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Abstract

Tumor metastasis is responsible for ~90% of all cancer deaths. One of the key steps of tumor 

metastasis is tumor cell migration and invasion. Filopodia are cell surface extensions that are 

critical for tumor cell migration. Fascin protein is the main actin-bundling protein in filopodia. 

Small-molecule fascin inhibitors block tumor cell migration, invasion and metastasis. Here we 

present the structural basis for the mechanism of action of these small-molecule fascin inhibitors. 

X-ray crystal structural analysis of a complex of fascin and a fascin inhibitor shows that binding of 

the fascin inhibitor to the hydrophobic cleft between the domains 1 and 2 of fascin induces a ~35° 

rotation of domain 1, leading to the distortion of both the actin-binding sites 1 and 2 on fascin. 

Furthermore, the crystal structures of an inhibitor alone indicate that the conformations of the 

small-molecule inhibitors are dynamic. Mutations of the inhibitor-interacting residues decrease the 

sensitivity of fascin to the inhibitors. Our studies provide structural insights into the molecular 

mechanism of fascin protein function as well as the action of small-molecule fascin inhibitors.
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INTRODUCTION

Tumor metastasis is the major cause of mortality of cancer patients. Inhibition of tumor 

metastasis will significantly increase the survival rate of cancer patients. Metastasis is a 

multi-step process wherein a primary tumor spreads from its initial site to secondary tissues/

organs [1–3]. Tumor cell migration and invasion are critical steps in metastasis [4]. 

Migration provides tumor cells the ability to leave the primary tumor bed (local invasion), 

enter into blood vessels, and then exit the circulation and infiltrate distant tissues/organs. For 

cell migration and invasion to proceed, actin cytoskeleton must be reorganized by forming 

polymers and bundles to cause dynamic changes in cell shapes [5–7]. Among the 

morphological structures supported by actin filaments, one of the most prominent and best-

characterized protrusive organelles is filopodia which are fundamental to cell shape and 

motility events [8]. Filopodia are finger-like plasma membrane protrusions that are formed 

upon remodeling of the actin cytoskeleton beneath the plasma membrane [8]. They can be 

viewed as a sensory organ of the cells that are used to detect and assimilate signals as well as 

to explore and move into the surrounding microenvironment [6, 8–11]. They contain long 

actin filaments crosslinked into parallel bundles by the fascin protein. Metastatic tumor cells 

are rich in filopodia, and the numbers of filopodia correlate with their invasiveness [6, 8, 12, 

13]. Filopodia-like protrusions have also been shown to be critical for metastatic tumor cells 

to interact with the metastatic microenvironment and to grow at the secondary tissues [14].

Fascin is the main actin cross-linker in filopodia and shows no amino acid sequence 

homology with other actin-binding proteins [15–20]. It has a molecular mass of ~55 kDa 

and functions as a monomer [17]. It fastens 10-30 parallel actin filaments together into 

straight, compact, and rigid bundles, to form filopodia and to impart distinct mechanical 
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stiffness to actin bundles [8, 21, 22]. When ectopically expressed in tumor cells, fascin 

promotes tumor cell migration, invasion and metastasis [23]. It has also been suggested that 

up-regulation of fascin is part of the program of epithelial-to-mesenchymal transition that 

confers motility and invasion properties on tumor cells [24].

Studies on samples from human cancer patients demonstrate that fascin is a biomarker of 

metastases [25–29]. Elevated levels of fascin have been found in many types of metastatic 

tumors and are correlated with clinically aggressive phenotypes, poor prognosis, and shorter 

survival [23, 24, 30]. Human fascin expression is low or absent in normal adult epithelial 

cells, but highly expressed in metastatic tumors [31, 32]. A systematic review and meta-

analysis revealed that high fascin levels are associated with increased risk of mortality, 

lymph node metastasis, distant metastasis, and disease progression, and may provide a novel 

biomarker for early identification of aggressive and metastatic tumors [30]. Furthermore, 

studies from pancreatic cancer patients showed that higher levels of fascin correlate with 

poor outcome, time to recurrence and decreased overall survival [33]. Taken together, these 

data from human cancer patients strongly suggest a role for fascin in cancer progression and 

metastasis.

Mouse genetic studies have shown that fascin gene-knockout mice are normal, likely due to 

the functional compensation of other actin-bundling proteins during embryonic development 

[34]. However, deletion of fascin gene delayed tumor development, slowed the tumor 

growth, reduced metastatic colonization, and increased overall survival in a spontaneous 

mouse model of pancreatic cancer [33]. Moreover, transgenic expression of fascin in mouse 

intestinal epithelium increased the tumor incidence, promoted tumor progression, and 

decreased the overall survival in a spontaneous mouse model of intestinal cancer [35]. These 

mouse genetic studies provide evidence for fascin in tumor initiation (tumor burden), tumor 

progression, tumor metastasis and overall survival.

We screened chemical libraries and identified small-molecule compounds that specifically 

inhibit the biochemical function of fascin to bundle actin filaments [36]. We optimized one 

of the initial fascin inhibitor hits, and showed that the improved fascin inhibitors block the 

actin-binding and actin-bundling activities of fascin, tumor cell migration, invasion and 

metastasis in mouse models [37]. However, the molecular mechanism of these fascin 

inhibitors is not clear. In this study, we determined the X-ray crystal structure of fascin 

complexed with one of these optimized fascin inhibitors, and the X-ray crystal structure of a 

fascin inhibitor alone. Our results reveal an induced-fit inhibitory mechanism by which a 

fascin inhibitor causes a major conformational change in fascin leading to the disruption of 

the actin-binding sites on fascin, thus impairing the actin-bundling function of fascin.

RESULTS

X-ray crystal structure of a complex of fascin and a small-molecule fascin inhibitor

From the chemical library screening for small-molecule compounds that inhibit the actin-

bundling function of fascin, we identified several fascin inhibitor hits; one of them was G2 

[36] (Fig. 1a). Further medicinal chemical optimization generated improved fascin 

inhibitors, including NP-G2-029 and NP-G2-044 [37] (Fig. 1 b and c). NP-G2-029 inhibited 

Huang et al. Page 3

J Mol Biol. Author manuscript; available in PMC 2019 April 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the actin-bundling function of fascin with an IC50 value of ~0.18 μM (Fig. 1 d and e). It also 

decreased the migration of mouse and human breast tumor cells (Fig. 1 f and g).

To understand the structural basis of the inhibition of fascin by NP-G2-029, we solved the 

X-ray crystal structure of the complex of fascin and NP-G2-029. Fascin has four β-trefoil 

domains (marked as domains 1 to 4) [38] (Fig. 2a). From systematic mutagenesis studies of 

~100 surface residues, amino acids that are critical for actin-bundling are clustered in three 

regions, named as the possible actin-binding sites 1, 2, and 3 [39] (Fig. 2b). A cryo-electron 

tomography analysis of the filopodia from intact whole cells proposed that actin-binding 

sites 1 and 2 interact with two widely positioned two actin monomers on the same F-actin 

filament, while the actin-binding site 3 interacts with an actin monomer on a second F-actin 

filament [40]. In the structure of fascin and NP-G2-029, NP-G2-029 binds to a cleft between 

the domains 1 and 2 (the actin-binding site 2) (Fig. 2c).

The crystals of the complex of fascin and NP-G2-029 diffracted to ~2.8Å. The structure was 

solved by molecular replacement using individual domains of the apo structure of fascin 

(PDB ID 3LLP) as the search model [38] (Table 1). After initial rounds of rigid body 

refinement, electron density matching the shape of NP-G2-029 was clearly visible at the 

actin-binding site 2 (Fig. 2d), and was confirmed by phenix.polder map. In this complex, the 

benzene ring of NP-G2-029 is surrounded by a number of hydrophobic residues including 

Phe14, Leu16, Trp101, Leu103, Trp132, and Val134 (Fig. 2e). This benzene ring also forms 

edge-to-face pi-pi-stacking with Trp101 and Phe14 (Fig. 2e). The planar indazole moiety 

(formed by the fusion of a pyrazole ring with a benzene ring) constitutes the base plane of 

NP-G2-029. The benzene ring is oriented ~90° with respect to this base plane (Fig. 2f). The 

backbone of Phe216 forms hydrogen bonds with the pyrazole and the amide of NP-G2-029 

(Fig. 2f). In one asymmetric crystallographic unit, there were six fascin and NP-G2-029 

molecules; the overall structures of these molecules were similar. The terminal isoxazole 

ring of NP-G2-029 displayed some flexibility among the six molecules (Fig. 3). This 

isoxazole ring is in a hydrophilic environment surrounded by Gln11 and Gln50 (Fig. 2f).

Inhibitor-induced conformational change of fascin

The binding pocket for NP-G2-029 was not present in the apo-structure of fascin (Fig. 4a). It 

was induced by the binding of NP-G2-029 (Fig. 4b). Structural superposition of fascin in the 

absence or presence of NP-G2-029 shows that the domains 2, 3, and 4 in the two crystal 

structures overlapped well (Fig. 4c). Structural changes of individual domains were minor. 

Domain-wise superposition reveals RMSDs ranging from 0.29Å (for domain 2) to 0.43Å 

(for domain 1). Markedly, the domain 1 rotates ~35° along with an axial shift of 2.68 Å (Fig. 

4c and d). This leads to the widening of the actin-binding site 2 and the closing of the actin-

binding site 1, likely disrupting the two actin-binding sites (Fig. 4c). The rotating axle 

centers around the binding pocket for the CF3 group of NP-G2-029 near the N-terminal 

region of fascin (Fig. 4d-f). The N-terminal of fascin protein is known to be essential for its 

actin-bundling activity [41]. This N-terminal links the actin-binding site 2 to the actin-

binding site 1 (Fig. 4e). Residues Gln11, Phe14, Leu48 and Gln50 (the actin-binding site 2) 

form part of the binding pocket for NP-G2-029 (Fig. 4f). On the other hand, phosphorylation 

of Ser39 is known to decrease the actin-bundling activity of fascin is in the actin-binding site 
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1 (Fig. 4f). Therefore, this critical N-terminal of fascin not only couples the two actin-

bundling sites, but also contributes to the inhibitory action of NP-G2-029.

X-ray crystal structure of a small-molecular fascin inhibitor alone

The NP-G2-029-induced conformational changes on fascin prompted us to investigate the 

possibility of fascin-induced conformational changes on the small-molecule inhibitors. We 

set up crystallization screens for various G2 analogues, and obtained the X-ray crystal 

structure of the small-molecular fascin inhibitor NP-G2-044 [37] (Fig. 5 a and b; Table 2). 

NP-G2-044 is similar to NP-G2-029 except for a furan ring replaced the isoxazole ring (Fig. 

1a). In one asymmetric crystallographic unit, there were two different conformations of NP-

G2-044 (Fig. 5 a and b). These two conformations were similar, with the slight orientation 

difference of the furan ring (Fig. 5c). When compared with the NP-G2-029 structure in the 

complex with fascin, the benzene ring is rotated by ~180° relative to the planar indazole 

moiety (Fig. 5d). Given the rotating ability of the benzene ring in relation to the indazole 

moiety, all these three conformations can be adopted by NP-G2-044 or NP-G2-029 (Fig. 5 a 

- d). Therefore, these small-molecule fascin inhibitors are flexible and sample several 

different conformations. It is possible that following the binding by a primary 

conformational selection event, optimization of side chain interactions proceeds by an 

induced-fit mechanism to achieve a productive inhibition. Hence the dynamic 

conformational ensembles of these inhibitors may play a role in the molecular recognition 

by fascin.

Biochemical verification of inhibitor-interacting residues

To further experimentally verify the involvement of fascin residues in interacting with NP-

G2-029, we mutated some specific residues and investigated the sensitivity of the mutant 

fascin proteins to NP-G2-029. In the co-crystal structure of fascin and NP-G2-029, NP-

G2-029 forms edge-to-face pi-pi stacking with residues Phe14 and Trp101 (Fig. 5e). We 

generated the single (Phe14 to Ala, Trp101 to Ala) and the double (Phe14Ala/Trp101Ala) 

mutations on fascin. These mutant fascin proteins had lower sensitivity to the inhibition by 

NP-G2-029 (Fig. 5f). Furthermore, in the co-crystal structure of fascin and NP-G2-029, 

Phe216 forms hydrogen bonds with the pyrazole and the amide of NP-G2-029 (Fig. 5e). 

Ile93 forms hydrophobic interaction with the fused benzene ring of the indazole moiety of 

NP-G2-029 (Fig. 5e). We made the single (Ile93 to Ala, Phe216 to Ala) and the double 

(Ile93Ala/Phe216Ala) mutants, and observed reduced sensitivity of these mutated fascin 

proteins to the inhibition by NP-G2-029 (Fig. 5f). Moreover, these mutated fascin proteins 

had decreased sensitivity to the inhibition by NP-G2-044 as well (Fig. 5f). Together, these 

biochemical data support the participation of these residues in the inhibition of fascin by 

NP-G2-029 and NP-G2-044.

DISCUSSION

In an effort to elucidate the structural basis by which the small-molecule fascin inhibitors 

block the biological function of fascin, we solved the X-ray crystal structure of a complex of 

fascin and a small-molecule fascin inhibitor. In the structure of fascin and NP-G2-029, NP-

G2-029 binds to a cleft between the domains 1 and 2 (the actin-binding site 2) of fascin. 
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This structure of the complex also reveals that the N-terminal of fascin is critical for 

coupling the two actin-binding sites and for binding to NP-G2-029. Furthermore, our data 

indicate that the small-molecule fascin inhibitors are flexible and can adopt different 

conformations. This dynamics of the inhibitors might be important for the induced-fit 

inhibition process. Moreover, several amino acid residues on fascin participating in the 

interaction with the inhibitor were confirmed by mutation studies.

From the co-crystal structure of the complex of fascin and NP-G2-029, the trifluoromethyl (-

CF3) group and the benzene ring of NP-G2-029 are deeply embedded into fascin. These two 

groups are likely the main contributors to the binding of NP-G2-029 and its analogs to 

fascin. This is consistent with our structure-activity relationship studies that most 

modifications in these positions abolished the capability of the compounds to inhibit the 

actin-bundling activity of fascin [37]. Furthermore, the isoxazole ring of NP-G2-029 showed 

some flexibility among the six NP-G2-029 molecules in the structure of the complex. This 

also agrees with our structure-activity relationship studies that this part of the small-

molecule inhibitors could be extensively modified to fine-tune the efficacy of the inhibitors. 

Moreover, the NP-G2-029 binding site on fascin is formed upon the binding of NP-G2-029. 

In the absence of NP-G2-029, the actin-binding site 2 is fully enclosed. The rotation of the 

domain 1 opens up a hydrophobic and tight pocket for the binding of the -CF3 and benzene 

ring of NP-G2-029. This rotation results in the widening of the actin-binding site 2 and the 

closing of the actin-binding site 1, leading to the inhibition of the actin-bundling activity of 

fascin. Our data also explain that, even though we started by screening chemical libraries for 

protein-protein interaction inhibitors, we obtained small-molecule inhibitors capable of 

binding to fascin in the absence of actin proteins.

Our structural data provide a mechanistic explanation for the cooperativity among the actin 

binding sites. It has been shown that the actin-binding activity of fascin is cooperative [42]. 

Our data reveal that the N-terminal of fascin connects the actin-binding sites 1 and 2, and 

that conformational changes in one actin-binding site could lead to a concerted 

conformational change on the other actin-binding site. Hence, it is likely that binding of one 

F-actin filament at one actin-binding site stabilizes fascin at the active configuration and 

enhances the binding of actin filaments at the other actin-binding sites. It is also possible that 

mutations of residues in the actin-binding site 1 could affect the small-molecule inhibitor 

binding to the actin-binding site 2 [36, 37]. Furthermore, the unexpected flexibility of 

domain 1 might have implications for the role of fascin protein in the flexibility of the 

bundled fascin-actin filaments as well as of filopodia. Filopodia are highly dynamic cellular 

protrusions. They scan the local environment by turning, elongation, and retraction. These 

require filopodia to be flexible enough to wave about, yet rigid enough to protrude the cell 

surface. Previous structural studies showed that the conformations of wild-type active fascin 

protein and four inactive fascin mutants were similar with minor local structural variations, 

implying the configuration of fascin is rather rigid [38, 39, 43, 44]. Our current structural 

data reveal that the domain 1 could be rotated; this might underlie the flexibility of the 

fascin/actin bundles and of filopodia. Therefore, our results might provide insights on the 

roles of fascin in the stability, dynamics, and organizations of filapodia in cells. The dynamic 

structures of fascin and the small-molecule inhibitors offer the opportunity and the challenge 

in generating the next-generation of fascin inhibitors for clinical uses.
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MATERIALS AND METHODS

Chemistry

Compound syntheses and analyses were done by the company ValueTek Inc (NJ, USA). All 

reagents and solvents were purchased from Sigma-Aldrich Chemical Co., Combi-Block Inc., 

Astatech Inc., Ark Pharma Inc., and Frontier Scientific Inc. and were used as received. 

HNMR spectra were recorded on a Bruker Fourier-400 spectrometer. Crude products were 

purified by silica gel chromatography. For all products, the purity was ascertained to be 

greater than 95% by the HPLC method using Shimadzu 2010HPLC-UV/MS system with a 

C-18 reverse phase column.

General procedures for NP-G2-029 and NP-G2-044—A mixture of KOH (6.95 g, 

124 mmol) in DMSO (165 ml) was stirred at room temperature for 5 min. 1H-indazol-3-

amine (8.25 g, 62.0 mmol) was then added in one portion. The resulting mixture was stirred 

at room temperature for 5 min. A solution of 4-trifluoromethylbenzyl bromide (15.6 g, 65.1 

mmol) in DMSO (83 ml) was then added dropwise over 30 min. When the addition was 

complete, the resulting mixture was stirred at room temperature for an additional 1 h. The 

mixture was quenched by the addition of water (200 mL). The mixture was then extracted 

with CH2Cl2 (3 × 100 mL). The combined extracts were washed with H2O (2 × 100 mL), 

brine (1 × 100 mL), then dried over MgSO4, filtered and concentrated in vacuo. Purification 

by flash chromatography (Silica, 200 g, 10 - 100% EtOAc/Hexanes) gave 1-

(trifluoromethylbenzyl)-1H-indazol-3-amine (21.79 g, 56.6 mmol, 91.3 % yield) as an off-

white crystalline solid. MS (ESI) m/z: 292 (M+H)+. To a solution of 1-

(trifluoromethylbenzyl)-1H-indazol-3-amine (29.2 mg, 0.10 mmol), furan-2-carboxylic acid 

(12.3 mg, 0.11 mmol), and triethylamine (45.2 μl, 0.30 mmol) in dichloromethane (2 mL) 

was added 2,4,6-tripropyl-1,3,5,2,4,6-trioxatriphosphinane 2,4,6-trioxide (118.6 μl, 0.20 

mmol). The resulting reaction mixture was stirred at room temp for 3h and then the solvent 

was removed. The crude product was purified by preparative HPLC (sunfire 5u 100 mm 

column, MeOH/H2O as solvents). 23 mg (0.0597 mmol, 59.7%) of N-(1-(4-(trifluoromethyl) 

benzyl)-1H-indazol-3-yl)furan-2-carboxamide (Compound G2) was obtained as an off-white 

solid. 1H NMR (400 MHz, chloroform-d) R 8.73 (s, 1H), 8.18 (d, J=8.2 Hz, 1H), 7.50-7.59 

(m, 3H), 7.35-7.43 (m, 1H), 7.24-7.33 (m, 4H), 7.17 (ddd, J=0.88, 6.99, 8.20 Hz, 1H), 6.58 

(dd, J=1.76, 3.52 Hz, 1H), 5.54 (s, 2H). MS (ESI) calcd for C20H14F3N3O2 (M+H)+ m/z 

386.10, found 386.12.

Compound NP-G2-029—4-methyl-N-(1-(4-(trifluoromethyl)benzyl)-1H-indazol-3-

yl)isoxazole-5-carboxamide (Compound NP-G2-029) was prepared as described for the 

preparation of Compound G2 with replacement of furan-2-carboxylic acid with 4-

methylisisoxazole-5-carboxylic acid in 63.1% yield as an off-white solid. 1H NMR (400 

MHz, chloroform-d) R 8.85 (s, 1H), 8.28 (s, 1H), 8.14 (d, J=8.25 Hz, 1H), 7.59 (d, J=7.98 

Hz, 2H), 7.43 (s, 1H), 7.33-7.38 (m, 3H), 7.23 (t, J=7.57 Hz, 1H), 5.56 (s, 2H), 2.47 (s, 3H). 

MS (ESI) calcd for C20H15F3N4O2 (M+H)+ m/z 401.11, found 401.11.

Compound NP-G2-044—2-methyl-N-(1-(4-(trifluoromethyl)benzyl)-1H-indazol-3-

yl)furan-3-carboxamide (Compound NP-G2-044) was prepared as described for the 
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preparation of Compound G2 with replacement of furan-2-carboxylic acid with 2-

methylfuran-3-carboxylic acid in 79.6% yield as an off-white solid. 1H NMR (400 MHz, 

chloroform-d) R 8.05-8.16 (m, 2H), 7.54 (d, J=8.14 Hz, 2H), 7.36-7.43 (m, 1H), 7.31 (d, 

J=1.98 Hz, 1H), 7.28 (d, J=0.66 Hz, 2H), 7.26 (s, 1H), 7.18 (ddd, J=0.88, 6.99, 8.20 Hz, 

1H), 6.60 (d, J=1.98 Hz, 1H), 5.53 (s, 2H), 2.87 (s, 3H). MS (ESI) calcd for 

C21H16F3N3O2 (M+H)+ m/z 400.12, found 400.12.

Cell culture

Mouse 4T1 mammary tumor cells and human MDA-MB-231 breast cancer cells were 

obtained from American Type Culture Collection. 4T1 cells and MDA-MB-231 cells were 

cultured in DMEM supplemented with 10% FBS as previously described [36–38].

Human fascin-1 expression and purification

Recombinant human fascin 1 was expressed as a GST fusion protein in BL21 Escherichia 

coli. 1-litre of 2YT medium with ampicillin was inoculated overnight with 3 mL of 

BL21/DE3 culture transformed with pGEX4T-fascin 1 plasmid and grown at 37°C until 

attenuance at 600 nm (OD600) reached about 0.5. The culture was then transferred to 17 °C 

and induced by the addition of 0.1 mM isopropyl β-d-thiogalactoside (IPTG) for 16 h. 

Bacteria were harvested by centrifugation at 5,000 r.p.m. for 10 min. The pellets were 

suspended in 30 mL of Tris/HCl (20 mM Tris/HCl pH 8.0, 150 mM NaCl) supplemented 

with 0.2 mM PMSF, 1 mM DTT, 1 % Triton X-100 and 1 mM EDTA. After sonication, the 

suspension was centrifuged at 15,000 r.p.m. for 30 min to remove the cell debris. The 

supernatant was then incubated for 2 h with 4 mL of glutathione beads (Sigma) at 4 °C. 

After extensive washing with Tris/HCl (20 mM Tris/HCl pH 8.0, 150 mM NaCl), the beads 

were resuspended in 10 mL of thrombin cleavage buffer (20 mM Tris-HCl pH 8.0, 150 mM 

NaCl, 2 mM CaCl2, 1 mM DTT). Fascin was released from the beads by incubation 

overnight with 40-100 U of thrombin at 4 °C. After centrifugation, 0.2 mM PMSF was 

added to the supernatant to inactivate the remnant thrombin activity. The fascin protein was 

further concentrated with Centricon to about 50 mg/mL.

F-actin bundling assay

Actin-bundling activity was measured by low-speed centrifugation assay. Monomeric rabbit 

G-actin was induced to polymerize at room temperature in F-actin buffer (20 mM Tris–HCl 

at pH 8, 1 mM ATP, 1 mM DTT, 2 mM MgCl2 and 100 mM KCl). Recombinant fascin 

proteins (wide-type or mutant) were subsequently incubated with F-actin for 30 min at room 

temperature and centrifuged for 15 min at 10,000g in an Eppendorf 5415D tabletop 

centrifuge. Both supernatants and pellets were dissolved in an equivalent volume of SDS 

sample buffer, and the amount of fascin was determined by SDS-PAGE. We measured the 

intensities of fascin proteins in Coomassie-stained gels and then calculated the relative actin-

bundling activity.

Boyden-chamber cell migration assay

MDA-MB-231 cells (5 × 104) suspended in 100 μl starvation medium were added to the 

upper chamber of an insert (6.5 mm diameter, 8 μm pore size; Becton Dickson), and the 

Huang et al. Page 8

J Mol Biol. Author manuscript; available in PMC 2019 April 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



insert was placed in a 24-well plate containing 700 μl starvation medium with or without 

10% FBS. When used, inhibitors were added to both the upper and the lower chambers. 

Migration assays were performed for 6 h and cells were fixed with 3.7% formaldehyde. 

Cells were stained with crystal violet staining solution, and cells on the upper side of the 

insert were removed with a cotton swab. Three randomly selected fields (10 objectives) on 

the lower side of the insert were photographed, and the migrated cells were counted. 

Migration was expressed as average number of migrated cells in a field.

Crystallization of the complex of fascin and NP-G2-029

The concentrated fascin protein stock solution was diluted with the buffer (20 mM Tris, pH 

8.0, 40 mM KBr, 0.5 mM EDTA, 1 mM DTT) to 15 mg/ml prior crystallization. The final 

concentration of the small-molecule inhibitors was 2 mM. The mixture was incubated at 

room temperature for one hour. Crystallization was performed by the vapour diffusion 

hanging drop method at 18°C. The complex was crystallized in 100 mM HEPES pH 7.5, 

20% PEG4000, 2.5% isopropanol. Crystals were briefly transferred to the cryo-solution 

which consisted of the crystallization solution implemented with 15% glycerol and flash-

cooled in liquid nitrogen.

Data collection, structure determination and refinement

Diffraction data were collected at 100 K using synchrotron radiation (λ = 1.3 Å) at the 

beamline X6A, National Synchrotron Light Source (Brookhaven, USA). The data reduction 

was performed with XDS, followed by merging and scaling with XSCALE [45]. The 

corresponding data-collection statistics are shown in Table 1, created by PHENIX 

(1.10.1-2155). Searching by individual β-trefoil fold of fascin (PDB 3LLP) gave the solution 

using PHASER molecular replacement program (version 2.5.7) in CCP4 suite (version 

6.5.016) [46]. Model building, refinement and analysis were carried out using COOT 

(version 0.8.5) and PHENIX (1.10.1- 2155) based on σ-A weighted 2Fo-Fc and Fo-Fc maps, 

as well as non-crystallographic symmetry (NCS) averaged and unaveraged maps [47, 48]. 

The slightly high R values might be due to the tight stereochemical restraints. The model 

was verified with simulated annealing composite omit map created in PHENIX. Refinement 

statistics are also presented in Table 1, and the stereochemical quality of the refined 

structures was validated using MolProbity [49]. Graphical representations of structures were 

prepared using PyMol (DeLano Scientific, San Francisco, CA). Solvent molecules were 

identified from the difference Fourier map (Fo – Fc) above sigma level of 3. Six molecules 

per asymmetric unit have been observed with clear electron density for the small molecules 

at the actin-binding site 2.

Crystallization and data processing of NP-G2-044

Very thin plate like crystals of NP-G2-044 were grown at 18 °C by hanging drop method 

with the well solution of 24% PEG4000, 0.1M Hepes (pH 7.5), 2.5% isopropanol. 

Compound NP-G2-044 was dissolved in 25% PEG400, 25% PEG 4000, 0.1M Hepes (pH 

7.5), 2.5% isopropanol with final concentration of 4 mM. Drops were set at 1:1 ratio of well 

and compound solution. X-ray diffraction data for thin plate like crystal of NP-G2-044 to 1Å 

resolution were collected at 100K using synchrotron radiation (l = 0.9792 Å) at NE-CAT 

24ID-C beamline at APS, Argonne, using Pilatus 6M-F detector. The data were reduced 
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using XDS. Crystals belong to the space group C2/c with cell dimensions a = 35.25 Å, b = 

12.29 Å, c = 19.97 Å, and b = 118.13. Two molecules were observed in the asymmetric unit 

with opposite orientation of the isoxazole ring with respect to the central indazole moiety.
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Figure 1. 
Fascin inhibitor NP-G2-029 decreases the actin-bundling activity of fascin and tumor cell 

migration. (a - c) The chemical structures of fascin inhibitors G2 (a), NP-G2-029 (b), and 

NP-G2-044 (c). (d and e) NP-G2-029 inhibits the actin-bundling activity of fascin. (d) One 

representative gel image of the actin-bundling assay (the low-speed sedimentation assay) is 

shown. Different concentrations of NP-G2-029 were added to the actin-bundling reactions. 

After low-speed centrifugation, the pellet (P) and supernatant (S) were separated and 

analyzed by SDS-PAGE. NP-G2-029 treatment shifts actin and fascin proteins from the 

pellet to the supernatant, indicating the inhibition of the actin-bundling function of fascin. 

(e) Quantification of the actin-bundling activity of fascin in the presence of different 

concentrations of NP-G2-029. The data are mean ± SEM. n = 3. (f and g) Boydem chamber 

assays show that NP-G2-029 decreases the migration of 4T1 mouse breast tumor cells (f) 
and MDA-MB-231 human breast tumor cells (g). Different concentrations of NP-G2-029 

were added to the top of the chamber and the number of cells migrated through the 

membrane inserts was counted. Data are shown as mean ± SEM. n=3.
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Figure 2. 
Crystal structure of the complex of fascin and the small-molecule inhibitor NP-G2-029. (a) 

Crystal structure of wild-type human fascin shows the relative orientation of the four β-

trefoil domains (marked by 4 different colors) of one fascin molecule. (b) Diagram of fascin 

shows the locations of the three possible actin-binding sites based on the mutagenesis data. 

(c) X-ray crystal structure of the complex of fascin and NP-G2-029. NP-G2-029 occupies 

the actin- binding site 2. (d) The electron density map (2Fo-Fc at sigma level of 1.5) for NP-
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G2-029. (e and f) The binding pocket and some NP-G2-029-interacting residues on fascin 

are shown.
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Figure 3. 
Electron density maps of the six NP-G2-029 molecules in one asymmetric crystallographic 

unit of the complex of fascin and NP-G2-029. 2Fo-Fc maps are shown. NP-G2-029 is shown 

at 1 sigma level and the side chains of nearby amino acid residues are displayed at 1.5 sigma 

level.

Huang et al. Page 16

J Mol Biol. Author manuscript; available in PMC 2019 April 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
NP-G2-029 induced changes in fascin conformation. (a) Structure of the actin-binding site 2 

in the absence of NP-G2-029. (b) Structure of the actin-binding site 2 with bound NP-

G2-029. (c) Superposition of fascin structures in the absence or presence of NP-G2-029. The 

color marking of the 4 domains of fascin in the presence of NP-G2-029 is the same as in Fig. 

2c. The structure of fascin in the absence of NP-G2-029 is colored in light blue. Relative to 

the location in the absence of NP-G2-029, domain 1 rotated ~35Å clockwise in the presence 

of NP-G2-029. (d) The rotating axle of domain 1 is marked by a rod. (e) The N-terminal 
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(marked in red) of fascin couples the actin-binding sites 1 and 2. (f) The N-terminal of fascin 

participates in the binding of NP-G2-029.
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Figure 5. 
Fascin induces a conformational change on the small-molecule inhibitor. (a) X-ray crystal 

structure of one conformation of NP-G2-044. (b) X-ray crystal structure of the second 

conformation of NP-G2-044. (c) Superposition of the two conformations of NP-G2-044. (d) 

Superposition of one conformation of NP-G2-044 and the NP-G2-029 structure when it is 

bound to fascin. (e). Diagram shows the positions of Phe14, Trp101, Ile93 and Phe216 

residues which are involved in the inhibitor binding. (f) Summary of the actin-bundling data 

of wild-type and mutant fascin proteins in the presence of various concentrations of NP-
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G2-029 or NP-G2-044. The IC50 values are the mean of three repeats. Data are expressed as 

mean ± SD and analyzed by Student’s t test with significance defined as p < 0.05. * marks 

the mutants, when compared with the wild-type, with p < 0.05.
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Table 1

Data collection and refinement statistics

Structure of fascin bound with NP- G2-029 a

Native PDB 6B0T

Data collection

Space group P2

Cell dimensions

 a, b, c (Å) 102.58, 59.25, 293.65

 α β γ (°) 90, 90.02, 90

Resolution (Å) 45.44-2.8 (2.9-2.8) b

Number of reflections measured 364035 (36079)

Number of unique reflections 87042 (8516)

Rmerge 0.09 (0.44)

I / σ (I) 13.59 (3.46)

Completeness (%) 99.0 (98.0)

Redundancy 4.2 (4.2)

Refinement

Resolution (Å) 45.44-2.8

No. reflections (test set) 87025 (4264)

Rwork / Rfree (%) 26.51/30.28

Number of non-hydrogen atoms

Protein 22818

Ligand 174

Water 344

Mean overall B factor (Å2) 67.4

Wilson B 38.2

Protein 67.7

Ligand 76.6

Water 43.8

r.m.s. deviations

 Bond lengths (Å) 0.003

 Bond angles (°) 0.59

Ramachandran plot statisticsc (%)

Favored regions 91.3

Allowed regions 8.1

Disallowed regions 0.6

a
One single crystal was used for data collection and refinement.

b
Values in parentheses are for highest-resolution shell.

c
As defined in MolProbity.
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Table 2

Small-molecule NP-G2-044 X-ray data collection and refinement

Empirical formula C42 H34 F6 N6 O5

Formula weight 816.75

Temperature 100(2) K

Wavelength 0.97915 (Å)

Crystal system monoclinic

Space group C2/c

Unit cell dimensions

 a, b, c (Å) 35.240(7), 12.290(2), 19.970(4)

 α β γ (°) 90.00, 118.13, 90.00

Volume 7627.4(3) (Å3)

Z 8

Density (calculated) 1.423

Absorption coefficient 0.40 mm-1

F(000) 3376

Crystal size 0.10, 0.05, 0.04 mm3

Theta range for data collection 1.81-30.32 (0)

Resolution range 15.5 to 1.0 Å

Index range −34 < h < 34, −12 < k < 11, −20 < l < 19

Reflections collected 12379

Independent reflections 3792

Completeness to theta max = 30.32° 86.4 %

Absorption correction Empirical

Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 3792/477/543

Goodness-of-fit on F2 1.202

Final R indices [I>2sigma(I)] R1 =0.0464, wR2 =0.1212

R indices (all data) R1 = 0.0478, wR2 =0.1224

Largest diff, peak and hole 0.30 and −0.35 e.Å−3
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