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Abstract

Secreted frizzled-related protein 1 (SFRP1) exerts a context-dependent dual role in cancer, and its
epigenetic silencing drives pro-tumorigenic non-canonical Wnt activation, a promising therapeutic target
for advanced malignancies. In this study, a validated 3D SFRP1 model was built by comprehensive
computational approach. High-throughput virtual screening of a commercial compound library identified
a common core scaffold, which was rationally design to synthesize lead compound. The target molecule
was synthesized via organic synthetic approaches. Surface plasmon resonance (SPR) assays confirmed
the specific binding of compound L1 to SFRP1 with a dissociation constant (KD) of 79.1 nM.
Furthermore, molecular docking and molecular dynamics (MD) simulation elucidated the interaction
between compound L1 and SFRP1 at the molecular level and in physiological conditions.

Introduction

Secreted frizzled-related protein 1, a member of the secreted glycoprotein family, functions as a natural
antagonist of the Wnt pathway by virtue of its cysteine-rich domain (CRD) and netrin-related domain
(NTR) n, Traditionally regarded as a tumor suppressor, SFRP1 inhibits canonical Wnt signaling in normal
tissues and early-stage tumors by competing with Frizzled receptors for Wnt ligands or directly
sequestering Wnt proteins 4. However, accumulating evidence has uncovered a context-dependent "dual
role" of SFRP1 in cancer, with its functional switch tightly linked to epigenetic silencing and pathway
selectivity B8], SFRP1 exerts dual tumor-suppressive and oncogenic roles in cancer, with a tumor-type-
specific mode of action.

Tumor-suppressive role: In the majority of human cancers, SFRP1 expression is downregulated via
epigenetic silencing, which leads to aberrant activation of the Wnt signaling pathway. This dysregulation
promotes tumorigenesis, malignant progression and metastasis, and is associated with an unfavorable
clinical prognosis of cancer patients. Restoration of SFRP1 expression exerts anti-tumor effects by
inhibiting the hyperactivated Wnt signaling pathway, which in turn induces cancer cell apoptosis,
suppresses cell proliferation and invasion. Additionally, re-expression of SFRP1 can enhance the

sensitivity of cancer cells to chemotherapeutic agents such as cisplatin and paclitaxel [4]

Oncogenic role: In specific cancer types including metastatic renal cell carcinomas [5] triple-negative
breast cancer [}, gastric cancer 7], SFRP1 is abnormally upregulated. Ectopic SFRP1 expression can
activate the TGF-B signaling pathway to facilitate epithelial-mesenchymal transition (EMT) and enhance
the invasive potential of cancer cells. Moreover, elevated SFRP1 expression is correlated with
chemoresistance and poor prognosis in patients with the aforementioned cancers. This functional
switch thus highlights the therapeutic potential of targeting residual SFRP1 and its mediated non-
canonical Wnt pathway in advanced tumors 891 As selective SFRP1 inhibition can block the pro-
tumorigenic effects of non-canonical Wnt signaling without perturbing the homeostasis of normal
tissues [0,
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Virtual screening, the in silico counterpart of high-throughput screening applied to large compound
libraries, constitutes an integral component of the drug discovery pipeline and affords substantial
reductions in the time and cost associated with novel drug development [ Structure-based high-
throughput virtual screening relies on protein-ligand co-crystal structures (3] As the 3D crystal structure
of SFRP1 is not available in the RCSB Protein Data Bank (PDB), we retrieved the predicted SFRP1
structure from the AlphaFold Protein Structure Database. A comprehensive computational approach has
enabled the druggability of the SFRP1 protein structure.

Methods and materials

The generation of SFRP1 protein

The 3D model of the SFRP1 protein (AF-Q8N474-F1-v6) was downloaded by visiting the AlphaFold
Protein Structure Database (https://alphafold.com/) ['4l. The initial procedure involved performing a 200
ns molecular dynamics simulation on the predictive protein structure to analyze the conformational
changes and stability check for the modeled SFRP1.

Model validation of SFRP1 protein

In the present study, the structural quality and stereochemical validity of the predictive SFRP1 were
systematically evaluated using the SAVES v6.0 server. As an integrated meta-server, SAVES v6.0
incorporates the PROCHECK and ERRAT algorithms to enable comprehensive dynamic validation of
multiple stereochemical parameters for the predictive model. During structure validation, PROCHECK
was utilized to generate Ramachandran plots by analyzing the phi (¢) and psi (p) dihedral angle

distributions of individual amino acid residues ['®l. The ERRAT module was applied to assess the non-

covalent atomic interactions and overall statistical quality of the modeled protein structure [el,
Furthermore, the ProSA server was used to analyze the folding energy of the SFRP1 model relative to a

large dataset of experimentally determined native protein structures 7,
Ligand Binding Site Prediction

The prediction of the active sites of the SFRP1 structure was performed using the online tool PrankWeb
based on the P2Rank machine learning algorithm, which samples points on the solvent-accessible
surface of the protein, calculates the ligandability of each point, and generates scores via a random

forest model 18], High-scoring points are clustered into binding pockets and ranked by their predicted
scores. A major advantage of this approach is template-free nature, enabling the identification of both
novel and allosteric sites with high efficiency and accuracy. Thus, PrankWeb allows rapid and reliable

identification of potential ligand-binding pockets from protein structures [l

High-throughput virtual screening based on predictive SFRP1
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The LibDock module of the Discovery Studio 4.0 suite was conducted using high-throughput virtual
screening 201 The top-ranked prediction pocket was defined as binding site by selecting the key residues
Ser96, Trp97, Pro99, Leu100, Asn102, Lys103, Met144, Phe147, Phe149, Tyr150, Pro152, Met154, Ala197,
Glu200, His201, Ala204, Ser205, and Arg273. The “In Site Sphere parameter” was 5.755114, -4.555607,
6.421221; Raduis 13.341011 “Conformation Method” was set to “FAST”, “Max Hits to Save” was setto 1.
All other parameters were set to default. The outputted compounds were sorted according to LibDock
scores, with higher scores being subjected to further analysis.

The commercially available compound library (https://lifechemicals.com/) is distinguished by its
extensive scale and exceptional structural diversity, rendering it a premier resource for virtual screening
campaigns aimed at identifying bioactive molecules and lead-like scaffolds 211 For the present study, a
curated library of 3.4 million compounds were subjected to virtual screening for hit compounds
discovery, following rigorous preprocessing via the Prepare Ligands protocol. This systematic pre-
treatment workflow entailed the elimination of duplicate structures, generation of three-dimensional
molecular conformations, and exclusion of compounds possessing unfavorable physicochemical
properties that would preclude their utility as viable drug candidates.

Molecular dynamics (MD) simulation

The optimal complex obtained from molecular docking screening was subjected to 200 ns MD
simulations using the GROMACSv2023.3 [22]. Prior to simulation, hydrogen atoms were added to the
ligand, and the protein structure was optimized using Avogadro. The simulation system was constructed
with the Amber94 force field for the protein and the Generalized Amber Force Field (GAFF) for the ligand
[23] respectively. The complex was solvated in a orthorhombic box filled with the TIP3P water model, and
Na*/Cl ions were added to neutralize the system charge. The simulation protocol consisted of a 200 ps
equilibration in the canonical ensemble (NVT) followed by a 200 ps equilibration in the isothermal-
isobaric ensemble (NPT). Subsequently, 200 ns production MD simulations were performed with a time
step of 2 fs. The binding stability of the complex was systematically evaluated by analyzing multiple
parameters including root-mean-square deviation (RMSD), root-mean-square fluctuation (RMSF), radius
of gyration (Rg), solvent-accessible surface area (SASA), hydrogen bond interactions as well as Gibbs
energy landscape 24,

Design and synthesis of target compound

The structurally skeletons and their analogs that frequently appeared in the high-throughput virtual
screening results, cluster analysis was performed to evaluate the rationality of their binding
conformations and synthetic feasibility. The common skeletons were retained to the greatest extent,
while atoms or groups that made no contribution to the binding affinity with the receptor were removed.
In this study, the synthesis of target products was achieved by employing classic organic synthetic
reactions, which featured readily available starting materials and high yields. Specifically, the
construction of the biphenyl structural core was accomplished via the classic Suzuki-Miyaura coupling
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reaction [25; the establishment of the amide chain linker was realized through the amide condensation
reaction. Finally, nuclear magnetic resonance (NMR) spectroscopy and high-resolution mass
spectrometry (HRMS) were comprehensively used to characterize the structures of the intermediate and
target product.

Surface plasmon resonance (SPR) assays

The recombinant human SFRP1 protein (Active) (ab288782) was purchased from Abcam
(https://www.abcam.cn/).

Compound L1 was dissolved in dimethyl sulfoxide (DMSO) to yield a series of stock solutions at
different concentrations. Phosphate-buffered saline containing Tween 20 was employed as the running
buffer throughout the assay. Briefly, the buffer was delivered at the maximum flow rate until a stable
baseline was achieved, followed by complete removal of air bubbles. The sensor chip surface was
regenerated with 10 mM HCI and equilibrated for 1 min. The flow rate of PBST was then adjusted to 10
pL/min, and the carboxyl-functionalized (COOH) sensor chip was activated by injecting 100 pL of a 1:1
mixture of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide and N-hydroxysuccinimide (EDC/NHS), with a
4-min contact time. Both compound L1 and SFRP1 protein were diluted using the activation buffer. Prior
to sample injection, the injection port was rinsed with running buffer to eliminate residual air.
Subsequently, 200 pL of blocking solution was injected at 20 yL/min for 4 min, and the sample loop was
flushed with buffer to remove air bubbles. The system was equilibrated for 5 min to establish a stable
baseline. Serial dilutions of the candidate compound were prepared and injected onto the chip in
ascending order of concentration. Kinetic parameters characterizing the binding interactions were

determined and analyzed using Biacore Insight Evaluation Software [26],

ResultS

Prediction of the three-dimensional structure and active pocket of SFRP1

During the initial phase of the MD simulation, the protein backbone exhibited significant fluctuations,
which was primarily attributed to conformational relaxation. Subsequently, the RMSD plateaued at
approximately 1.9 nm, indicating structural stabilization (Fig.1a). Structural alignment of the initial and
conformations cluster yielded a RMSD value of 4.532 A (Fig. 1b) demonstrates the instability of the
initial conformation. The potential active pocket of SFRP1 was predicted by employing a physics-based
scoring function combined with a Random Forest machine learning model to enhance the accuracy of
pocket predictions. The plot displays the top three predicted results with AlphaFold confidence mode
(Fig.1c). The predicted active sites and detailed parameters were presented in Table 1. Among the three
predicted binding pockets, the top ranked site yielded a prediction score of 10.43, which was
considerably higher than those of the other two. This pocket, composed of 19 amino acid residues,
exhibited a distinct geometric conformation and high sequence conservation, making it rational for
subsequent virtual screening (Fig.1d). As illustrated in Fig. 1(e) and 1(f), the electrostatic potential and
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hydrophobicity of SFRP1 were analyzed. The predicted active site was found to exhibit moderate
electrostatic potential and comparatively high hydrophobicity.

Table1 The parameters of predicting pocket

Rank Score Probability Num.of Pocket Residues
residues center
1 10.43 0.537 19 -5.6103, Ser96, Trp97, Pro99, Leu100, Asn102,
3.8707, Lys103, Met144, Phe147, Phe149,
-1.8507 Tyr150, Pro152, Met154, Ala197,

Glu200, His201, Ala204, Ser205,
Arg273, and Lys286

2 2.58  0.060 8 13.2289, GIn110, Val111, Cys114, Ser115,
1.9663, Val120, lle167, Val71, Tyr73.
-14.0423

3 1.55  0.020 7 -4.1801, Glu134, Arg137, Glu141, Trp151,
-6.62755, Lys156, Cys157, Asp158.
-18.1028

Structural validation of the predicted SFRP1 model was systematically executed through a multi-
dimensional approach employing PROCHECK, ERRAT, PROSA servers. The PROCHECK analysis
demonstrated excellent stereo chemical quality: 83.8% of residues lay in the most favored regions, 14.4%
in the allowed regions, and 1.1% in the generously allowed regions, with merely 0.7% in the disallowed
regions. This distribution confirmed the absence of aberrant dihedral bond angles or distorted 3D
backbone conformations. Assessment by the ERRAT algorithm, which evaluates non-bonded atom
interactions, yielded a score of 87.234. This value surpasses the threshold of 50 for high-quality models,
substantiating the reliability of the constructed SFRP1 structure. Concurrent validation via the PROSA
web server, based on the Z-score, indicated that the SFRP1 model possessed a native-like energy profile
with a Z-score of -6.75, further affirming its structural superiority over the template. Collectively, these
results corroborate the reliability of the SFRP1 model, and all detailed outputs are presented in the
Supplementary information.

Following structure-based virtual screening for a commercial compound library, a class of structurally
analogous compounds was identified, as illustrated below (Fig. 2a). These compounds were docked into
the predicted ligand-binding pocket and are characterized by a biphenyl core, a substituted five or six-
membered heterocyclic moiety, an amide linkage, and generally contain one chiral center. However,
compound library retrieval revealed that all such compounds existed as racemates with only 90% purity,
which did not meet the requirements for subsequent biological activity evaluation. Therefore, based on
the screening results, we hypothesized that this class of scaffolds could genuinely bind to SFRP1. To
verify this hypothesis, we performed rational compound design on this scaffold. First, the biphenyl core
was retained, and a fluorophenyl moiety, a privileged fragment in many bioactive agents, was introduced.
To reduce synthetic difficulty, the chiral center was eliminated, and the linker was modified to a two-
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carbon amide chain. Meanwhile, a pyrimidine ring ring with two hydrogen-bond acceptors was selected
as the heterocyclic moiety. The detailed design strategy is described as follows (Fig. 2b).

Synthesis of the target product

The detail synthesis scheme was shown as Fig.3. 4-Bromophenethylamine (10 mmol, 1.0 eq) and
pyrimidine-5-carboxylic acid (10 mmol, 1.0 eq) were added to a reaction flask and dissolved in
dichloromethane. HOBT (11 mmol, 1.1 eq) and EDCI (11 mmol, 1.1 eq) were added successively, and the
mixture was stirred at room temperature for 24 h to complete the reaction. The reaction mixture was
diluted with CH,Cl,, and the organic phase was washed with water three times, dried over anhydrous
sodium sulfate, and collected. The organic layer was concentrated under reduced pressure to afford the
crude intermediate S1, which was used in the next reaction without further purification.

S1 (0.33 mmol, 1.0 eq) was accurately weighed and placed in a reaction flask, followed by the addition of
550 pL of 1,4-dioxane for dissolution; the substrate showed poor solubility. An additional 110 pL of
deionized water was then added, and the mixture was sonicated to achieve complete dissolution of the
starting material. Cesium carbonate (1.64 mmol, 5.0 eq) was weighed and added to the reaction flask,
followed by 3-fluorophenylboronic acid (0.66 mmol, 2 eq). Subsequently, 2-dicyclohexylphosphino-2',4',6'-
triisopropylbiphenyl (0.16 mmol, 0.5 eq) and [1,1-bis(diphenylphosphino)ferrocene]dichloropalladium(ll)
(0.26 mmol, 0.8 eq) were successively added to the flask. The reaction system was subjected to
repeated vacuum-nitrogen exchange for deaeration, then stirred and heated at 100 °C for 18 h under a
nitrogen atmosphere in an oil bath. The reaction progress was monitored by thin-layer chromatography
(TLC, CH,CI,/CH30H = 50:1, v/v), and the reaction was terminated upon complete consumption of the
starting material. The reaction mixture was concentrated under reduced pressure at 65 °C to remove 1,4-
dioxane and water. The resulting residue was filtered through a pad of celite on filter paper to remove
palladium species, and the celite pad was rinsed with ethyl acetate. The combined filtrate was extracted
with ethyl acetate, and the organic phase was washed successively with saturated aqueous sodium
bicarbonate (3 times), deionized water (2 times) and saturated brine (2 times). The organic layer was
dried over anhydrous MgSQ,, filtered and concentrated under reduced pressure to afford a brown crude

product. Purification of the crude product was performed by flash column chromatography on silica gel
(eluent: petroleum ether/ethyl acetate = 1.5:1 to 1:1.5, v/v) to give the pure product as a white solid.

The chemical structure of the target compound was confirmed by NMR, HRMS spectroscopy.
N-(4-bromophenethyl)pyrimidine-5-carboxamide (S1)

White powder, yield: 91.22%. TH NMR (400 MHz, CDCl5): 6 9.23 (s, TH), 8.99 (s, 2H), 7.39 (d, J = 8.0 Hz,
2H), 7.38 (d, J = 8.0 Hz, 2H), 7.06 (d, J = 8.0 Hz, 2H), 6.63 (s, TH), 3.67 (q, J = 16.0, 8.0 Hz, 2H), 2.87 (t, J =
8.0 Hz, 2H).13C NMR (100 MHz, CDCl,): 6 163.56, 160.48, 155.49, 137.35, 131.89, 130.45, 127.86, 120.70,
35.85, 34.92.

N-(2-(3'-fluoro-[1,1'-biphenyl]-4-yl)ethyl)pyrimidine-5-carboxamide(L1)
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White powder, yield: 55.76%. "H-NMR (400 MHz, DMSO-d,) :6 9.31 (1H, s), 9.13 (2H, s), 8.96 (1H, 1, J =
5.2Hz), 7.66 (2H, d, J = 8.0 Hz), 7.50-7.45 (3H, m), 7.36 (2H, d, J = 8.0 Hz), 7.19-7.15 (1H, m), 3.56 (2H,
q,J = 6.7 Hz), 2.91 (2H, t, J = 7.2 Hz)."3*C-NMR(100 MHz, DMSO0-d): 6 163.5 (C), 163.3 (C, "Jor = 241.6
Hz), 160.4 (C), 156.2 (C), 142.9 (C, °Jor = 7.8 Hz), 139.8 (C), 137.2 (C), 131.3 (CH, ®J.r = 8.5 Hz), 129.8
(CH), 128.4 (C), 127.3 (CH), 123.0 (CH, “Jo.r = 2.51Hz), 114.4 (CH, 2Jor = 20.9 HZ),113.6 (CH, 2JoF = 21.8
Hz), 41.2 (CH,), 34.9 (CH,). "°F-NMR (376 MHz, DMS0-d;): 6 -112.86 (1F, s).

ESI-HRMS: m/z, calc. for C;gH;7FN30 (IM+H]*): 322.1356; found: 322.1348

SPR analysis of the binding affinity between SFRP1 and L1

The real-time SPR sensorgrams display the concentration-dependent binding and dissociation profiles of
compound L1 interacting with its immobilized target (Fig.4a). Analytes at gradient concentrations (625,
313, 156, 78, 39, and 19 nM) were injected over the sensor surface, resulting in distinct association and
dissociation phases. In the association phase (0—-100 s), the response values (RU) increased rapidly in a
concentration-dependent manner, with the highest RU observed at 625 nM and the lowest at 19 nM.
Following analyte injection, a gradual dissociation phase was observed, and no complete return to
baseline was detected, indicating a stable binding complex formed between L1 and SFRP1. The
equilibrium binding response (RU) at the end of the association phase was plotted against the analyte
concentration (nM) and fitted using a standard affinity model (Fig.4b). The derived equilibrium
dissociation constant (KD) was calculated to be 79.1 nM. Collectively, these data demonstrate that L1
exhibits specific and concentration-dependent binding to SFRP1 with a stonger binding affinity within the
range typically observed for bioactive molecules.

Molecular docking analysis the interactions between L1 and the target.

Compound L1 bound to the predicted binding pocket of SFRP1 protein, and its docking conformation
was shown in Fig.5a. It can be clearly observed that L1 was embedded in the predicted active site in a
relatively extended conformation, forming interactions with the surrounding amino acid residues of the
pocket, including Ser96, Trp97, Phe147, Tyr150, Pro152, Glu153 and Lys314 (Fig.5b). Specifically, the
fluorobenzene forms a Pi-Alkyl interaction with Phe147; the aromatic benzene ring generates a Pi-Cation
interaction with Tyr150; the oxygen atom on the linker chain forms one hydrogen bond with Ser96.
Moreover, the nitrogen atom on the pyrimidine ring forms one strong hydrogen bond with Glu153, one Pi-
Alkyl interaction with Pro152, one Pi-Anion interaction with Lys314, respectively (Fig.5c).

MD simulation

The 200 ns MD simulation was performed to further validate the interaction of the SFRP1-L1 complex.
Firstly, the RMSD value of the SFRP1-L1 complex described in Fig.6a was observed to exhibit a transient
phase between 0 and 50 ns. However, it remained between 0.5 nm and 0.9 nm and tended to steady
state. In addition, in order to identify the lowest energy conformation of SFRP1-L1 complex. The RMSF
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plot of SFRP1-L1 complex was illustrated in Fig. 6b, residues 0—60 exhibited relatively large fluctuations
exceeding 1 nm, whereas residues in other regions showed much smaller fluctuations. All amino acid
residues in the active site displayed fluctuations below 0.3 nm, indicating that the ligand-binding pocket
is structurally conserved and that the ligand can stably bind to the predicted binding site. Several H-
bonds were observed between the SFRP1-L1 complex during simulation (Fig. 6¢). For the SFRP1-L1
complex, the total Rg values were around 2.5 nm (Fig. 6d). The average SASA for complexes was 180
nm? (Fig. 6e). All these parameters remained stable throughout the MD simulation, confirming the
structural stability of the SFRP1-L1 complex.

The 2D FEL projected onto the root-mean-square deviation (RMSD, X-axis) and radius of gyration (Rg, Y-
axis) reveals a continuous low-free-energy pathway traversing from the upper-left region (RMSD=0.21,
Rg=2.43) toward the lower-right region (RMSD=0.65, Rg=2.25). The global free energy minimum,
depicted by the deep-blue basin, is localized at high RMSD and low Rg, corresponding to the
thermodynamically most stable conformational state of the system (Fig.7a). The corresponding 3D
surface plot illustrates the rugged nature of the free energy surface, with free energy defined as the Z-
axis. A prominent deep valley corresponds to the global free energy minimum, flanked by high-energy
barriers (red peaks) that define the boundaries of accessible conformational space. This 3D FEL plot
confirms the continuous conformational transition observed in the 2D heatmap, and shows that the
SFRP1-L1 complex tends to adopt a more compact conformation with lower Rg and higher RMSD
(Fig.7b).

Discussion

In a virtual screening study targeting SFRP1 inhibitors, Muralidharan Jothimani et al [8] constructed a
homology model of SFRP1 and analyzed its specific active sites. Computational study was then
performed against a pocket defined by Arg5, Arg11, Ala13, Lys245, Lys274, Phe147, Pro99, and Ser277.
In the present study, virtual screening was carried out based on the ligand-binding site defined by Ser96,
Trp97, Pro99, Leu100, Asn102, Lys103, Met144, Phe147, Phe149, Tyr150, Pro152, Met154, Ala197,
Glu200, His201, Ala204, Ser205, Arg273, and Lys286. Regarding the selection of ligand-binding residues,
several positions in this study (e.g., Pro99 and Phe147) are consistent with those reported in previous
work. Experimental results from in vitro binding assays suggest that the SFRP1 ligand-binding site
adopted in the present study may be more accurate.

Among the multifaceted signaling networks implicated in carcinogenesis, the Wnt pathway stands out
as a paradigmatic regulator, encompassing two functionally distinct branches: the canonical Wnt/3-
catenin pathway and non-canonical Wnt pathways [27], Despite these advancements, the translation of
SFRP1 inhibitors into clinical practice remains hindered by the lack of systematic evaluation of their
efficacy across SFRP1-silenced tumor types and incomplete understanding of their mechanism of action
in targeting non-canonical Wnt signaling 2829 |n this study, we designed and synthesized a potent
SFRP1 inhibitor, L1, which can block the pro-tumorigenic non-canonical Wnt signaling and thus exert

anti-tumor effects in SFRP1-epigenetically silenced malignancies 3%, This study will not only provide
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novel therapeutic agents for precision oncology but also deepen our understanding of the context-
dependent functions of SFRP1 in cancer, paving the way for the development of pathway-targeted
strategies for unmet clinical needs.

Conclusion

This study adopted an integrated combined drug discovery strategy to develop a novel selective SFRP1
inhibitor for cancers characterized by SFRP1 epigenetic silencing and non-canonical Wnt pathway
activation. A reliable predictive 3D model of SFRP1 was constructed via AlphaFold, refined by 200 ns MD
simulations, and validated by PROCHECK, ERRAT, and ProSA. A top-ranked conserved ligand-binding
pocket was identified for high-throughput virtual screening of a compound library. A hit core scaffold
was identified and rationally optimized to afford the target compound L1, whose structure was
confirmed by NMR and HRMS. The binding affinity between L1 and SFRP1 was characterized by SPR
assays, revealing concentration-dependent and stable binding. Molecular docking revealed that L1
formed multiple specific intermolecular interactions with key pocket residues to stabilize the binding
conformation, and 200 ns MD simulations of SFRP1-L1 complex confirmed its structural stability. This
study establishes a validated 3D model of SFRP1 and an optimized dry-wet drug discovery pipeline for
developing SFRP1 inhibitors. We also identify a novel SFRP1 inhibitor L1, which provides an experimental
and theoretical basis for precision oncology targeting SFRP1-mediated non-canonical Wnt signaling.
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Figure 1

Predictive result of SFRP1 protein. (a) The RMSD plot of SFRP1 over the 200-ns MD simulation; (b) The
alignment of two structures (Green: predictive SFRP1 conformation; Pink: The stable conformation of
SFRP1 protein obtained from MD simulation); (¢) Predicted active pocket (Red indicates the top-ranked
prediction pocket; Yellow indicates the second-ranked prediction pocket; Brown indicates the third-
ranked prediction pocket); (d) The top1 predicting pocket; (e) The electrostatic potential distribution of
SFRP1 protein. (f) The hydrophobicity distribution of SFRP1 protein.
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Figure 2

Results of cluster analysis
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The design and synthesis scheme of target product
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Figure 4

The result of SPR. (a) The real-time surface plasmon resonance (SPR). (b) Equilibrium affinity fitting
curve.
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Figure 5

Docking results diagram of L1 with SFRP1. (a) The pose of L1 in active pocket; (b) Active sites of amino
acid residues represented in parent color line model; (¢) 2D diagram of interactions.
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Figure 6

The result of MD simulation. (a) RMSD plot of SFRP1-L1complex; (b) RMSF plot of SFRP1-L1 complex;
(c) Hydrogen bonds of SFRP1-L1complex; (d) Rg of SFRP1-L1complex; (e) SASA plot of SFRP1-L1
complex;
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Figure 7

FEL of SFRP1-L1 complex. (a) 2D Gibbs energy landscape; (b) 3D Gibbs energy landscape, High energy
(red color), intermediate energy (yellow and green) and low/stable energy (lightto-dark blue color) levels
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were shown in graph.
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