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Abstract

Junctophilin-2 (JP2) is a critical structural protein in the heart by stabilizing junctional membrane 

complexes between the plasma membrane and sarcoplasmic reticula responsible for precise Ca2+ 

regulation. Such complexes are essential for efficient cardiomyocyte contraction and adaptation 

to altered cardiac workload conditions. Mutations in the JPH2 gene that encodes JP2 are 

associated with inherited cardiomyopathies and arrhythmias, and disruption of JP2 function is 

lethal. Interestingly, cardiac stress promotes the proteolytic cleavage of JP2 that triggers the 

translocation of its N-terminal fragment into the nucleus to repress maladaptive gene transcription. 

We previously found that the central region of JP2 is responsible for mediating direct DNA 

binding interactions. Recent structural studies indicate that this region serves as a structural role 

in the cytosolic form of JP2 by folding into a single continuous α-helix. However, the structural 

basis of how this DNA-binding domain interacts with DNA is not known. Here, we report the 

backbone and sidechain assignments of the DNA-binding domain (residues 331–413) of mouse 

JP2. These assignments reveal that the JP2 DNA binding domain is an intrinsically disordered 

protein and contains two α-helices located in the C-terminal portion of the protein. Moreover, this 

protein binds to DNA in a similar manner to that shown previously by electrophoretic mobility 

shift assays. Therefore, these assignments provide a framework for further structural studies into 

the interaction of this JP2 domain with DNA for the elucidation of transcriptional regulation of 

stress-responsive genes as well as its role in the stabilization of junctional membrane complexes.
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Biological context

The JPH2 gene encodes Junctophilin-2 (JP2), a junctophilin family member that is essential 

for heart development (Chen et al. 2013; Reynolds et al. 2013; Takeshima et al. 2000), 

cardiomyocyte ultrastructural integrity and normal function (Guo et al. 2014; Landstrom 

et al. 2011; van Oort et al. 2011; Wei et al. 2010; Zhang et al. 2014). Mutations in 

JP2 are associated with hypertrophic and dilated cardiomyopathy and atrial arrhythmias 

(Beavers et al. 2013; Landstrom et al. 2007; Quick et al. 2017; Vanninen et al. 2018). 

Dysregulation of JP2 is considered an important factor in the pathogenesis of heart disease 

(Guo et al. 2014; Wang et al. 2018; Wei et al. 2010; Zhang et al. 2014). In mammals, 

there are four junctophilin genes that are expressed in a tissue-selective manner with JP2 

primarily expressed in striated and smooth muscle (Calpena et al. 2018; Garbino et al. 2009; 

Landstrom et al. 2011; Takeshima et al. 2000). It is now appreciated that junctophilins 

function to facilitate physiologically relevant Ca2+ crosstalk by stabilizing narrow junctional 

contacts between the plasma membrane (PM) and endo/sarcoplasmic reticula (ER/SR). PM 

Ca2+ influx channels within these contacts are positioned near ER/SR Ca2+ efflux channels 

in excitable cells and near stromal interaction molecule (STIM) Ca2+ sensing proteins in 

most cell types (Chang et al. 2017; Takeshima et al. 2015). This subcellular configuration 

is responsible for such processes as Ca2+-induced Ca2+ release and excitation–contraction 

coupling in muscle (Beavers et al. 2014; Chen et al. 2013; Corona et al. 2010), neuronal 

hyperpolarization and plasticity (Kakizawa et al. 2007; Moriguchi et al. 2006; Nishi et al. 

2002; Sahu et al. 2019), insulin secretion in pancreatic beta cells (Li et al. 2016), and 

store-operated Ca2+ entry in immune cells (Woo et al. 2016). In cardiomyocytes, JP2 is 

required for stabilizing the integrity of the T-tubule membrane network essential for normal 

Ca2+ homeostasis and excitation–contraction coupling in stressed heart (Guo et al. 2014; 

Wang et al. 2018; Wei et al. 2010; Zhang et al. 2014).

Recently, we found that the N-terminal fragment of JP2 (called JP2NT, mouse JP21−565) 

produced by Ca2+-dependent calpain cleavage in response to cardiac stress (Guo et al. 2015; 

Murphy et al. 2013; Wu et al. 2014) translocates to the nucleus and acts as a transcriptional 

repressor of stress-responsive genes (Guo et al. 2018). Deletion mutagenesis revealed that 

a JP2NTΔ331−405 construct localizes to the nucleus but fails to co-purify with chromatin, 

indicating loss of DNA binding. We further demonstrated that a GST-JP2331−405 fusion 

protein is sufficient for mediating direct DNA interactions by electrophoretic mobility shift 

assays. Initial sequence analysis and modeling suggested that residues ~ 350 to 420 of 

human JP2, corresponding to mouse JP2343−413, is a putative α-helical region that may be 

important in determining PM–ER/SR gap distance (Garbino et al. 2009; Gross et al. 2020; 

Nishi et al. 2000). Recently, crystal structures of the JP1 and JP2 N-termini were solved, 

revealing that human JP1 residues 351–413 and human JP2 residues 362–423 do form a 
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single long α-helix that packs tightly against the tandem 8 MORN repeat array responsible 

for cytosolic Cav1.1 ion channel interactions (Yang et al. 2022).

Although JP2 is critical for cardiac function, presently there are no structural studies 

reported for any of the junctophilin homologs or their domains with regard to their 

interaction with DNA. Given that JP2331−413 (mouse residues) is proposed to serve as 

both a structural “backbone” at PM–ER/SR junctions and a DNA binding domain in the 

nucleus, NMR assignments for this domain is a first step in understanding its contribution in 

transcriptional regulation.

Methods and experiments

Cloning, protein expression, and purification

A larger fragment of murine JP2 (amino acids 284–413) containing MORN domains 7 and 

8 in addition to its DNA binding region was first cloned from pCMV6-XL5-JP2NTHA (Guo 

et al. 2018) and inserted into NheI and EcoRI digested pET28a. PCR was performed with 

Phusion DNA polymerase and 1× GC Buffer (New England Biolabs, Ipswitch, MA, USA) 

and oligonucleotides (Integrated DNA Techonolgies, Coralville, IA, USA) that incorporated 

NheI and TEV protease cleavage sites on the 5ʹ end and StrepTag II affinity tag and EcoRI 

sequences on the 3ʹ end. The sequence of the forward primer was 5′-ATG GCT AGC GAG 

AAC CTG TAC TTC CAA GGT ACC TAC ATG GGC GAG TGG-3′ and the reverse 

primer was 5′-CTC GAA TTC TCA TTT TTC GAA CTG CGG GTG GCT CCA GGC 

CAA TGT ACG GGC GAT G-3′. To obtain the JP2331−413 expression vector, irrelevant 

sequences were removed using the QuikChange Lightening Mutagenesis kit (Agilent, Santa 

Clara, CA, USA). The pET28a thrombin sequence and the TEV and MORN domain insert 

sequences were deleted using sense (5′-CAT CAC AGC AGC GGC GAG GAG GGC AAG 

TAC-3′) and antisense (5′-GTA CTT GCC CTC CTC GCC GCT GCT GTG ATG-3′) 
oligos. Sanger sequencing confirmed that DNA isolated from candidate clones contained 

the expected N-terminal 6xHis tag (13 residues, MGSSHHHHHHSSG), mouse JP2331−413 

insert (83 residues), and C-terminal StrepTag II (8 residues, WSHPQFEK) with a total 

construct length of 104 residues.

The doubly tagged mouse JP2 DNA binding domain was expressed in BL21 (DE3) 

Escherichia coli (ThermoFisher Scientific). Cells were maintained on minimal media plates 

containing 6.8 g/L Na2HPO4, 3 g/L KH2PO4, 8.6 mM NaCl, 1.2 mM MgSO4, 120 μM 

CaCl2, 1 g/L NH4Cl, 1 g/L glucose, 18 μM thiamine-HCl, 3 μg/mL FeSO4, 1:1000 diluted 

trace metal mix A5 (Sigma, St. Louis, MO, USA), and 50 μg/mL kanamycin. To obtain 

uniformly 15N- and 13C-labeled protein, BL21 (DE3) cells were grown in the same media 

except with 15NH4Cl and 13C6-glucose. Cultures (50 mL) were grown at 37 °C overnight 

and diluted to 0.05 OD600 in 1L prewarmed media and grown at 37 °C until OD600 reached 

~ 0.8–1.0. JP2 protein expression was induced with 250 μM IPTG at room temperature for 

three hours which gave maximal expression. Cultures were then pelleted by centrifugation 

(6000×g, 20 min, 4 °C) and cell pellets frozen at − 80 °C. The harvested cells were then 

thawed and lysed in 100 mL Buffer A [20 mM Tris pH 8.0, 150 mM NaCl, 1 mM DTT 

and Mini cOmplete protease inhibitors (Roche Applied Science, Indianapolis, IN, USA)] 

supplemented with 100 μg/mL lysozyme (Research Products International, Mount Prospect, 
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IL, USA), 25 U/mL Benzonase (EMD Millipore, Burlington, MA, USA) and 2 mg/mL 

MgCl2 and incubated at 37 °C for 30 min. Lysates were chilled on ice for 20 min before 

sonication on ice (10 mL batches, four 15 s pulses each) and centrifugation (20,000×g, 20 

min, 4 °C). The cleared supernatant (SN1) was saved and the pellet was solubilized in 20 

mL of Buffer A with 1% Triton X-100, 0.5% Na-deoxycholate and 0.1% SDS, centrifuged 

(20,000×g, 20 min, 4 °C), and resulted in the second supernatant (SN2). Coomassie-stained 

gels revealed that the soluble SN1 fraction contained ~ 80% of JP2 DNA-binding domain 

protein when compared to SN2 fraction.

The doubly tagged (N-terminal His tag + C-terminal Strep tag) and 15N/13C-labeled mouse 

JP2 DNA binding domain was then affinity-purified first over StrepTactin XT resin (IBA 

Life Sciences, Goettingen, Germany) from SN1 and fivefold diluted SN2 in Buffer A. The 

loaded column was then washed first using high salt buffer (20 mM Tris pH 8.0, 500 mM 

NaCl) followed by low salt Buffer W (20 mM Tris pH 8.0, 150 mM NaCl). The bound 

JP2 protein was then eluted with 50 mM Tris, 150 mM NaCl and 50 mM biotin (IBA Life 

Sciences) at pH 8.0. Biotin eluates were diluted five-fold in Buffer W and subjected to 

a second purification by binding to His-select columns (Sigma), washing with Buffer W, 

and eluting with a buffer containing 50 mM Tris, 150 mM NaCl, and 250 mM imidazole 

at pH 8.0. The JP2 protein purified from the double affinity purifications was shown to 

be highly pure by Coomassie-stained gels. Amicon Ultra centrifugal filters (3000 MWCO, 

EMD Millipore) were used for protein concentration and buffer exchange into an NMR 

buffer composed of 20 mM BisTris, 40 mM NaCl, and pH 6.0 for NMR studies.

NMR spectroscopy

NMR spectra were acquired on a Bruker Avance Neo 600 MHz NMR spectrometer at 

20 °C using 0.8 mM uniformly [13C,15N]-labeled mouse JP2 DNA binding domain in a 

buffer composed of 20 mM BisTris, 40 mM NaCl, and pH 6.0 in 90% H2O/10% D2O. A 

suite of triple resonance NMR experiments including HNCACB, CBCA(CO)NH, HNCO, 

HN(CA)CO, HNCA, and HN(CO)CA experiments (Yamazaki et al. 1994) were collected 

for backbone assignments of JP2 DNA binding domain. Side-chain assignments were 

obtained by acquiring C(CO)NH, H(CCO) NH, and HBHA(CO)NH experiments (Clore 

and Gronenborn 1994). All the triple resonance experiments were acquired in NUS format 

as previously described (Hyberts et al. 2012; Robson et al. 2019). The collected NMR data 

were processed using NMRPipe (Delaglio et al. 1995) and SMILE (Ying et al. 2017), and 

analyzed using NMRView (Johnson and Blevins 1994).

Extent of assignments and data deposition

The 15N/1H HSQC spectrum of JP2 DNA binding domain is shown in Fig. 1. Clearly, the 

cross-peaks in the HSQC spectrum are not well dispersed as typically observed for a well 

folded protein. Instead, the cross-peaks are clustered in a narrow strip with the backbone 

amide NH protons resonated in a narrow 1H range from 7.89 to 8.73 ppm, indicating that 

this JP2 domain is an intrinsically disordered protein (IDP). All backbone amide cross-peaks 

in the 15N/1H HSQC spectrum of JP2 DNA binding domain are assigned and labeled using 

the wild type protein sequence numbering (Fig. 1). It is noted that our protein construct 

contains an N-terminal 6xHis-tag (MGSSHHHHHHSSG, 13 residues numbered as 318 to 
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330), mouse JP2 DNA-binding domain (residues 331 to 413), and a C-terminal Strep tag II 

(WSHPQFEK, 8 residues numbered as 414 to 421). Therefore, excluding the His-tag (13 

residues) at the N-terminus, 100% (89 out of 89) of non-proline backbone amides, 100% (91 

out of 91) of Cα, Cβ, and CO, and 97% (88 out of 91) of Hα are assigned. Moreover, more 

than 97% of the protein sidechain 1H and 13C resonances have been assigned except for the 

7 aromatic rings. The assigned chemical shifts of JP2 DNA binding domain were deposited 

in BioMagResBank (https://bmrb.io) under the accession number 51405.

Figure 2 shows the plots of predicted probability of α-helical and β-sheet secondary 

structures and predicated random coil index (RCI) order parameter (S2) as a function of 

residue number of the mouse JP2 DNA binding domain. The secondary structures of the JP2 

DNA binding domain obtained from the analysis of the assigned backbone atoms (HN, N, 

Cα, Cβ, CO, Hα) using TALOS + (Shen et al. 2009) are labeled (Fig. 2). Clearly, the JP2 

DNA binding domain contains two α-helices located in the C-terminal half of the protein. 

β-sheet secondary structures were not detected, except for two β-sheet-like residues L340 

and V348 in the N-terminal part of the protein. Moreover, the two helical regions of the 

protein are more ordered than the rest of the protein, since only the two α-helices exhibit 

RCI order parameter S2 in the range of 0.7–0.8, while the rest of the protein have S2 near or 

below 0.5.

Figure 3 shows the plot of consensus chemical shift index (CSI) as a function of residue 

number of the mouse JP2 DNA binding domain. Consensus CSI calculated from the 

backbone assignments has been widely used to determine protein secondary structures 

(Hafsa and Wishart 2014). In a typical CSI plot, α-helices give a negative CSI of − 1, while 

β-sheets have a positive CSI of + 1 (Hafsa and Wishart 2014). CSI analysis of our assigned 

JP2 DNA binding domain indicates that there are two α-helices in this protein, consistent 

with the results from the TALOS + analysis. However, CSI suggests that the α1 helix is 

slightly longer with two extra helical residues at its N-terminal end, when compared to the 

results from TALOS + analysis. Furthermore, CSI also indicates that there are no β-sheets 

present in this protein.

Electrophoretic mobility shift assay previously demonstrated that this region of JP2 binds 

to DNA (Guo et al. 2018). Therefore, with these assignments, we will start in the next 

studies to investigate how this JP2 domain interacts with DNA to regulate transcription of 

stress-responsive genes. The secondary structure that we have determined here for the mouse 

JP2 DNA binding domain in solution differs from the one observed in the crystal structures 

of human JP1 and JP2 N-terminal MORN-helical domain (Yang et al. 2022) where this 

region forms a single long α-helix. When expressed as part of a larger protein including the 

eight N-terminal MORN repeats of human Junctophilins, residues equivalent to mouse 331–

413 may favor a single extended α-helix and be stabilized by interacting with the MORN 

repeat array. In contrast, residues 331–413 of mouse JP2 are more intrinsically disordered in 

isolation and in solution where two smaller α-helical segments remain within its C-terminal 

end. It is the goal of our future work to determine how this domain rearranges upon binding 

with its DNA target sequence.
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Fig. 1. 
15N/1H HSQC spectrum of the mouse junctophilin-2 (JP2) DNA-binding domain. The 

assigned backbone amides are labeled using the wild-type protein sequence numbering. 

The N-terminal His-tag (13 residues) was numbered as 318 to 330, while the C-terminal 

Strep-tag II (8 residues) was numbered as 414 to 421. The folded peaks are colored in 

red. The insets show the peak labelling of two crowded regions as indicated by the dotted 

rectangular boxes
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Fig. 2. 
Plots of predicted probability of helical and sheet secondary structures and RCI order 

parameter (S2) as a function of residue number of the mouse junctophilin-2 (JP2) DNA-

binding domain. Wild-type protein sequence numbering is used here. These predicted 

probability values and RCI order parameters were obtained from the TALOS + analysis of 

the assigned backbone atoms (HN, N, Cα, Cβ, CO, Hα). The secondary structures obtained 

from these analyses of the assigned backbone of JP2 are labeled in the figure
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Fig. 3. 
Plot of the consensus chemical shift index (CSI) as a function of residue number of the 

mouse junctophilin-2 (JP2) DNA-binding domain. Wildtype protein sequence numbering is 

used here. The consensus CSI values were obtained from the assigned backbone atoms by 

using the program CSI 2.0
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