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Actin is a multifunctional biomolecule that forms not only basic structural bodies such as filopodia and lamellipodia, but also large microvilli-like organelles like stereocilia. Actin consists of four sub-domains (S1, S2, S3, and S4), and the “target-binding groove” formed between S1 and S3 is the major binding site for various actin binding proteins. Actin filament dynamics are regulated by numerous actin binding proteins with different mechanisms of actin binding, assembly, and disassembly such as actin severing, branching, and bundling. Ectoplasmic specialization protein 1 (espin 1) is an actin binding and bundling protein that is specifically implicated in the elongation and stabilization of stereocilia as a binding partner with myosin III. However, little is known about the molecular structure, actin bundling, and stabilizing mechanism of espin 1; hence, we investigated the interaction between actin and espin 1 through structural data. In this study, we first purified human espin 1 in an E. coli system following a new detergent-free approach and then demonstrated the 2D structure of full-length espin 1 using transmission electron microscopy along with Nickel nitrilotriacetic acid nanogold labeling and 2D averaging using SPIDER. Furthermore, we also determined the espin 1 binding domain of actin using a co-sedimentation assay along with gelsolin and myosin S1. These findings are not only beneficial for understanding the actin binding and bundling mechanism of espin 1, but also shed light on its elongation, stabilization, and tip-localization mechanisms with myosin III. This study thus provides a basis for understanding the molecular structure of espin 1 and can contribute to various hearing-related diseases, such as hearing loss and vestibular dysfunction.
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INTRODUCTION
Many actin-binding and bundling proteins such as Arp2/3, gelsolin, and espin are implicated in actin cytoskeleton regulation (Bartles, 2000; Small et al., 2002; Rotty et al., 2013; Pollard, 2016). The espin family has four isoforms 1–4, and are known to play key roles in various organelles such as spermatid-, taste receptor-, cochlear hair-, and vestibular hair-cells (Bartles et al., 1998; Bartles, 2000; Zheng et al., 2000; Sekerková et al., 2003; Naz et al., 2004; Sekerková et al., 2006a). Espin 1, the first identified and largest isoform of the espin family, has been observed in the parallel actin bundles of unique junctional plaques called “ectoplasmic specializations” in Sertoli cells (Bartles et al., 1996; Salles et al., 2009; Merritt et al., 2012). It is denominated as “espin” (ectoplasmic specialization + in) based on its cellular localization. Further studies have revealed an additional three isoforms found in various mechanosensory and chemosensory organelles as actin cytoskeleton regulator proteins that elongate microvilli similarly to parallel actin bundles. Actin bundle elongation is important for hair cell development in vestibular and cochlear cells. “ESPN” mutations in the espin-encoding gene lead to vestibular dysfunction “deafness” (Naz et al., 2004). The mutations lead to shortened stereocilia with reduced stiffness, which causes the symptoms of this autosomal recessive disorder.
Espin 1 is a candidate target for therapies for vestibular dysfunction, and several studies have been conducted to reveal the functional properties of espin 1 at the molecular level. Its various domains have previously been characterized (Sekerková et al., 2006b); however, the protein-protein interactions leading to actin cross-linking via espin 1 remain unclear. Most actin-bundling proteins in stereocilia, including fascin and fimbrin, contain at least two or more actin-binding domains, which function as oligomers to cross-link two or more actin filaments (Matsudaira, 1994; Pollard, 2016). Likewise, the espin 1 monomer contains two F-actin binding domains. In addition, it contains an extra actin binding site (xAB), a C-terminal actin binding domain (ABD), and a G-actin binding domain called the WASP homology 2 (WH2) domain (Chen et al., 1999; Sekerková et al., 2004; Sekerková et al., 2006a) (Figure 1B). A previous study showed that the actin bundling activity espin 1 xAB is blocked by an autosuppressive region termed the auto-inhibitory domain (AI), which binds to the N-terminal ankyrin repeat (AR) of espin 1. It then induces xAB inactivation through steric hindrance. The tail THDI domain of myosin III can reverse this self-inhibition by binding with the N-terminal AR domain of espin 1 and replacing the AI domain. (Liu et al., 2016). In general, two or more free actin-binding domains are required to form actin bundles. Thus, in the case of espin 1, it is theoretically impossible to form a bundle when a binding partner, such as myosin III, is absent because it contains only one free F-actin binding domain at the C-terminus. However, espin 1 can induce the formation of actin bundles and localizes at the tip of stereocilia without its binding partner, myosin III (Loomis et al., 2003). This indicates that espin 1 can bypass its own self-inhibition in the absence of a binding partner. However, there is no clear explanation for the mechanism underlying this phenomenon, and it is only known that purified recombinant espin 1 molecules exist as monomers in solution (Bartles et al., 1998; Chen et al., 1999) to help produce parallel microvilli-like actin bundles. Therefore, to understand the actin-espin 1 interaction accurately at the molecular level, structure-based research is required. This study aims to provide more detailed information on the mechanisms of actin bundling via espin 1 using electron microscopy structural analysis techniques.
[image: Figure 1]FIGURE 1 | Effects of different temperature conditions on the expression of the full-length espin 1. (A) SDS-PAGE analysis demonstrating the expression level of espin 1. Effects of different temperature condition on the expression of the full-length espin 1 were indicated by whether it is soluble (lane S) or insoluble (lane P). The growth conditions, including temperatures and cultivation periods varied ranging from 4°C to 37°C and 4 h to 1 week respectively. M represents the marker. Black arrows point to the expressed espin 1 protein. (B) Domain organization of espin 1.
MATERIALS AND METHODS
Purification of recombinant espin 1
The full-length espin 1 gene (GenBank accession No. NG_015866) was inserted downstream of the T7 promoter into the plasmid vector pET-30a (+). The resultant plasmid DNA constructs were transformed into Escherichia coli BL21 (DE3) star cell lines, and transformants were selected on LB agar medium (Luria Bertani Broth High Salt; Kisanbio, Seoul, Republic of Korea, Bacto Agar; Bacton, Dickinson and Company, Franklin Lakes, NJ) supplemented with 50 μg/ml kanamycin (Table 1). Transformants were grown in LB medium containing 50 μg/ml kanamycin at various temperatures with shaking at 180 rpm until the optical density (OD600) reached 0.6–0.8 (4 h at 37°C). Protein expression was induced by adding IPTG at a final concentration of 1 mM for various induction periods (4 h at 37°C, 16 h at 18°C and 1 week at 4°C respectively). After IPTG induction, the cells were centrifuged for 30 min at 4°C with a speed of 5,000 x g (Beckman Coulter Inc., United States) to remove the LB medium, and the pellet was resuspended in lysis buffer solution containing 100 mM NaCl, 1 mM EDTA, 1 mM TCEP, 10% glycerol, and 50 mM Tris-HCl at pH 8.5. The resuspended pellet was sonicated for 15 min at 20% amplitude with 2 s intervals between each sonication pulse (Sonics, United States). The lysate was centrifuged for 30 min at 4°C with a speed of 20,000 x g (Beckman Coulter Inc., United States). The supernatant was collected and loaded onto a Ni-NTA column (GE Healthcare, United Kingdom), which was pre-packed and pre-equilibrated with lysis buffer containing 5 mM imidazole. Full-length recombinant espin 1 was eluted stepwise with 10 ml of 50, 100, and 200 mM imidazole gradients, and each eluted fraction was analyzed on a 10% SDS-PAGE gel.
TABLE 1 | Lists of strains and plasmid used in the study.
[image: Table 1]Other protein sample preparation
Purification of gelsolin protein from bovine serum (Pel-Freez Biologicals, United States) was performed according to the previous study (Kurokawa et al., 1990), which was subjected to dialysis in a buffer consisting of 50 mM Na-acetate, 2 mM MgCl2, 1 mM EGTA, 1.1 mM CaCl2, 0.1 mM MgATP, and 30 mM HEPES at pH 7.5 then and stored at −80°C. Myosin S1 from scallop (Placopecten magellanicus) striated adductor muscles was prepared by standard procedure described in (Jung and Craig, 2008; Jung et al., 2008). Purified myosin S1 was further dialyzed in a same buffer used in actin polymerization. Skeletal actin from rabbit skeletal muscle was a generous gift from M. Ikebe laboratory and stored at −80°C before use.
Size exclusion chromatography
The automatic ÄKTA pure chromatography system and the Superdex 200™ 10/300 GL column (GE Healthcare, United States) were used for SEC. Prior to the sample injection, the Superdex 200™ 10/300 GL column was connected to the automatic ÄKTA pure chromatography system, washed with filtered distilled water and equilibrated with espin 1 buffer containing 50 mM sodium acetate, 2 mM MgCl2, 1 mM EGTA, and 30 mM HEPES at pH 7.5. The concentrated sample containing espin 1 was filtered through a 0.2 μm syringe filter and then carefully injected into the 0.5 ml capillary loop of the automated chromatography system, using a 1 ml syringe. SEC was performed at 0.4 ml/min, each 1 ml fraction was collected into a fraction collector and later detected at 280 nm UV wavelength by Ultraviolet (UV) detector in real time. The fractions corresponding to the UV peaks were analyzed using SDS-PAGE.
Transmission electron microscopy
Skeletal actin was dissolved in a buffer consisting of 50 mM Na-acetate, 2 mM MgCl2, 1 mM EGTA, 1.1 mM CaCl2, 0.1 mM MgATP, and 30 mM HEPES at pH 7.5 and incubated to polymerize for 30 min at 25°C. This sample (5 μl) was applied to a glow-discharged, carbon-coated grid at 25°C, followed by negative staining with 1% uranyl acetate. The grids were examined using a Technai 10 (FEI, U.S) TEM operated at 100 kV, where the images were recorded using an UltraScan 1000 CCD camera (Gatan, U.S) at magnifications of ×7,000, ×17,000, and ×34,000 i.e., 1.47, 0.62, and 0.62 nm/pixel, respectively. The instrumentation was used at Kangwon Center for Systems Imaging and the images were further compiled and arranged using Adobe Photoshop CS6 (Adobe Inc., U.S). For the Ni-NTA nanogold labeling, based on the affinity of the his6-tag for Ni-NTA, 5 nm Ni-NTA nanogold (Nanoprobes, Inc. NY, United States) was used to label the N-terminal his6-tag of recombinant espin 1. Samples (F-actin or espin 1) were first loaded onto a carbon coated TEM grid to incubate for 1 min at 25°C. Gold drops (20 μl of gold solution) were applied onto a clean parafilm, and the grids with samples were turned upside down and allowed to float on the gold drops for 1 min incubation at 25°C. After the incubation, the grid was washed three times with buffer drops to remove any non-specific binding. Gold-labeled specimens were then examined from the negative stained TEM images.
Single particle image processing
Micrographs from TEM at a magnification of ×34,000 (0.32 nm/pixel) were subjected to single-particle analysis using the SPIDER program suite (System for Processing Image Data from Electron microscopy and Related fields; Health Research Inc., Rensselaer, NY, United States) according to procedures described previously (Burgess et al., 2004) in a 100 × 100 pixel window basis, with a globular shape and high frequency. A total of 1,384 particle sets were processed based on the “K-mean clustering” algorithm (Frank et al., 1996; Frank, 2009). All 2D classes were generated using SPIDER.
F-actin bundling assay (low-speed co-sedimentation)
F-actin, myosin S1, gelsolin, and espin 1 at concentrations of 4 μM, 4 μM, 2 μM, and 1 μM, respectively, were incubated for 30 min at 25°C in a buffer solution containing 50 mM Na-acetate, 2 mM MgCl2, 1 mM EGTA, 1.1 mM CaCl2, 0.1 mM MgATP, and 30 mM HEPES at pH 7.5. Each mixture of F-actin, gelsolin, and espin 1 was centrifuged for 30 min at 4°C with a speed of 20,000 x g (Hanil, South Korea), followed by removal of the supernatant. An equal amount of the supernatant was compensated with fresh buffer in the pellet. The supernatant and pellet were analyzed using SDS-PAGE and TEM imaging.
RESULTS
Purification of espin 1 in different expression temperature
Previous studies have shown that anionic surfactants such as sarkosyl detergents, are essential for heterologous protein expression of human espin 1, which render the synthesized proteins insoluble (Chen et al., 1999). The solubilizing effects of sarkosyl detergents are highly dependent on their concentration; the effects increase the viscosity of the samples, resulting in difficulties in further purification processes (Tao et al., 2010). In this study, a sarkosyl-free approach was used to express soluble espin 1 for the structural analysis. Among the several non-denaturing purification approaches that increase the solubility of recombinant proteins, the low-temperature incubation method was used. To determine the optimized temperature condition on the solubility of recombinant human espin 1, various temperatures ranging from 4°C to 37°C were screened. There were no significant differences in the solubility at 18°C through 37°C induction, but 4°C induction with long period of incubation (i.e., one week) showed notable changes in solubility of espin 1 (Figure 1A). Additional refinement steps were applied using affinity- and size exclusion chromatography; the SEC profile was observed as a single peak and SDS-PAGE results showed a significant major band at 100 kDa, indicating an espin 1 monomer (Figure 2). The functional actin bundling activity of the purified recombinant espin 1 was further verified using TEM (Supplementary Figure S1).
[image: Figure 2]FIGURE 2 | Affinity and size exclusion chromatography profiles of espin 1 purification. (A) SDS-PAGE analysis of affinity chromatography. ‘S’ and ‘P’ denote the supernatant and the pellet (obtained from the cell lysate), respectively. Lane B represents a crude solution, while W represents buffer washing after column binding. Imidazole concentrations in the buffer range from 50 to 200 mM. (B) SDS-PAGE examination of each separated elution volume i.e., 10–18 ml from SEC. Arrows indicate the espin 1 protein. (C) UV profile of SEC which represents the respective sizes and concentration of eluted protein. The dotted area indicates the monomeric portion of the eluted espin 1.
Actin binding function of espin 1
To visualize and confirm the appearance of purified espin 1, two-dimensional Class average (2D classification) (Figure 3A) and Ni-NTA nanogold labeling (Figure 3B) were done using SPIDER. The 2D class averages of full-length espin 1 suggested that the overall size of the particles was approximately 15 nm, corresponding to the monomeric size of the protein. This was further confirmed by nanogold labeling (Figure 3B; Supplementary Figure S2). Moreover, non-reducing PAGE showed a single band at 100 kDa, implying that purified espin 1 is in monomeric form (Figure 3C). To determine the actin bundling property of espin 1, Ni-NTA nanogold-labeled espin 1 was co-incubated with an actin filament (F-actin) (Figures 3D–F; Supplementary Figure S3). In the experiment, gold labeling was clearly observed along with F-actin, which represents espin 1 monomers binding the actin filaments (Figure 3E). Close-up views of the actin–espin 1 complex indicated that the espin 1 monomers cross-linked the two actin filaments (Figure 3E,F). Taken together, these results suggest that espin 1 monomers can induce actin bundling without multimerization.
[image: Figure 3]FIGURE 3 | 2D appearance of espin 1 visualized by negative staining single particle 2D analysis and functional assay using TEM. (A) Negative staining field of purified espin 1 (upper panel) and its 2D class averages (lower panel). Black arrowhead indicates the particles selected for class average. (B) Raw micrograph which shows Ni-NTA nanogold labeled espin 1 (upper panel) and focused-view of selected particles (lower panel) as indicated by arrowheads. The gold labeled particle shows 1:1 gold binding ratio indicating monomeric form. Scale bars: 50 nm for upper panel in both A and B; 20 nm for lower panel in both A and (B) (C) Non-reducing PAGE of espin 1. Lane 1 indicates reducing control; lane 2 demonstrates non-reducing condition without beta-mercaptoethanol. Black arrows indicate espin 1 band at 100 kDa. (D,E) Micrograph of Ni-NTA nanogold treated F-actin (D) and actin bundle formation by espin 1 (E). Arrows indicate espin 1 bound to F-actin within the bundles. Note that the localization of Ni-NTA nanogold in the gold-labeled images of espin 1 appears in the central position of the electron density map, possibly due to the position of the his-N-terminal of espin 1. Scale bars: 50 nm. (F) Close-up views of the actin bundle areas where Ni-NTA nanogold labeled espin 1 bound. Scale bars: 20 nm.
Available espin 1 binding subdomain of F-actin
Further studies were conducted to gain more detailed insights into the bundling mechanisms of espin 1. A co-sedimentation assay was performed with gelsolin, which is known to have an actin-severing activity by binding at actin subdomains 1 and 3 (Figure 4) (McLaughlin et al., 1993; Chumnarnsilpa et al., 2009). When espin 1 interacted with actin, both actin and espin 1 bands were found in the pellet, implying actin bundling formation (Figure 4A). In contrast, when gelsolin was treated with actin, the bands relevant to gelsolin were only found in the supernatant portion due to the actin severing activity (Figure 4A). Interestingly, when actin was mixed with both gelsolin and espin 1, gelsolin was found only in the supernatant regardless of the protein addition order, whereas espin 1 was found in pellets with actin (Figures 4A,B). Similar results were observed in the TEM-based structural analysis (Figures 4C–H). First, the actin-bundling activity of espin 1 and the severing effect of gelsolin were confirmed in this experiment (Figures 4D,E). Consistent with the results of previous gel experiments, actin bundling was observed in the actin–espin 1-gelsolin mixture, regardless of the order of addition of each protein (Figures 4F–H). This may be due to the actin binding of espin 1, preventing the access of gelsolin to actin or protecting actin from severing by espin 1 actin bundling.
[image: Figure 4]FIGURE 4 | Actin bundling assay (competitive co-sedimentation assay) of espin 1 and gelsolin. (A,B) SDS-PAGE results from co-sedimentation assay; (A) The general tendency of band migration with each actin binding proteins, gelsolin and espin 1 (Molar ratio of 4:2:1). Lanes S and P represent the supernatant and the pellet respectively. The arrows indicate the relevant to each protein, actin (∼42 kDa), espin 1 (∼100 kDa) and gelsolin (∼84 kDa) respectively. (B) Espin 1 and gelsolin treatments in reverse order (i.e., Adding espin 1 to actin-gelsolin mixture (denoted as (F-actin + Gelsolin) +Espin 1) and treating gelsolin to actin–espin 1 mixture (represented as (F-actin + Espin 1) + Gelsolin). M indicates protein marker in kDa. (C–H) Electron microscopic analysis of actin-severing and bundling activities of gelsolin and espin 1. Raw micrographs representing F-actin alone (C), F-actin + Espin 1 (D); F-actin + Gelsolin (E); F-actin + Espin 1 + Gelsolin random mixture (F); (F-actin + Gelsolin mixture) + Espin 1 (G) and (F-actin + Espin 1 mixture) + Gelsolin (H). Scale bars: 50 nm.
Determination of espin 1 binding subdomain of the F-actin
To define a more conclusive espin 1 binding subdomain of F-actin, a co-sedimentation assay was performed with myosin S1, which is well-known to bind actin subdomain 1, following a concept similar to the gelsolin treatment experiment (Holmes et al., 2004; Lorenz and Holmes, 2010). Upon centrifugation, both proteins moved to supernatant, indicating a non-polymerized form (Figure 5A). When these proteins were treated with F-actin, the gel band shifted to a pellet band, indicating that each protein was bound to actin filaments (Figure 5B). Furthermore, when F-actin was treated with espin 1 and myosin S1, the SDS-PAGE showed co-localized bands of espin 1, myosin S1, and actin in the pellet, suggesting that these two proteins do not share the same binding site (Figure 5C). Myosin S1 is a well-known actin-binding part of striated muscle myosin containing myosin head which binds to actin subdomain 1 (Holmes et al., 2004). N-terminal ankyrin repeat (AR) of espin 1 is also known to interact with only Tail homology domain (THDI) of myosin 3 and there is no interaction is revealed with C-terminal actin binding domain and myosin head region (Liu et al., 2016). Thus, myosin S1 cannot bind espin 1 but only interact with F-actin indicating one of the espin 1 binding sites of actin is its subdomain 3, but not 1. The gel band thicknesses of espin 1 and myosin S1 showed differences in migration, which may be due to steric hindrance of the actin filament configuration. It is difficult for myosin S1 to bind to the core of the actin bundle after the latter is built by espin 1, and also for myosin S1 decorated actin filaments to form compact actin bundles that interfere with the binding of espin 1.
[image: Figure 5]FIGURE 5 | Actin binding assay (competitive co-sedimentation assay) of espin 1 and myosin S1. (A–C) SDS-PAGE results derived from co-sedimentation assay. (A,B) General tendency of band migration with actin binding proteins, espin 1 and myosin S1 (Molar ratio of 4:4:1). Lanes S and P represent the supernatant and the pellet respectively. The arrows indicate the consistent to each protein, actin (∼42 kDa), espin 1 (∼100 kDa), heavy chain of myosin S1 (∼97 kDa), Essential (∼25 kDa), and Regulatory (∼20 kDa) light chains of myosin S1 respectively. Espin 1 and myosin S1 treatments in reverse order (i.e., Adding myosin S1 to actin–espin 1 mixture (denoted as (F-actin + Espin 1) + Myosin S1) and treating espin 1 to actin-myosin S1 mixture (represented as (F-actin + Myosin S1) + Espin 1). M indicates protein marker in kDa.
DISCUSSION
To date, investigations on espin 1 have focused on understanding the genetic sequences, motifs, domains, actin bundling based molecular studies, stereocilial morphogenesis, and elongation through in vivo studies (Bartles et al., 1996; Sekerková et al., 2006b; Zheng et al., 2014; McGrath et al., 2017; Qi et al., 2020). However, the structural organization of espin 1 at the molecular level is still unknown. Moreover, structural analysis requires clear and native conditions, excluding detergent, if possible, but every study of recombinant espin 1 in E. coli overexpression has used sarkosyl to dissolve inclusion bodies. For this structure-based study, we controlled and optimized the protein expression rate through low-temperature IPTG induction instead of detergent treatment and successfully purified the soluble form of espin 1 (Figures 1, 2). Using a detergent-free purification of recombinant espin 1 followed by its gel and TEM analyses, this study revealed interesting new results. Based on the simple single-particle analysis (to create 2D class averages of the full-length espin 1 molecule) and Ni-NTA nanogold labeling, it was confirmed that espin 1 formed a monomeric conformation and functioned its actin binding/bundling activity in a monomeric-fashion, in vitro (Figure 3). To understand the specific binding subdomain of actin for espin 1, a competitive binding reaction with gelsolin was conducted. As it is well known that actin contains two binding sites for gelsolin (i.e., subdomains 1 and 3), we hypothesized that the actin severing effect of gelsolin can be hindered with espin 1 binding if gelsolin and espin 1 share the binding sites. The actin-severing effect of gelsolin was also shown to be prevented by co-incubation with espin 1 in an order-independent manner (Figure 4). The indirect analytical method for deducing the actin bundling mechanism of espin 1 suggested the possibility that the two proteins share a common subdomain with actin. Since the actin subdomain responsible for gelsolin binding is known, it can be assumed that subdomains 1 and/or 3 could be involved in espin 1 binding. In addition, a subsequent co-sedimentation assay with myosin S1 demonstrated the suggestive evidence that espin 1 binding interface of F-actin is actin subdomain 1 but not 3 (Figure 5). The findings of our study serve as an important methodological platform for further investigations of the actin cytoskeleton. In addition, the findings of this study provide additional understanding of the actin-espin 1 interaction using molecular and structural approaches, and to the best of our knowledge, this is the first study on the espin 1 bundling mechanism. Although it could not confirm specific amino acid residue interactions on the actin and espin 1 binding interface due to negative staining EM resolution limits, indirect tracing results provide suggestive evidence for domain-level actin-espin 1 interactions. More accurate molecular interactions between actin and espin 1 can be determined using high-resolution structural analysis, such as cryo-electron microscopy (cryo-EM). With further research, it is likely that we can determine the mechanism of interaction between actin and espin 1 and provide novel insights for treating various stereocilia-associated disorders, such as hearing loss and vestibular dysfunction.
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