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Immunocytochemical Localization of the Kinetochore Protein Nuf2p on the Gametophyte Chromosomes of a Cultivar of Saccharina (Phaeophyta)
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Nuclear filament-containing protein 2 (Nuf2p), a centromere-associated protein, is an indispensable component of Ndc80 complex, which is important for stable microtubule–kinetochore attachment, chromosome pairing, and spindle assembly in mitosis. Based upon contig sequences coding for Nuf2p from a pyrosequencing transcriptome of Saccharina japonica, primers were designed for molecular cloning of this kinetochore protein. The open reading frame (ORF) of this gene SjNuf2 was 1,452 bp long, encoding a putative protein consisting of 483 amino acids. Multi-sequence alignment showed SjNuf2p possessed several conserved domains of Nuf2, Spc7, SPT2, and MIT. To illustrate the location of SjNuf2p using immunocytochemistry, its ORF was inserted into a prokaryotic expression vector pET-28a. Then, the recombinant SjNuf2p (rSjNuf2p) was induced to be expressed in Escherichia coli. The rSjNuf2p was verified by Western blotting with the commercial anti-6 × His-tag antibody and then purified using affinity chromatography. The polyclonal antibody of anti-SjNuf2p was raised against the purified rSjNuf2p. Western blotting with this prepared antibody showed the presence of SjNuf2p in the gametophytes of a Saccharina cultivar. SjNuf2p and α/β-tubulin were subsequently co-localized to the paraffin sections of kelp chromosomes with their corresponding antibodies, thus illustrating that SjNuf2p could reside at the kelp centromeres. This study laid a solid foundation for kelp centromere and karyotype analyses.
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INTRODUCTION

Chromosomes of Saccharina japonica (Aresch.) C. E. Lane, C. Mayes, Druehl et G. W. Saunders (=Laminaria japonica Aresch.) are numerous in number and small in size (Evans, 1963; Yabu and Yasui, 1991; Lewis, 1996). Their features, short rod-like or even dot-like shaped, prevent the karyotype analysis using routine cytological methods only. However, after the enzymatic treatment for kelp chromosome preparation and the staining with 4′,6-diamidino-2-phenylindole (DAPI), Liu et al. (2012) successfully localized a female-specific marker on one of the kelp gametophyte chromosomes by use of fluorescence in situ hybridization (FISH). Using such a protocol, Liu et al. (2017) illustrated the location of ribosomal RNA (rRNA) genes on kelp chromosomes, and Yang et al. (2017) provided the first cytogenetical evidence that the telomere of S. japonica chromosomes was Arabidopsis-type. For lack of available centromeric DNA sequences so far, there is no report on the precise localization of chromosomal centromeres and subsequent karyotype analysis of S. japonica using FISH technique.

Centromere, appearing at the constricted regions of mitotic chromosomes, is a functional locus and responsible for chromatid cohesion and segregation in mitosis (Przewloka and Glover, 2009; Oliveira and Torres, 2018). Just at the centromere, kinetochore, linking centromeric DNA to spindle microtubules, is constituted by a number of conserved protein complexes to form a proteinaceous structure (Westermann et al., 2007; Cheeseman and Desai, 2008). Of these complexes, Ndc80 complex is a long, dumbbell-shaped hetero-tetramer built mainly from the four proteins Nuf2p (nuclear filament-containing protein 2), Hec1p (highly expressed in cancer 1) or Ndc80p (nuclear division cycle 80), Spc24p (spindle pole body component 24), and Spc25p in both yeast Saccharomyces cerevisiae and humans Homo sapiens (Liu et al., 2007; Ciferri et al., 2007; Westermann et al., 2007; Santaguida and Musacchio, 2009), thus showing its conservation. The carboxyl termini of Spc24p and Spc25p anchor the Ndc80 complex into the kinetochore, whereas amino-terminal domains of Nuf2p and Hec1p reside exterior to Spc24 and Spc25, poised to interact with the plus ends of spindle microtubules (Sundin et al., 2011). It is therefore suggested that Nuf2p, product of the gene Nuf2, played an important role in the attachment of microtubules to the centromeres of chromosomes by directly binding microtubules for spindle assembly and chromosome alignment at metaphase.

Nuf2 was first discovered in S. cerevisiae, and its product was identified to be a protein associated with the spindle pole body (Osborne et al., 1994). To date, a few reports were focused on Nuf2 mainly in budding yeast S. cerevisiae (Osborne et al., 1994; Wigge and Kilmartin, 2001), fission yeast Schizosaccharomyces pombe (Nabetani et al., 2001; Asakawa et al., 2005), and humans H. sapiens (DeLuca et al., 2002; Liu et al., 2007). Nuf2 is rarely investigated in plants and has only been reported in Arabidopsis thaliana (Ramahi, 2012; Shin et al., 2018). By fusion expression of green fluorescent protein in Arabidopsis, Shin et al. (2018) observed that this gene product Nuf2p (GenBank accession No. AEE33765) was co-localized with the Ndc80 complex at the outer kinetochore for the binding to the acidic tails of the α- and β-tubulin dimers in microtubules. Taken together, these reports demonstrated that Nuf2 was conserved between point and regional centromeres (Joglekar et al., 2008) and even in the examined organisms as suggested by Wigge and Kilmartin (2001). Accordingly, we suspected that such a key protein at the kinetochore–microtubule interface might also be conserved in other organisms such as a cultivar of Saccharina.

In general, connecting microtubules to chromosomes via kinetochores occurred only at the centromeres in cell division. This fact reminded that we can use immunocytochemistry to functionally identify the gene SjNuf2 by co-localizing SjNuf2p with microtubules on the kelp chromosomes. With this in mind, following molecular cloning of SjNuf2 from the cultivar of Saccharina with the designed primers based on its contig coding sequence from a pyrosequencing transcriptome of this kelp (Ye et al., 2015), it was heterologously expressed in Escherichia coli. Against the isolated and then purified recombinant SjNuf2p (rSjNuf2p), anti-SjNuf2 polyclonal antibody was generated. Using the purified anti-SjNuf2 antibody, the site of SjNuf2p on the kelp chromosomes was illustrated by immunocytochemically co-localizing with commercial α/β-tubulin antibody. To our knowledge, this is the first report on algal Nuf2 protein, and the present study will lay a solid foundation for obtaining centromeric DNA and subsequently analyzing karyotype of this kelp by use of FISH.



MATERIALS AND METHODS


Algal Strain and Culture

The Rongfu strain, a hybrid cultivar between S. japonica and Saccharina longissima, was selected as the algal materials in the present study. Its gametophyte clones germinated from zoospores were isolated under a microscope and cultured in 500-ml flasks under vegetative growth conditions of 30 μmol photons m–2 s–1 at 17 ± 1°C, with a photoperiod of 12:12 h (light:dark) as previously described (Zhou and Wu, 1998). During culture, the flasks were shaken several times by hand at intervals each day, and the Provasoli’s enriched seawater (PES) medium (Starr and Zeikus, 1993) was replaced every 2 weeks.



Complementary DNA Cloning of SjNuf2

Total RNA was extracted from Saccharina gametophytes using TRIzol reagent according to the manufacturer’s instructions (Invitrogen, Carlsbad, CA, United States). Complementary DNA (cDNA) was synthesized from the extracted total RNA using the PrimeScriptTM RT Reagent Kit (TaKaRa, Kyoto, Japan). The open reading frame (ORF) of SjNuf2 was amplified with one pair of designed primers Nuf2-U (5′-ATGGGTGATGGCGGGGAC-3′) and Nuf2-D (5′-TCACGTAATCACGGTGGAGGAA-3′) based on one screened contig (SJ19509) sequence from a pyrosequencing transcriptome of this kelp (Ye et al., 2015). Twenty-five-microliter reaction volume contained 1 μl of the synthesized cDNA, 12.5 μl 2 × pfu PCR Master Mix (Tiangen Biotech, Beijing, China), 1 μl each forward and reverse primers Nuf2-U/Nuf2-D (10 μM), and 9.5 μl distilled deionized H2O (ddH2O). Polymerase chain reaction (PCR) was performed in a gradient Mastercycler (Eppendorf, Hamburg, Germany) and programmed as described by Hu and Zhou (2001) except for the 35 cycles of the reaction and annealing at 67.2°C for 1 min. The amplified products were resolved on a 1.0% low-melting-point agarose gel for DNA recovery. The target product was recovered using the agarose gel purification and extraction kit (Aidlab Biotech, Beijing, China) and was ligated to a pMD19-T vector (TaKaRa, Kyoto, Japan). The constructed vector pMD19T-SjNuf2 was subsequently transformed into E. coli DH5α competent cells (Tiangen Biotech, Beijing, China), and several positive clones were sent to Sangon Biotech (Shanghai, China) Co., Ltd., for sequencing.



Bioinformatics Analysis

The amino acid compositions of the corresponding deduced protein, SjNuf2p, was analyzed online using NCBI1. The molecular weight and isoelectric point of this protein were estimated online using ProtParam2. Signal peptide site of SjNuf2p was predicted by SignalP 4.1 Server3, while transit peptide site of this protein was predicted by TargetP 1.1 Server4 and ChloroP 1.1 Server5. The functional domain of SjNuf2p was predicted using SMART6, and its α-helical coiled-coil structure was done using Paircoil7 (McDonnell et al., 2006). Protein sequences of Nuf2p from different organisms were retrieved from NCBI8. Homologous sequences of Nuf2ps were aligned using ClustalW embedded in MEGA 6.0 program (Tamura et al., 2013), and phylogenetic inference after removal of gaps by hand was constructed using MEGA 6.0 program with the neighbor-joining (NJ) method. The superimposed images of the SjNuf2p tertiary structure were obtained from SWISS-MODEL9.



Heterologous Expression and Preparative Polyclonal Antibody of SjNuf2p

The gene SjNuf2 was cloned by using the primers Nuf2-heU (5′-GGATCCATGGGTGATGGCGGGGAC-3′, italic letters showing the recognition site of BamHI) and Nuf2-heD (5′-AAGCTTCGTCACGGTGGAGGAAGGT-3′, italic letters denoting the recognition site of HindIII). Twenty-five-microliter reaction volume consisted of 1 μl plasmid DNA of pMD19T-SjNuf2, 12.5 μl 2 × pfu PCR Master Mix (Tiangen Biotech, Beijing, China), 1 μl each forward and reverse primers Nuf2-heU/Nuf2-heD (10 μM) and 9.5 μl ddH2O. PCR was performed as mentioned above except for the annealing at 73°C. The target product was ligated into a pET-28a prokaryotic expression vector digested by both BamHI and HindIII. The resulting construct pET28a-Nuf2 was transformed into E. coli BL21 (DE3) competent cells (Tiangen Biotech, Beijing, China). Colony PCR and nucleotide sequencing were performed to confirm the orientation and reading frame of this ligated insert.

The expression of the recombinant protein in transformed E. coli cultures was induced by addition of 1 mM isopropyl-β-D-thiogalactoside (IPTG) as described by Ye et al. (2014). Crude cell extracts were prepared by sonicating (W220F Ultrasonics, Ningbo, China) cells suspended in phosphate buffer saline (PBS) (0.137 M NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 2 mM KH2PO4) at 4°C. Denaturing sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) was performed according to Laemmli (1970), and protein was quantified using the Bradford method (Bradford, 1976). Antiserum was obtained from the immunized rabbits with the recombinant protein, which was purified from the transformed E. coli with pET28a-Nuf2/BL21 using Bio-ScaleTM Mini ProfinityTM IMAC Cartridges nickel columns (Bio-Rad, Hercules, CA, United States). The antibody was further purified according to the method as described by Olmsted (1981) and Ritter (1991).



Western Blot Analysis

This anti-SjNuf2 polyclonal antibody was used in Western blot analysis of SjNuf2p. Western blotting procedures were carried out essentially as described by Ye et al. (2014) with slight modifications. The total proteins of the transformed E. coli, with and without the insertion of SjNuf2, were separated by 12% SDS-PAGE. After electrophoresis, the proteins were electronically transferred onto nitrocellulose membranes. The protein blot was blocked with 5% skim milk powder in Tris-buffered saline Tween 20 buffer (TBST; 0.137 M NaCl, 2.7 mM KCl, 0.025 M Tris, and 0.05% Tween 20 at pH 7.4) and incubated with the purified antibodies in a suitable dilution at room temperature for 1 h. Next, washed in TBST several times and incubated with a secondary antibody, anti-rabbit IgG labeled by horseradish peroxidase (Youke Biotech, Shanghai, China) diluted 1:1,200 in TBST at room temperature for 1 h and washed again. The color reaction was visualized with diaminobenzidine following the manufacturer’s instructions (Tiangen Biotech, Beijing, China). The Western blot was performed with gradient dilutions of antibody until the blotting signals were strong but less background. Then the Western blotting analysis in female and male gametophytes was performed as above, but the proteins were extracted using the radioimmunoprecipitation assay (RIPA) lysis buffer (Thermo Scientific, Rockford, IL, United States), and the color reaction was developed with SuperSignalTM West Pico PLUS Chemiluminescent Substrate (Cat. No. 34580) (Thermo Scientific, Rockford, IL, United States) following the manufacturer’s instructions.



Paraffin Section and Immunostaining Techniques

The gametophytes were centrifuged for sampling and kept submerged in 0.1% colchicine for the observation of metaphase chromosomes at 4°C overnight. If the interphase nucleus and tubulin cytoskeleton were observed, the samples were not treated by colchicine. After washing with sterile seawater twice, the collected gametophytes were fixed in the mixture of 1.5% paraformaldehyde and 0.5% glutaraldehyde in a 4°C fridge overnight. The fixed gametophytes were dehydrated by a gradually increasing ethanol series from 30 through 100%. They were then embedded in paraffin (58°C) after the routine process of paraffin infiltration in xylene (Jensen, 1962). Paraffin-embedded samples were sectioned by a Leica rotary microtome (RM 2235) (Leica Biosystems, Nussloch, Germany) in a thickness of 7 μm, and sections were placed on poly-D-lysine-coated slides. Sections adhered to the coated slides were baked at 25°C for 1–2 h and then at 40°C for another 30 min. The baked slides were foiled to avoid light and kept in a 4°C fridge if not viewed immediately. Meanwhile, the mitotic metaphase chromosomes were spread on slides after treatment with a mixture of enzymes as described by Liu et al. (2012) as a control.

The stored slides were dried at 60°C for 1 h and dewaxed in two changes of xylene for 10 min each change and transferred to the mixture of xylene:ethanol (1:1, v/v) for another 10 min. These slides were sequentially hydrated in a series of decreased ethanol from absolute ethanol through 30% to ddH2O for 5 min at a time. The sections were then incubated in a Tris-ethylenediaminetetraacetic acid (EDTA) solution containing 10 mM Tris, 1 mM EDTA, and 0.05% Tween 20 (pH 9.0) at 94°C for 20 min for antigen retrieval. After washing in 1 × PBST (0.05% Tween 20 added into PBS) solution containing 0.1% Triton X-100 three times, 10 min each time, the antigen-repaired slides were placed in a moist chamber and mounted with an appropriate amount of 2% bovine serum albumin (BSA) at room temperature for 1 h. Air dried later, these slides were incubated for 1 h with mixtures of primary antibodies, anti-SjNuf2 polyclonal antibody, and anti-α/β-tubulin antibody (Cat. No. 2148) (Cell Signaling Technology, Danvers, MA, United States), using dilutions that had been established by preliminary titration. Slides were then washed in 1 × PBS three times and incubated in the dark for 1 h with secondary antibodies conjugated to Alexa Fluor® 647 (Cat. No. ab150083) and Alexa Fluor® 488 (Cat. No. ab150077) (Abcam, Cambridge, United Kingdom). Slides were then rinsed in 1 × PBS and counterstained by incubation for 10 min with 1 μg ml–1 DAPI (Vector Laboratories, Burlingame, CA, United States).



Fluorescence Microscopy and Image Acquisition

Images were taken with a Leica DM4000 B LED epifluorescene microscope (Wetzlar, Germany) equipped with different filter sets and a digital camera DFC550 (Heerbrugg, Switzerland). Three kinds of fluorescent signals, Alex Flour® 488 (green), Alex Flour® 647 (red), and DAPI (blue), were detected at the emission wavelength of 519, 668, and 460 nm, respectively. All images were processed using Adobe Photoshop 7.010 and ImageJ11 software for color contrast, brightness uniformity, and even the conversion into gray-scale images.



RESULTS


Characterization of the Coding Sequence of Kinetochore Protein SjNuf2p

With the designed primers Nuf2-U and Nuf2-D based on one contig (SJ19509) sequence being annotated SjNuf2 in a pyrosequencing transcriptome of S. japonica (Ye et al., 2015), one product, as shown by gel electrophoresis (Supplementary Figure 1), was amplified by PCR. It was recovered and cloned from the electrophoretic gel for sequencing, and it was 1,452 bp in length and deposited in GenBank under accession No. MN242776. BLASTx searching result showed that the similarity of this cloned gene with other Nuf2 genes was interestingly low, and the highest only 58.37% of identity was found between SjNuf2 and its homolog (GenBank No. CBN74724.1) from Ectocarpus siliculosus that also belonged to brown algae. This is consistent with the low identity of other kinetochore proteins between species, as reviewed by Cheeseman and Desai (2008).

The protein SjNuf2p, encoded by kelp SjNuf2 was predicted to be composed of 483 amino acids with a molecular weight of 53.97 kD and isoelectric point of 8.14. Neither signal peptide nor transit peptide was predicted by the SignalP 4.1 Server or the ChloroP 1.1 Server, indicating that SjNuf2p could work in other than chloroplasts or mitochondria of a kelp cell. TargetP 1.1 Server predication suggested that SjNuf2p might reside in the other spaces such as nucleus or cytoplasm because the scores (0.802) were more than those in chloroplast (0.061), mitochondrion (0.115), or secretion pathway (0.148).

Multiple sequence alignment (Figure 1) showed that the amino-terminal sequence of SjNuf2p was relatively conserved, whereas the carboxyl-terminal sequence varied greatly. This might be interpreted that the main functional domain of Nuf2p was positioned from Tyr-9 to Glu-142 (Figure 1). The other main functional domains included Spc7 (from Ile-103 to Asp-411), SPT2 (from Lys-147 to Gln-244), and MIT (from Ser-283 to Arg-348) (Figure 1). Of these domains, Spc7 is a domain of kinetochore protein, which exists in the kinetochore-spindle-related cytokinin (Kerres et al., 2004). Spc7p is also a component of the NMS (Ndc80-MIND-Spc7) supramolecular complex, and it plays an important role in the late stage of cell meiosis and the whole process of mitosis (Jakopec et al., 2012). SPT2 is one of the domains of chromatin protein and participates in the regulation of histone H3 transcription level (Nourani et al., 2006). The MIT domain forms an asymmetric three-helix bundle, and this domain is found in vacuolar sorting proteins, spastin (probable ATPase involved in the assembly or function of nuclear protein complexes), and a sorting nexin (Takasu et al., 2005), which may play a role in intracellular trafficking.
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FIGURE 1. Multiple sequence alignment of Nuf2ps from several organisms. Conserved residues and the residues with 70% identity are highlighted in black and gray, respectively. The underlined indicates Spc7 domain.


The reconstructed phylogenetic analysis (Figure 2) inferred from the retrieved 35 Nuf2 proteins illustrated that it was divided into four clades comprising higher plants [bootstrap value (BV) = 100%], archegoniatae (BV = 100%), cryptophytes (BV = 100%), and algae excluding cryptophytes (BV = 89%). In the latter clade, S. japonica situated and constituted the subclade heterokonts (BV = 56%) with other related species. The other subclades of this algal cluster excluding cryptophytes were green (BV = 100%) and red (BV = 95%) algae. As proposed by Gould et al. (2008) and Keeling (2010), heterokonts or stramenopiles including the cultivar of Saccharina might be descended from an ancestor via secondary endosymbiosis when it took up a red alga. That is to say, heterokonts, red and green algae, both of the latter two that were widely accepted as primarily endosymbiotic descendants, possibly evolved from ancestors with a plastid of different origins (Keeling, 2010). Accordingly, red algae should be located at the base of this algal clade as shown in the constructed phylogenetic tree (Figure 2), followed by heterokonts but not green algae. This confused phylogenetic relationship between green algae and heterokonts could be interpreted that Nuf2p might be encoded by a much conserved homologous gene in the two assumed eukaryotic ancestors for primary or secondary endosymbiosis, thus showing its evolutionary conservation in function.
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FIGURE 2. Neighbor-joining phylogenetic tree inferred from the deduced amino acid sequences of Nuf2 genes from different species of organisms. This phylogenetic tree was reconstructed by 279 amino acids after removal of gaps by hand. All of the accession numbers are presented in parentheses after the Latin names. Branch lengths are proportional to the number of substitutions per site (see the scale bar). The numbers at the nodes indicate the neighbor-joining bootstrap values (BV) (only values ≥50% are shown). The Nuf2p from the Saccharina cultivar is marked by an arrow.


Although SjNuf2p had low identity with its homologs in amino acid sequence, they all possessed special functional domains such as Nuf2, Spc7, SPT2, and MIT domains, indicating that their structures and functions were quite conserved, as suggested by Cheeseman and Desai (2008). Moreover, α-helical coiled-coil structure, which was present in yeast and human Nuf2p (Osborne et al., 1994; Wei et al., 2005), was predicted using Paircoil2, and this structure was built by five fragments that spanned the amino acid sequence of SjNuf2p from 155 to 201, 211 to 248, 250 to 320, 330 to 360, and 384 to 421 sequentially.



Heterologous Expression of SjNuf2 in Escherichia coli

One pair of primers Nuf2-BamHI-U and Nuf2-HindIII-D was designed on the basis of SjNuf2 ORF sequence. The size of the amplified product with these primers was 1,464 bp (Lane 1 in Supplementary Figure 2) as expected after cloning and sequencing. This product was ligated to generate the vector pMD-19T-SjNuf2. Both pMD-19T-SjNuf2 and the vector pET-28a were digested separately by the combined restriction endonucleases BamHI and HindIII (Lanes 2 and 3 in Supplementary Figure 2). The recombinant vector pET-28a-SjNuf2 was then constructed by T4 ligase, and it was transformed into E. coli DH5α competent cells for duplication. The construct pET-28a-SjNuf2 was extracted and sequenced for clarification and subsequently was transformed into the competent cells of E. coli BL21 (DE3) to obtain the transgenic E. coli strain 28a-SjNuf2-BL21. The construct pET-28a-SjNuf2 was extracted from the transgenic strain and digested by BamHI and HindIII for verification. Two digested products were generated as shown by agar gel electrophoresis (Lane 4 in Supplementary Figure 2). One was identical with the length (about 5.5 kb) of digested pET-28a (Lane 3 vs. 4 in Supplementary Figure 2), and the other was the same size (approximately 1.5 kb) as the target genes (Lane 1 vs. 4 in Supplementary Figure 2). This digestion pattern and sequencing analysis of the target gene (data not shown) suggested that the prokaryotic expression vector carrying SjNuf2 that was fused with six residues of histidine at the amino terminus was constructed as designed.

Isopropyl-β-D-1-thiogalactopyranoside was added to the culture of transgenic strains 28a-SjNuf2-BL21 and 28a-BL21 to induce the expression of target gene. The intact cells of these two transgenic lines were employed to SDS-PAGE analysis. An extra band at approximately 60 kD was present in the strain harboring SjNuf2 while comparing to the other transgenic one 28a-BL21 carrying the empty vector pET-28a alone (Lane 1 vs. 2 in Supplementary Figure 3). Moreover, this band was inducibly expressed by addition of IPTG as comparing Lanes 3 and 4 in Supplementary Figure 3. This band, however, looked larger than the encoded protein of SjNuf2 in size (53.97 kD estimated in theory), since 52 amino acids (5.41 kD estimated theoretically) including 6 × His-tag were fused at the amino-terminal of SjNuf2p. The 52-amino acid peptide was encoded by the nucleotides upstream of BamHI of expression vector pET-28a. Therefore, this band might be the recombinant protein according to the size of estimated molecular weight. To further confirm this, 6 × His-tag-labeled protein polyclonal antibody was used to detect the extracted proteins from the transformed strain harboring SjNuf2 by Western blotting analysis. At approximately 60 kD corresponding to the standard molecular weight of proteins, one immunoblotting signal exclusively emerged (Lane 5 in Supplementary Figure 3). Collectively, these results indicate that Nuf2p of the Saccharina cultivar has been heterologously expressed in E. coli.



Purification of Recombinant SjNuf2p and Its Polyclonal Antibody

Both precipitation and supernatant of the broken transgenic strain 28a-SjNuf2-BL21 were separately collected after centrifugation and resolved by SDS-PAGE analysis. The electrophoresis profile demonstrated that rSjNuf2p was expressed mainly in the form of inclusion bodies (Lane 2 in Supplementary Figure 4). To obtain a large amount of rSjNuf2p for antibody generation, the inclusion bodies were dissolved with 8 M urea, and the resulting sample was loaded to IMAC nickel column for affinity chromatography purification using the fused 6 × His-tag with rSjNuf2p. Compared with the elution buffers containing low concentrations of imidazole (5, 10, 20, and 30 mM) (Lanes 4, 5, 6, and 7, respectively, in Supplementary Figure 4), 250-mM imidazole buffer could be used to purify the recombinant protein so that the target band was predominant (Lane 8 in Supplementary Figure 4). After elution with 250-mM imidazole buffer, the remainder in the column was less (Lane 9 in Supplementary Figure 4). Therefore, rSjNuf2p can be purified by using the denatured elution buffer comprising 250 mM of imidazole for animal immunization to produce the corresponding antibody.

The affinity-purified rSjNuf2p was employed to immunize New Zealand white rabbits. After immunization, antiserum was collected from the immunized rabbits. The titer of anti-SjNuf2 polyclonal antibody in the antiserum was 1.024 × 106 as determined by indirect ELISA assay, thus suggesting that it could meet the requirements of subsequent experiments. Prior to quality detection, this prepared antibody was purified further with the purified rSjNuf2p.



Co-localization of SjNuf2p With α/β-Tubulin on Saccharina Chromosomes

The purified anti-SjNuf2 polyclonal antibody was used to detect the total extracted proteins from Saccharina gametophytes by Western blot analysis. The immunoblotting pattern demonstrated that only one signal was present at around 54 kD (Lane 2 in Figure 3). The location of this blotting signal corresponding to 54 kD coincided with the predicted molecular weight of SjNuf2p (53.97 kD), suggesting the high quality of purified polyclonal antibody. In addition, this Western blotting result supported the absence of signal and transit peptides in SjNuf2p, as predicted by SignalP and ChloroP Servers.
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FIGURE 3. Western blot profiles of the total proteins extracted from Saccharina gametophytes. Lane M, PageRuler Prestained Protein Ladder (Thermo Scientific, Shanghai, China); Lane 1, electrophoresis profiles of the total extracted proteins using radioimmunoprecipitation assay (RIPA) buffer; Lanes 2 and 3, the blotting signals as stained with anti-SjNuf2 and anti-α/β-tubulin antibodies, respectively.


Meanwhile, the commercially supplied anti-α/β-tubulin polyclonal antibody was tested using Western blot analysis with the total extracted proteins from Saccharina gametophytes. The blotting signals of α/β-tubulin looked weaker than that of SjNuf2p (Lane 3 vs. 2 in Figure 3) possibly due to the visualized reactions using diaminobenzidine rather than the more sensitive Pico PLUS Chemiluminescent Substrate used for SjNuf2p analysis. From the blotting profile (Lane 3 in Figure 3), two blotting signals were found to be present in the total proteins of the cultivar gametophyte of Saccharina. One signal emerged at about 50 kD as estimated according to the standard proteins, and this size was consistent with the theoretical molecular weight of α- and β-tubulins deduced from their full-length mRNA sequencing data of this kelp (Bi et al., 2019; Supplementary Data 1, 2). The other signal corresponded to a protein with its molecular weight of about 40 kD. From the full-length mRNA sequencing data of this kelp (Bi et al., 2019), we also searched two β-tubulin genes that encoded proteins with their molecular weight near 40 kD (Supplementary Data 3, 4). These two β-tubulin proteins had 84.27% identity with the larger one (50 kD) in amino acid sequence, and all the four tubulin proteins had 73.36% identity with each other (Supplementary Figure 5). Apparently, these pieces of information about kelp α- and β-tubulin genes needed to be confirmed by further experiments, though their molecular weights in size seem to be consistent with this blotting analysis (Lane 3 in Figure 3).

Prior to observations on the location of SjNuf2p on the kelp chromosomes, the interphase nucleus was checked. In the given image (upper panel in Supplementary Figure 6) of an interphase nucleus incubated with the purified anti-SjNuf2 polyclonal antibody, four distinguishable signals were present, showing that SjNuf2p was possibly concentrated on the chromatins. The number of signals was inconsistent with the haploid number chromosomes (n = 31) of this kelp gametophyte (Liu et al., 2012) possibly because the (peri)centromeric heterochromatin association was prevented by chromatin compactness (Schubert et al., 2013). To co-localize SjNuf2p and tubulin with their corresponding antibodies, the secondary antibodies were conjugated to Alexa Fluor® 488 and Alexa Fluor® 647, respectively. After immunostaining, the tubulin cytoskeleton was observed to be spread rather than spindle-like possibly due to the interphase nucleus of kelp gametophytic cells treated without colchicine (Figure 4), but SjNuf2p was found to be outside of the DAPI-stained nucleus different from the observation in the previous interphase nucleus (upper panel in Supplementary Figure 6). These localization patterns (Figure 4 and Supplementary Figure 6) were similar to those as reported by Hori et al. (2003), and Figure 4 might be for G1/S and Supplementary Figure 6 for late G2 of interphase nuclei at different stages. In the samples treated without colchicine (Figure 4 and upper panel in Supplementary Figure 6), it was difficult to find a distinguishable chromosome due to fewer nuclei at the metaphase stage and smaller size of kelp chromosomes (Liu et al., 2012). Accordingly, the gametophytes were treated with colchicine in order to determine the precise location of SjNuf2p on chromosomes.


[image: image]

FIGURE 4. Immunofluorescence images showing the tubulin cytoskeleton (red) and the localization of SjNuf2p (green) on the nuclei of Saccharina gametophytes counterstained with 4′,6-diamidino-2-phenylindole (DAPI) (blue). Merge I image is merged by SjNuf2, DAPI, and α/β-tubulin ones, and it and the bright field one produce Merge II image.


In the section of kelp gametophytes at metaphase immunostained only with the purified anti-SjNuf2 polyclonal antibody (lower panel in Supplementary Figure 6), eight of the 15 chromosomes, each had only one clear signal, suggesting that SjNuf2p might reside at the kelp centromeres. Similarly, in the given paraffin section co-stained with anti-SjNuf2 and α/β tubulin antibodies (Figure 5), there are 23 chromosomes as stained by DAPI, and they resembled the previously reported chromosomes in appearance (Liu et al., 2012). Immunofluorescence signals were present on nine chromosomes (Figure 5), which accounted for 39% of the observed chromosomes. On these nine chromosomes, when the green signal (SjNuf2p) presented, the red signal (α/β-tubulin) emerged, suggesting that they were co-localized at the same sites. Because the chromosomes fixed on the slides were sectioned instead of spread, the antigen on these chromosomes (i.e., centromeres) was not so much exposed at the same focal plane to its corresponding antibodies for immunological reaction that not all the chromosomes possessed the immunological signals. Two of these nine chromosomes were selected for a detailed illustration due to the presence of constricted regions as stained by DAPI (DAPI image in Figure 5). The enlarged images of the two chromosomes (merged image in Figure 5) indicated that both green (SjNuf2p) and red (α/β-tubulin) signals resided at the primary constrictions. This immunolocalization pattern not only identified SjNuf2p, which was one of kinetochore proteins assembled at centromeres as well in yeast and human, but also provided cytogenetical evidence that SjNuf2p was considered as a centromere marker for karyotype analysis in kelp. In addition, this result verified definitely that SjNuf2p worked in the kelp nucleus rather than the cytoplasm, thus replying the prediction of subcellular localization as mentioned above.
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FIGURE 5. Immunofluorescence images showing the co-localization of SjNuf2p (green) and α/β-tubulin (red) on Saccharina cultivar chromosomes counterstained with 4′,6-diamidino-2-phenylindole (DAPI) (gray). The insets in the merged image clearly illustrating that the signals are present at the centromeres of two selected chromosomes as indicated by arrowheads.


In the kelp haploid gametophytes, the mitotic metaphase chromosomes are composed of two sister chromatids. If SjNuf2p worked at the centromeres, the green fluorescence signals of this protein should emerge at the primary constrictions as an opposite pair (Suzuki et al., 1997). Nevertheless, this expected distribution of SjNuf2p on chromosomes was not observed in Figure 5 and Supplementary Figure 6. To avoid the potent negative effect of sectioned slides, squashed chromosomes after treatment with mixture of enzymes were used for immunostaining. The immunostained images (Supplementary Figure 7) illustrated that most green signals (SjNuf2p) were located in the same manner as shown in Figure 5 and Supplementary Figure 6, except for three chromosomes that showed the symmetric distribution of green signals (SjNuf2p): one was metacentric and two were telocentric. But the tubulin signals, unfortunately, were not observed in the squashed slides (Supplementary Figure 7), suggesting that the kinetochore–microtubule complex would be destroyed during the chromosome preparation with various enzymes. Accordingly, the asymmetric location of SjNuf2p on the kelp chromosomes in Figure 5 and Supplementary Figures 6, 7 was supposed to be that the chromosomes were not observed longitudinally or that the other opposite kinetochore was not assembled well or destroyed during the chromosome preparation.



DISCUSSION

According to our previous explorations of kelp cytogenetics using FISH technique (Liu et al., 2012; Liu et al., 2017; Yang et al., 2017), we propose that centromere is a breakthrough point for karyotype analysis of S. japonica. A lot of publications uncover the varied centromeric DNA in different organisms, but the kinetochore proteins assembled at the centromeres are evolutionarily conserved (Richards and Dawet, 1998; Jiang et al., 2003; Przewloka and Glover, 2009; Comai et al., 2017). Thus, the attachment of Nuf2p, one component of the Ndc80 complex, with microtubules for the segregation of chromosomes in mitosis (Osborne et al., 1994; Nabetani et al., 2001; DeLuca et al., 2002; Ciferri et al., 2008; Sundin et al., 2011; Shin et al., 2018) drew our attention.

After gene cloning of SjNuf2 from the gametophytes of a Saccharina cultivar, we knew it encoded a protein consisting of 483 amino acids. Multiple sequence alignments (Figure 1) illustrated that, amino acid sequences of Nuf2ps were not so identical among the organisms that SjNuf2p was only 58% identical with its homolog from Ectocarpus siliculosus that is classified as Phaeophyta with Saccharina. However, SjNuf2p is characterized by a Nuf2 domain (Figure 1) and a coiled-coil structure as predicted using the online available software. In addition, SjNuf2p has the domains of Spc7, SPT2, and MIT, as predicted using SMART, but their E-values (17,600, 25,400, and 281,000, respectively) are less significant than established cutoffs. Moreover, a calponin homology (CH) domain for actin binding has been reported to be present in humans HsNuf2p (Ciferri et al., 2008; Sundin et al., 2011) but absent in SjNuf2p, as predicted using all the available software. This possibly results from limited information about Nuf2p in the public protein database. To provide better evidence, the homology modeling of SjNuf2p (Supplementary Figure 8), superimposed with human HsNuf2p as a reference, illustrates that SjNuf2p is much more matched with HsNuf2p, thus suggesting that Nuf2p would be highly conserved in structure and consequently in function. The structural and functional conservation is also supported by the phylogeny inferred from the Nuf2 proteins (Figure 2), though they are not highly identical in the primary sequence of amino acids (Figure 1).

Based on the abovementioned reports that Nuf2p connects microtubules with chromosomes at the centromeres, we can use the commercial anti-α/β-tubulin antibody to identify the gene SjNuf2 by immunolocalization. Obviously, the anti-SjNuf2p antibody is the first thing to get ready for this study. Upon heterologous expression of SjNuf2 in E. coli, the rSjNuf2p was prepared and detected (Supplementary Figures 2–4). Then, the anti-SjNuf2 polyclonal antibody was raised against the purified rSjNuf2p by immunizing New Zealand rabbits. The specificity of the generated anti-SjNuf2 polyclonal antibody was determined by Western blotting analysis with the crude extracts from the cultivar gametophytes of Saccharina (Figure 3). Immunolocalization images (Figures 4, 5) of SjNuf2p and α/β-tubulin as stained with their antibodies illustrated that SjNuf2p was co-localized with α/β-tubulin on the same sites of kelp chromosomes, especially the two selected chromosomes (Figure 5) provided observable evidence that both immunofluorescence signals emerged at the centromeres. In addition, the green signals of SjNuf2p emerged at the primary constriction of a few chromosomes as an opposite pair (Supplementary Figure 7). SjNuf2p was proposed to be bound with microtubules at the kelp centromeres, resembling those in yeasts (Osborne et al., 1994; Nabetani et al., 2001; Wigge and Kilmartin, 2001; Asakawa et al., 2005), humans (DeLuca et al., 2002; Liu et al., 2007), and Arabidopsis (Ramahi, 2012; Shin et al., 2018). This architecture of the kinetochore microtubule interface was inferred to be a little resistant to the effect of depolymerization by colchicine (Morejohn and Fosket, 1991) from the red immunofluorescence signals of microtubules on the chromosomes after treatment with colchicine (Figure 5). The resistance to this chemical might owe to the occurrence of a protein termed CLASP, which was reported to suppress microtubule catastrophes (Aher et al., 2018), at the outer kinetochore (Maiato et al., 2004).

To our knowledge, this is the first report on Nuf2p in algae. There is any difficulty to overcome, for example, the emergence of 40-kD signal in the Western blot profile (Figure 3) as immunoblotted with the commercially available anti-α/β-tubulin antibody. Based upon the generally accepted high identity in α/β-tubulin amino acid sequences (at least 89% for α-tubulin while 87% for β-tubulin) (Fosket and Morejohn, 1992) and the high identity as reflected by multiple sequence alignment of the selected α/β-tubulin genes (Supplementary Figure 5), at least four genes are proposed in S. japonica to encode the α/β-tubulin proteins of these two immunoblotting signals. Two genes (one is α and the other is β) code for the 50-kD tubulin, and the other two (both are β) for the 40-kD one. In addition, the immunofluorescence signals are so smeared but not concentrated on the kelp chromosomes (Figure 5) that it is not easy to consider SjNuf2p as a marker directly for the karyotype analysis. However, as SjNuf2p resides at the kelp centromeres as described by the present study, this purified anti-SjNuf2 antibody could be employed to obtain the centromeric DNA using chromatin immunoprecipitation assay. Or if a candidate for the centromeric DNA is available, SjNuf2p could help to determine whether this candidate is or not localized at the kelp centromeres by FISH and immunocytostaining. The determination of centromeric DNA facilitates the identification, ratio estimates of long to short arms and pairing of the kelp chromosomes with the help of telomere and rRNA gene sequences, as documented by Yang et al. (2017) and Liu et al. (2017), respectively. Therefore, the present study will lay a solid foundation for subsequent karyotype analysis of this kelp using FISH technique. Karyotype analysis can provide an important basis for the cytogenetical classification, the relationships among species, and the variations of chromosome number and structure, with an emphasis on the distinctions between female and male chromosomes of this kelp as reviewed by Bi and Zhou (2014).
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