated with
(1) thevehicle only as the control; (2) FGF23 only at 1 ¢M; (3) each of the five compounds
at 10 £M in the presence of FGF23 at 1 4M; and (4) ZINC12409120 in a range of
1079-10~4 M in the presence or absence of FGF23 at 1 M to obtain the half maximal
inhibitory concentration (ICgg). For measuring EGF-mediated ERK reporter activities, the
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EGFR-transfected cells were treated with (1) the vehicle only as the control; (2) EGF only at
20 ng/mL; and (3) each of the five compounds at 10 4#M or erlotinib at 1 M in the presence
of EGF at 20 ng/mL. Erlotinib [ -(3-ethynylphenyl)-6,7-6is(2-methoxyethoxy)quinazolin-4-
amine] was purchased from Sigma-Aldrich (St. Louis, MO). After 5 h, the cells were

lysed, and luciferase activities were measured using a BioTek Synergy H4 Hybrid Multi-
Mode Microplate Reader (Winooski, VT) and Promega Dual-Luciferase Reporter Assay
System (Madison, WI1).13 Three independent experiments were run for each scenario to
obtain sufficient statistics. Statistical significance between two groups was evaluated by
unpaired the 2-tailed #test and that between multiple groups was evaluated by one-way
analysis of variance (ANOVA) with the Newman—Keuls multiple comparison test. These
calculations were performed using GraphPad Prism 5.0 (San Diego, CA). The ICsq of
ZINC12409120 was obtained graphically from concentration—effect curves using GraphPad
Prism 5.0 (San Diego, CA). The half-lives of ZINC12409120 and ZINC05326903 were
derived from their volume of distribution and clearance,53 as predicted by pkCSM®4 (http://
biosig.unimelb.edu.au/pkcsm/). More details are described in our previous work.13

RESULTS AND DISCUSSION

Hot Spot and Surface Pocket Analyses.

The KL1:KL2:FGF23 interface is perhaps the most promising target for small-molecule
drug discovery among the five interfaces identified in the ternary crystal structure,18 as it has
predicted druggable sites, and 73% of the interface residues are predicted hot spots (Table
4). We note that 75% of the KL2:FGF23 interface residues are predicted hot spots, but all of
them are on the FGF23 C-terminal tail (Table S6), which is coil-like and thus unlikely to be
a competent drug-binding region.

Tyr432 and Lys435 on the KL1 domain are the two most druggable sites close to the
KL1:KL2:FGF23 interface, and Tyr433 on the KL1 domain is the most promising predicted
hot spot on a-Klotho as it has the highest confidence score (Table 1). Tyr433 was recently
suggested in the ternary crystal structure as a key residue on a-Klotho that tethers FGF23,18
which agrees with our hot-spot prediction. In addition to Tyr433, the other six residues

(i.e., Met833 and Thr834 on the KL2 domain and Pro189, Leu190, Val192, and Leul193

on the FGF23 C-terminal tail) also have relatively high confidence scores. A recent
experimental study shows that Pro189 and Leu190 on FGF23 are critical for binding to

the KL1 domain.5® However, out of these seven hot spots, only Tyr433 on a KL1 a7-helix
(Ala428-Leud47) and Met833 on a KL2 g-strand (Val830-Met833) (Figure 3) may offer
prospective binding sites for the subsequent docking campaign. The other five hot spots
may not be good drug-binding targets since they are located on a coil. Most reported PPI
inhibitors bind strongly to a PPI with well-defined secondary structures, which exists in the
unbound protein but becomes buried when the PPI complex is formed.5¢ Table 1 also shows
that at the KL1:KL2:FGF23 interface, eight out of nine a-Klotho residues are in the surface
pocket (Pocket 1). This suggests that interface residues on a-Klotho would be appropriate
targets for small molecules to disrupt FGF23:a-Klotho interactions.
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Molecular Docking to a-Klotho.

To select compounds for experimental validation, we applied two approaches. The first
approach is to identify compounds with the most favorable binding energies predicted with
Vina (Table 2). ZINC12409120 ranks first in AG (Vina) and in silico binds to a-Klotho
cluster #8 and the crystal structurel8 with nearly the same AG. 18 of the 21 unique
compounds bind to Pocket 2 in the a-Klotho crystal structure, ! and only 3 bind to a-Klotho
clusters obtained from the MD simulations (Table 2 and Figure 4). The reason is that the size
of these ligands with an average SASA of 556 A2 (Table 2) fits better into that of Pocket

2 in the crystal structurel8 (814=A2, see Figure 2). However, Pocket 2 collapses or shrinks

in the MD clusters (Figure S4), preventing ligands from binding to Pocket 2. Furthermore,
K 54 DEEP was used to rescore AG for these 25 protein—ligand complexes generated by
Vina. The ligand efficiency (7)) for each compound was also obtained. The lower the value
of 7, the better the potency of a ligand.>> All 21 unique compounds are drug-like,>” and
only ZINC19373000 is PAINS.8 Three compounds (ZINC12409120, ZINC05326903, and
ZINC36391530) were chosen based on their nand vendor availability for in vitro assays to
test their efficacies.

The second approach to identifying candidates for experimental validation involves 19
unique compounds that primarily contact the hot spot residue Tyr433 (Table 3), but they
have less favorable AG on average than those in Table 2. All of these compounds bind to
Pocket 1 in the a-Klotho crystal structure (Figure 4a) because the SASA of this pocket is the
smallest in the crystal structure (1130 A2, see Figure 2) than that in the MD clusters (Figure
S4). We note that Tyr433 is not found in Pocket 2 of the crystal structure (Table S9). All 19
unique compounds are drug-like,>’ and none is PAINS.?8 Two compounds (ZINC31607018
and ZINC72289860) were chosen based on their n and vendor availability for in vitro assays
to test their efficacies.

Furthermore, there is weak linear correlation (Pearson’s correlation coefficient A4 = 0.28)
between AG (Vina) and AG (Kpggp) in Tables 2 and 3 (Figure S5). The results suggest that
there is significant room to improve Kpggp.2*

In addition to the above-mentioned two approaches to selecting compounds from the
ensemble docking, 50 compounds with the lowest average AG over all a-Klotho structures,
the crystal structure,18 and the 10 MD clusters from the ensemble docking are listed in Table
S12. These 50 compounds also appear in the 476-compound set in the first approach, and
ZINC12409120 remains in the first place as it is in Table 2. Furthermore, Table S12 and
Table 2 have seven unique compounds in common, which are of interest for in vitro assays
in future work.

In Vitro Functional Assays.

The ERK is one of the critical pathways for FGF23 signal transduction and can be activated
by formation of the FGF23:a-Klotho complex in the presence of FGFR1c.1314 Reduced
ERK activities are thus consistent with partial disruption or inhibition of the FGF23:a-
Klotho complex by small molecules. In addition, ERK activities can also be induced by
EGF/EGFR interaction.52 Therefore, the effects of the five compounds on FGF23- and
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EGF-mediated ERK reporter activities were measured. Out of the five compounds we tested,
ZINC12409120 and ZINC05326903 reduce FGF23-mediated ERK reporter activities by 70
and 31% on average, respectively, if FGF23 alone and the control are considered as full and
null activities, respectively (Figure 5a). We note that reduction of ERK activities by each

of ZINC12409120 and ZINC05326903 is statistically significant (Figure 5a). In addition,
the calculated half-lives of ZINC12409120 and ZINC05326903 using pkCSM 63,64 are

8.4 and 7.7 h, respectively. A half-life in this range would generally require twice-daily
dosing. The shorter half-lives as compared with the 16 day half-life of burosumab!! may
allow dose titration of the compounds to achieve their optimal efficacy and safety profiles.
Furthermore, ZINC12409120 has an 1Cgq of 5.0 £ 0.23 xM and a smooth dose-response
curve (Figure 5b). None of the five compounds exhibits EGFR tyrosine kinase inhibition and
disrupts EGF/EGFR interaction and EGF-mediated ERK activation (Figure 5c). In contrast,
erlotinib, a small-molecule EGFR tyrosine kinase inhibitor,67 completely abolishes EGF-
mediated ERK reporter activities (Figure 5¢). Comparing Figure 5a with 5c¢ indicates that
ZINC12409120 specifically disrupts FGF23: a-Klotho interaction to reduce ERK reporter
activities.Optimization of this lead compound could potentially result in FGF23:a-Klotho
interaction inhibitors with sub-micromolar to nanomolar binding affinities to a-Klotho.

In Silico ZINC12409120:a-Klotho Interaction Analysis.

To provide guidance on lead optimization of ZINC12409120 in future studies, it is useful

to assess the stability of ZINC12409120: a-Klotho contacts by performing MD simulations
starting from the two docking poses on cluster #8 and the crystal structurel8 (i.e., Ligand 1a
and 1b in Table 2).ZINC12409120 in the MD simulations interacts with the KL1-linker-KL2
region of a-Klotho: Gly55 and Leu56 on the KL1 a-helix, Asn512 on the KL1-KL2 linker,
Thr837, Trp838, and Leu839 on the KL2 turn, Pro849 and Trp850 on the KL2 a6-helix,
and Tyr889 on the KL2 a7-helix (Table 5 and Figure 6). Among these residues, Trp850

and Tyr889 are the most probable sites for non-hydrogen atomic contact and hydrogen
bonding, respectively. In addition, ZINC05326903 also binds to the KL1-linker-KL2 region
of the a-Klotho crystal structurel8 (Figure S6). The consensus interaction sites of these

two compounds are Asn512, Trp838, Pro849, and Trp850, suggesting that targeting at least
these four residues with small-molecule drugs may disrupt FGF23:a-Klotho interaction and
reduce ERK activities. Our findings also indicate that a ligand binding to residues on the
KL1 domain, the KL1-KL2 linker, and the KL2 domain simultaneously may further hinder
FGF23:a-Klotho interaction from forming a complex, thereby reducing ERK activities
observed in the in vitro assays. Figure 6 visualizes the contacts listed in Table 5 and shows
that the two docking poses are similar, and Trp838, Pro849, Trp850, and Tyr889 are their
consensus binding sites.

In summary, future studies may focus on how to design small molecules with a better
geometric fit in between residues on the KL1 domain, the KL1-KL2 linker, and the KL2
domain (especially on Trp850 and Tyr889) of a-Klotho.
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CONCLUSIONS

Of the five protein—protein interfaces in the crystal structure of the FGF23:FGFR1c:a-
Klotho ternary complex (PDB code: 5W21), that between FGF23 and a-Klotho was
computationally identified as the one with the largest fraction (73%) of hot spots and

with two druggable residues on a-Klotho. Our hot spot analysis further identified Tyr433
on the KL1 domain of a-Klotho as a promising binding site for in silico docking, and

our surface pocket analysis identified a-Klotho as an appropriate drug-binding target at

this interface. Armed with this information, we screened computationally ~5.5 million lead-
like compounds and identified 476 compounds with the highest predicted protein-ligand
binding affinities to a-Klotho and the other 587 compounds whose binding poses had the
largest number of contacts with Tyr433. We re-docked these 1063 compounds to the crystal
structure and 10 clusters of a-Klotho obtained from MD simulations to potentially refine
binding free energies and poses. We rescored the binding free energies of the 24 best
docking-scored poses from the 476-compound set and those of the 20 poses with the largest
number of contacts with Tyr433 from the 587-compound set. 5 out of 44 compounds were
selected for in vitro assays based on their predicted ligand efficiency and vendor availability.
Two of the five compounds significantly reduce FGF23-mediated ERK activities. These two
compounds were identified based on estimated Vina binding affinities and not on contacts
with the hot spot Tyr433. The most potent one (ZINC12409120) disrupts FGF23:a-Klotho
interaction to reduce the ERK activities by 70% and has an ICsq of 5.0 + 0.23 /M. MD
simulations starting from the two in silico binding poses of ZINC12409120 on a-Klotho
from docking reveal that ZINC12409120 is likely to be in contact with the KL1 domain, the
KL1-KL2 linker, and the KL2 domain simultaneously to modulate the function of a-Klotho.
This may disrupt FGF23:a-Klotho interaction to reduce the ERK activities.

In this study, two out of five compounds tested were found to have functional activity.
This illustrates that the computationally relatively inexpensive screening of millions of
compounds to a region with druggable sites and a large fraction of predicted hot spots may
allow small-molecule PPI inhibitors to be identified experimentally even when only a very
small number of compounds are tested. In future studies, ZINC12409120 analogues could
be evaluated for binding to a-Klotho and efficacy in inhibiting FGF23: a-Klotho interaction.
Furthermore, the MD clusters of a-Klotho may provide functional insights from structural
biology and be useful in a variety of ensemble docking tasks. In addition, we may perform
mutagenesis of a-Klotho, test other functions of a-Klotho in the presence and absence of
these 44 compounds, and test compounds in a bioluminescence resonance energy transfer
assay for target engagement.

DATA AND SOFTWARE AVAILABILITY

The atomic coordinates in the PDB format of all 11 a-Klotho structures and

the 44 compounds in the final list from the ensemble docking are included in

the Supporting Information. The SMILES in the CSV format for each of the

44 compounds is included in the Supporting Information. The explanation of the
identified PAINS (ZINC19373000) is included in the Supporting Information. The
atomic coordinates of the a-Klotho crystal structure (PDB code: 5W21) can be
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downloaded from https://www.rcsh.org/structure/5w21. The lead-like and clean subsets

of the ZINC database can be downloaded from http://zinc12.docking.org/subsets/clean-
leads. The CHARMM36 force field parameters can be downloaded from http://
mackerell.umaryland.edu/charmm_ff.shtml. The following software or program was used:
CHARMM General Force Field (CGenFF) (https://cgenff.umaryland.edu), MODELLER
(https://salilab.org/modeller/), GROMACS (https://www.gromacs.org/), MGLTools (https://
ccsh.scripps.edu/mgltools), KFC Server (https://mitchell-web.ornl.gov/KFC_Server),
FTMap Server (https://ftmap.bu.edu), CASTp (http://sts.bioe.uic.edu/castp), AutoDock Vina
(https://vina.scripps.edu/), K DEEP (https://playmolecule.com/Kdeep/), SwissADME (http://
www.swissadme.ch/), https://www.chligand.org/PAINS, LigPlot* (https://www.ebi.ac.uk/
thornton-srv/software/LigPlus/), VMD (https://www.ks.uiuc.edu/Research/vmd/), GraphPad
Prism (https://www.graphpad.com/), and pkCSM (http://biosig.unimelb.edu.au/pkcsm/).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FGFR1c a-Klotho

Figure 1.
Crystal structure of the FGF23:FGFR1c®¢t: a-Klotho®t 1:1:1 ternary complex (PDB code:

5W21).18 The KL1 (Glu34-Phe506) and KL2 (Leu515-Ser950) domains of a-Klotho are
light and dark blue, respectively, the KL1-KL2 linker (Pro507-Pro514) is yellow, the
receptor-binding arm (RBA) of a-Klotho is dark blue, the C-terminal tail (Asn951-His977)
of a-Klotho is purple, and the Zn atom is silver. FGF23 is orange with its C-terminal tail in
the KL1-KL2 region. The D2 and D3 domains of FGFR1c are green. The red box shows the
region where molecular docking to a-Klotho was performed.
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Pocket 2 _ Pocket 1
814 A2 TR 1130 A2

Figure 2.
Two surface pockets closest to the KL1:KL2:FGF23 interface with their SASA in A2

calculated using CASTp3 for the crystal structurel8 of a-Klotho. The residues participating
in these pockets are listed in Table S9.
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Figure 3.
Visualization of the seven calculated hot spots with relatively high confidence scores in

Table 1 at the KL1:KL2:FGF23 (light blue:dark blue:orange) interface of the ternary crystal
structure.1® The solvent-accessible surface of the three hot spots on a-Klotho is shown in the
mesh.
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Figure 4.
Docking poses of ligands listed in Tables 2 (orange) and 3 (red) on a-Klotho (a) crystal

structure,!® (b) cluster #8, and (c) cluster #2. The KL1 a7-helix (Ala428-Leu447) is green
for locating ligands. The KL1 domain, KL2 domain, and C-terminal tail of a-Klotho are
light blue, dark blue, and purple, respectively. The KL1-KL2 linker is yellow, and the Zn
atom is silver. The residues in surface pockets with which these ligands have contacts are
listed in Table S10.
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Table 3 Table 4

34

In vitro functional assays of the five compounds selected from Tables 2 and 3. (a)

Effects of these compounds on FGF23-mediated ERK reporter activities in transiently a-
Klotho-transfected HEK 293T cells. (b) Dose—response curve of ZINC12409120 on FGF23-
mediated ERK reporter activities. (c) Effects of these compounds and erlotinib, a small-
molecule EGFR tyrosine kinase inhibitor,6” on EGF-mediated ERK reporter activities in
transiently EGFR-transfected HEK 293T cells. Each bar shows average +standard deviation
among three independent experiments. *** (p-value < 0.001) and ** (p-value < 0.01)
indicate statistically significant difference from FGF23 alone or EGF alone.
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Figure 6.
Two binding poses of ZINC12409120 in the KL1-linker-KL2 (light blue-yellow-dark blue)

region of a-Klotho (a) cluster #8 and (b) crystal structurel8 in the ensemble docking. Only
residues contacting the ligand in the docking conformation and MD simulations (average
non-hydrogen atomic contacts >1) are shown. The residues in red form hydrogen bonds with
the ligand in MD simulations.
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15 Residues Defining the KL1:KL2:FGF23 Interface in the Ternary Crystal Structure!® and Additional Two
Residues in Bold Were Predicted as Druggable Sites Using FTMap.Zga

protein residue
a-KlothoKL1 domain  Lys
Tyr
Tyr
Lys
Phe
Ser
a-KlothoKL2 domain  Lys
Met
Thr
lle
Gln
FGF23C-terminal tail ~ Asp
Pro
Leu
Asn
Val

Leu

number

429
432
433
435
437
471
823
833
834
836
844
188
189
190
191
192
193

hot spot

yes
No
Yes
N/A
No
N/A
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes
No
Yes
Yes

confidence score

1.05
-1.21
1.43
N/A
-0.30
N/A
0.26
1.38
1.37
0.20
-0.74
0.42
131
1.32
-1.19
1.94
1.96

pocket
1

1,2

1

2

1

N/A

[ = T =S S =

aThe hot-spot identification and confidence scores were evaluated by the KFC2a method.30 Positive confidence scores suggest prospective
hot spots, and 11 out of 15 interface residues are predicted hot spots. The rightmost column shows the surface pocket(s) (See Figure 2 for

visualization), the residues on a-Klotho belong to using CASTp,37 and 10 out of 11 residues are in the pockets. N/A: not available.
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Five Interfaces Identified in the Ternary Crystal Structure.18?

Table 4.

interface druggable site  hot spot %
KL1:KL2:FGF23 yes 73%
D3:FGF23 yes 44%
KL2:FGF23 no 75%
D2:FGF23 no 64%
RBA:D3 no 50%

details in table
1
S5
S6
S7
S8

Page 28

adruggable sites and hot spots were computationally predicted using FTMap29 and the KFC2a method,30 respectively Hot spot % corresponds to

the ratio of number of predicted hot spots to the number of interface residues. Details of each interface are shown in Tables 1 and S5-S8.
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Average Non-Hydrogen Atomic Contacts and Hydrogen Bonds in Parentheses (If Any) with Stand Errors of
ZINC12409120 with a-Klotho Residues over Five Runs of 200 ns MD Simulations Starting from the Two

Ligand-Bound Conformations (Cluster #8 and Crystall8) in the Ensemble Docking.a

residue number

initial a-Klotho structure

Glys5

Leu56

Phe57

Lys435
Glu511
Asn512
Thr837
Trp838
Leu839
Val847
Pro849
Trp850
Tyr889
Asn893

cluster #8 crystal
5+1 20

6+0 2+1

0+0 8+2

0£0 1+0

00 0+0

2+0 1+0

2%0 1+0

2+0 4+0(10)
6+0(1+£0) 1+0

3x1 0+0

2+0 20

8+0 24+0(1£0)

5+0(1+0) 3%0(1£0)

0+0

1+0

aThe Numbers of Contacts and Hydrogen Bonds Are Rounded to the Nearest Integer, and Only Residues Contacting ZINC12409120 in Either of
the Docking Poses (i.e., Ligand 1a and 1b in Table 2) Are Listed.
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