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Graphical abstract 

 

 

 

Highlights 

 

 Novel screening system for VDR ligands was constructed by using split luciferase. 

 The novel split luciferase dramatically increased the light intensity with VDR ligands. 

 This system is useful to evaluate CYP27B1 mutants from patients with rickets. 
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ABSTRACT 

 

 

 Recently, we successfully generated a novel detection system for vitamin D receptor 

(VDR) ligands in vivo and in vitro, using a split-luciferase technique called the LucN-

LBD-LucC biosensor that is a chimeric fusion protein of firefly luciferase with the 

ligand binding domain (LBD) of VDR. In this system, the luciferase light intensity of 

the LucN-LBD-LucC biosensor was decreased by binding of VDR ligands. Although 

this system is quite useful for evaluation of VDR ligands in a short time, the sensitivity 

of the LucN-LBD-LucC biosensor is not high enough. In this study, LXXLL motif 

peptides involved in the interaction between LBD and coactivators, such as the steroid 

receptor coactivator-1 (SRC-1), transcriptional intermediary factor 2 (TIF2), and the 

vitamin D receptor interacting protein 205 (DRIP205) were each inserted between LucN 

and LBD of the LucN-LBD-LucC biosensor. Surprisingly, the resulting LucN-LXXLL-

LBD-LucC biosensor increased the light intensity in response to natural VDR ligands. 

This high-sensitivity biosensor system may be a powerful tool for discovery of high-

affinity ligands for the mutant VDR. In addition, we have successfully estimated the 

activity of the wild-type and mutant CYP27B1 using the LucN-LXXLL-LBD-LucC 

biosensor in living cells within 90 min. 

 

 

Abbreviations : CYP, Cytochrome P450 ; VDR, vitamin D receptor ; LBD, ligand 

binding domain ; aa, amino acids; LucN, N-terminal domain of luciferase ; LucC, C-

terminal domain of luciferase ; SRC-1, steroid receptor coactivating factor 1 ; RXR, 
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retinoid X receptor  ; VDRE, vitamin D responsive element ; TIF2, transcriptional 

factor 2 ; DRIP205, vitamin D receptor interacting protein 205 

Key words: vitamin D, vitamin D receptor, CYP27B1, bioluminescent sensor, split-

luciferase 

 

 

 

1. Introduction 

 In general, vitamin D3 [VD3] is converted to 25-hydroxyvitamin D3 [25(OH)D3] by 

two cytochrome P450 species, CYP2R1 and CYP27A1, in the liver, and 25(OH)D3 is 

converted to 1,25-dihydroxyvitamin D3 [1,25(OH)2D3] by CYP27B1 in the kidney 

[1]. 1,25(OH)2D3 is a high-affinity agonist of the vitamin D receptor (VDR), and plays 

a key role in calcium and bone homeostasis, cellular growth and differentiation, and 

immune responses [2-5]. 

 An agonist-bound VDR interacts with its heterodimeric partner retinoid X receptor 

(RXR) to form a complex with a variety of coactivators such as the steroid receptor 

coactivator-1 (SRC-1), transcriptional intermediary factor 2 (TIF2) and vitamin D 

receptor interacting protein 205 (DRIP205) via an intramolecular specific amino acid 

sequence called the LXXLL motif [6-8]. Once an agonist-bound VDR-RXR-coactivator 

complex binds to a vitamin D response element (VDRE) on a target gene, this complex 

acts as the transcription factor and activates vitamin D-dependent gene expression 

[9,10]. Therefore, disruption of the vitamin D-dependent signaling, including 

inactivation of the CYP2R1, CYP27B1, and VDR leads to type I or type II rickets, 

respectively [11-13]. 
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 To detect the VDR ligands or evaluate the activity of CYP2R1, CYP27A1 and 

CYP27B1 in living cells, many researchers have widely used luciferase reporter gene 

assay systems that consist of a plasmid or a lentiviral vector which includes the 

luciferase reporter gene under the control of the VDRE-containing promoter 

[11,14,15,16]. However, this system needs 12-24 h to measure the activity of de novo 

synthesized luciferase proteins. Therefore, development of a simple and rapid screening 

system for VDR ligands is required. Recently, we have successfully generated novel 

detection systems for VDR ligands in vitro using a split-luciferase technique called the 

LucN-LBD-LucC biosensor that is a chimeric fusion protein of firefly luciferase with 

the ligand binding domain (LBD) of the VDR [17]. The detection mechanism of this 

system is that the luciferase light intensity of the LucN-LBD-LucC biosensor is 

decreased by the binding of VDR ligands such as 25(OH)D3 and 1,25(OH)2D3. 

Although this system is quite useful for evaluation of VDR ligands in a short time, the 

sensitivity of the LucN-LBD-LucC biosensor is not high enough for practical 

applications. Thus, we have tried to develop a new type of biosensor whose luciferase 

activity is increased by binding of VDR ligands. In this study, several peptides with the 

LXXLL motif were each inserted between LucN and LBD of the LucN-LBD-LucC 

biosensor Surprisingly, the resultant LucN-LXXLL-LBD-LucC biosensors dramatically 

enhanced their luciferase activity following binding of 25(OH)D3 or 1,25(OH)2D3. 

Furthermore, we applied the LucN-LXXLL-LBD-LucC biosensor to evaluate the 

activity of the wild-type and mutant CYP27B1 in living cells. 
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2. Materials and methods 

2.1. Materials 

 Ethanol (EtOH), vitamin D3 (VD3) and 25(OH)D3 were purchased from Wako Pure 

Chemicals (Osaka, Japan). 1,25(OH)2D3 was purchased from Cayman Chemical. Co 

(Ann Arbor, MI, USA). pRL-CMV vector and Renilla-Glo Luciferase assay system 

were purchased from Promega Madison, USA. D-luciferin was purchased from Thermo 

Fisher Scientific Inc. USA. 

 

2.2. cDNA cloning of human CYP27B1 and construction of expression plasmids for 

wild-type and CYP27B1 mutant 

 Total RNA was isolated from human embryonic kidney 293T (HEK293T) cell line 

using SV Total RNA Isolation System (Promega, Madison, USA) in accordance with 

the manufacturer’s instruction and cDNAs were prepared using Prime Script RT reagent 

kit (Takara, Otsu, Japan) from 1 g of total RNA. PCR was carried out using cDNA 

product as a template with the primer set No.1 (Table 1) to amplify the human 

CYP27B1 (hCYP27B1) ORF (GenBank accession number AY288916). PCR was 

performed with KOD-plus-neo DNA Polymerase (Toyobo, Osaka, Japan) and the 

resultant PCR products hCYP27B1-hexa-histidine (6His) were cloned into pTA2 

vector (Toyobo, Osaka, Japan), named pTA2-hCYP27B1-6His vector. To obtain 

hCYP27B1(T321R)-6His, PCR was performed with KOD plus-neo (Toyobo, Osaka, 

Japan) using pTA2-hCYP27B1-6His vector as the template with the primer set No.2 

(Table 1). cDNA encoding hCYP27B1-6His and hCYP27B1(T321R)-6His were each 

inserted between XhoI and BamHI site of pEBMulti-Neo vector (Wako, Osaka, Japan). 
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The resultant plasmids were named pEBMulti-hCYP27B1-6His and pEBMulti-

hCYP27B1(T321R)-6His, respectively. 

 

Construction of expression plasmids for firefly luciferase and biosensors.  

 Full length of the firefly luciferase (FLuc) ORF (nucleotide number 1-1650) and the 

LucN (1-415 aa)-LBD (121-427 aa)-LucC (416-550 aa) were each cloned into pCR-

BluntII-TOPO vector to yield pCR-bluntII-TOPO-FLuc and pCR-bluntII-TOPO-LucN-

LBD-LucC, respectively, as described in our previous report [16]. First, to generate 

LucN-(GGGGS)3-LBD-LucC, PCR was performed using pCR-BluntII-TOPO-LucN-

LBD-LucC vector as a template with the primer set No.3 (Table 1). Second, to obtain 

LucN-NHPMLMNLLKDN-(GGGGS)3-LBD-LucC, PCR was performed using pCR-

BluntII-TOPO-LucN-(GGGGS)3-LBD-LucC vector as a template with the primer set 

No.4 (Table 1). Third, to generate LucN-NHPMLMNLLKDN-LBD-LucC, LucN-

NHPMLMNAAKDN-(GGGGS)3-LBD-LucC, LucN-

VDLTEMHPILTSLLQNGVDHV-(GGGGS)3-LBD-LucC, LucN-

VDLSETHPLLWTLLSSTEGDSM-(GGGGS)3-LBD-LucC and LucN-

VDLMNLLVD-(GGGGS)3-LBD-LucC, PCR was performed using pCR-BluntII-

TOPO-LucN-NHPMLMNLLKDN-(GGGGS)3-LBD-LucC vector as a template with 

the primer set (No.5 to No.9), respectively (Table 1). These fragments were amplified 

with KOD plus mutagenesis kit (Toyobo, Osaka, Japan) in accordance with the 

manufacture’s instruction. cDNA encoding FLuc, LucN-LBD-LucC, LucN-

(GGGGS)3-LBD-LucC, LucN-NHPMLMNLLKDN-(GGGGS)3-LBD-LucC, LucN-

NHPMLMNLLKDN-LBD-LucC, LucN-NHPMLMNAAKDN-(GGGGS)3-LBD-
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LucC, LucN-VDLTEMHPILTSLLQNGVDHV-(GGGGS)3-LBD-LucC, LucN-

VDLSETHPLLWTLLSSTEGDSM-(GGGGS)3-LBD-LucC and LucN-

VDLMNLLVD-(GGGGS)3-LBD-LucC were each inserted between XhoI and NotI 

site of pIRES2-AcGFP vector (Takara, Otsu, Japan). The resultant plasmids were named 

pIRES2-FLuc, pIRES2-LucN-LBD-LucC, pIRES2-LucN-(GGGGS)3-LBD-LucC, 

pIRES2-LucN-NHPMLMNLLKDN-(GGGGS)3-LBD-LucC, pIRES2-LucN-

NHPMLMNLLKDN-LBD-LucC, pIRES2-LucN-NHPMLMNAAKDN-(GGGGS)3-

LBD-LucC, pIRES2-LucN-VDLTEMHPILTSLLQNGVDHV-(GGGGS)3-LBD-LucC, 

pIRES2-LucN-VDLSETHPLLWTLLSSTEGDSM-(GGGGS)3-LBD-LucC, and 

pIRES2-LucN-VDLMNLLVD-(GGGGS)3-LBD-LucC, respectively. To obtain 

VDNHPMLMNLLKDN-(GGGGS)x3-LBD-LucC, PCR was performed using pCR-

bluntII-TOPO-LucN-NHPMLMNLLKDN-(GGGGS)3-LBD-LucC vector as a 

template with the primer set No.10 (Table 1). PCR fragment VDNHPMLMNLLKDN-

(GGGGS)3-LBD-LucC was inserted into SalI/NotI site of pIRES2-LucN-

VDLTEMHPILTSLLQNGVDHV-(GGGGS)3-LBD-LucC vector, and the resultant 

plasmid was named pIRES2-LucN-VDNHPMLMNLLKDN-(GGGGS)3-LBD-LucC 

vector. To obtain LucN-VDNHPMLMNLLKDN-(GGGGS)3-LBD(R274L)-LucC, 

PCR was performed with KOD plus-neo (Toyobo, Osaka, Japan) using pIRES2-LucN-

VDNHPMLMNLLKDN-(GGGGS)3-LBD-LucC vector as a template with the primer 

set No.11 (Table 1). All the constructs were confirmed by DNA sequencing using 

ABI3130 (Applied Biosystems, Tokyo, Japan). 

 

2.3. Cell culture and transfection 
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 The COS-7 cells derived from African Green Monkey kidney cells were cultured in 

Dulbecco’s modified Eagle’s medium (DMEM) (Nacalai Tesque, Inc., Japan) 

supplemented with 10 % heat-inactivated fetal bovine serum (FBS) containing phenol 

red (Nacalai Tesque, Inc., Japan) at 37°C in an incubator with 5% CO2. The cells were 

harvested and transiently transfected with each of the plasmids with the pRL-CMV 

vector using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, U.S.A.) in accordance with 

the manufacturer’s instructions. RLuc was used as an internal control to check the 

transfection efficiency. Transfected cells were seeded onto 96-well plates (1.5104 

cells/well) or 6-well plates (3.0105 cells/well). At 24 h after transfection, the culture 

medium was replaced with DMEM without phenol red (Nacalai Tesque, Inc., Japan) 

supplemented with 5 % charcoal-stripped FBS (Gibco, Rockville, MD, U.S.A.) and 

were incubated for an additional 24 h. At 48 h after transfection, the cells were used for 

luciferase complementary assay, CYP27B1 activity assay or Western blot analysis. 

 

2.4. Luciferase complementary assay in living cells 

 To detect the light intensity of the firefly luciferase (FLuc) or biosensor, the culture 

medium was changed to phenol red free Leibovitz’s L-15 medium (Gibco, Rockville, 

MD, U.S.A.) containing 0.5 mM D-luciferin (Thermo scientific, CA, U.S.A.). The 

culture plate was incubated for 30 min at room temperature. To measure a basal level of 

the light intensity, the light intensity was measured before addition of EtOH, 25(OH)D3 

or 1,25(OH)2D3. 25(OH)D3 and 1,25(OH)2D3 dissolved in EtOH was added to the 

wells at final concentrations of 0.01 to 1,000 nM. The final concentration of EtOH was 

adjusted to 0.1%. After addition of EtOH, 25(OH)D3 or 1,25(OH)2D3, the light 

intensity of each well was measured at several time points (0, 5, 10, 15, 30, 60, 90 and 
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120 min). The luminescence was measured using a luminometer (Infinite 200 Pro 96-

microplate luminometer, Tecan). In this study, the relative light intensity in the presence 

of 25(OH)D3 or 1,25(OH)2D3 was calculated in comparison with the light intensity in 

the absence of 25(OH)D3 or 1,25(OH)2D3 (0.1% EtOH) as a negative control. 

 

2.5. Estimation of CYP27B1-dependent 1-hydroxylation activity using biosensor 

system 

 In 96-well plates, 0.01 g/well of pIRES2-LucN-VDNHPMLMNLLKDN-

(GGGGS)3-LBD-LucC and pRL-CMV, and 0.1 g/well of pEBMulti-

hCYP27B1(WT)-6His or pEBMulti-hCYP27B1(T321R)-6His were used for 

transfection. The COS-7 cells expressing only LucN-VDNHPMLMNLLKDN-

(GGGGS)3-LBD-LucC biosensor or co-expressing LucN-VDNHPMLMNLLKDN-

(GGGGS)3-LBD-LucC biosensor with hCYP27B1(WT)-6His or 

hCYP27B1(T321R)-6His were treated with various concentration (0, 5, 10, 25 and 50 

nM) of 25(OH)D3 for 60 min at 37°C. After additional incubation at room temperature 

for 30 min, the light intensity was measured. To investigate the putative conversion ratio 

of 25(OH)D3 to 1,25(OH)2D3 by hCYP27B1(WT)-6His, the COS-7 cells expressing 

LucN-VDNHPMLMNLLKDN-(GGGGS)3-LBD-LucC biosensor were treated with 5, 

25 or 50 nM of 25(OH)D3 as a conversion ratio of 0%, and co-treated with 

1,25(OH)2D3 to adjust conversion ratios from 25(OH)D3 to 1,25(OH)2D3 at 1, 5, and 

10 %, respectively. 

 

2.6. Western blot analysis 
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 Cells were harvested and lysed using a lysis buffer containing 150 mM NaCl, 0.1 % 

SDS, 1 % sodium cholate, and 1 % Triton-X in 50 mM Tris-HCl (pH 7.4). Proteins were 

separated by SDS-PAGE, and electrically transferred onto a PVDF membrane (GE 

Healthcare, Buckinghamshire, UK). To detect the biosensor proteins, the membranes 

were incubated with goat anti-luciferase (1:1000, Promega, Madison, USA) or rabbit 

anti--actin (1:1000, Santa Cruz, CA, U.S.A.) antibody in the Can Get Signal solution 

(Toyobo, Osaka, Japan) at room temperature for 1 h, and then reacted with secondary 

rabbit anti-goat IgG HRP-conjugated (1:5000, Santa Cruz, CA, U.S.A.) or goat anti-

rabbit IgG HRP conjugated antibodies (1:5000, Bio Rad, CA, U.S.A.), respectively. To 

detect the hCYP27B1-6His or hCYP27B1(T321R)-6His, the membranes were 

incubated with anti-His-tag mAb-HRP-Direct antibody (1:5000, MBL, Nagoya, Japan) 

in the Can Get Signal solution (Toyobo, Osaka, Japan) for 1 h at room temperature.  The 

immobilized proteins were visualized using an ECL prime Western blotting reagent (GE 

Healthcare, Buckinghamshire, UK). The chemiluminescence signals were detected 

using the LAS-1000 image analyzer (Fujifilm, Tokyo, Japan). 

 

2.7. Statistical Analysis 

 Data are presented as mean  standard deviation (SD). The F-test indicated that the P 

values for each set of two samples in Fig. 2 were not less than 0.05, suggesting the non-

different variance. Thus, two-tailed Student’s t test was used to determine statistical 

significance. Differences were considered significant at P < 0.05. 
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3. Results and discussion 

3.1. Design of a biosensor based on split-luciferase for detection of VDR ligands 

 When natural VDR ligands bind to the LBD of the VDR, the LBD interacts with a 

transcription coactivator such as SRC-1, TIF-2, or DRIP-205 via the LXXLL motif [6-

8] to activate vitamin D-dependent gene expression. Based on these features, we 

assumed that the LXXLL motif could change the enzymatic properties of luciferase-

LBD biosensors. Thus, we constructed a biosensor composed of the LBD (121-427 aa) 

of VDR, N- and C-terminal of firefly luciferase fragments [LucN (1-415 aa) and LucC 

(416-550 aa)], the LXXLL peptide sequence, and the flexible linker peptide sequence 

[Gly-Gly-Gly-Gly-Ser (GGGGS)]3. We named this construct the LucN-LXXLL-

(GGGGS)3-LBD-LucC WT biosensor, where WT means the wild type of LBD. A 

schematic diagram of the WT biosensor is shown in Fig. 1. In the absence of natural 

ligands, luciferase light intensity is low. When a natural VDR ligand is bound to the WT 

biosensor, the luciferase light intensity was immediately and dramatically increased. 

The remarkable activity appears to depend on reconstitution of LucN and LucC induced 

by positional change of helix 12 (H12) of the LBD by ligand binding, and subsequent 

interaction of the LXXLL-LBD [20].  

 

3.2. Development of the WT biosensor for detection of VDR ligands 

 To develop a novel and high-sensitivity WT biosensor, we examined three types of 

LXXLL peptides (NHPMLMNLLKDN, LTEMHPILTSLLQNGVDHV, and 

LSETHPLLWTLLSSTEGDSM) reported by Zella et al., 2007 [21]. They reported that 

these peptides interact with the LBD of the VDR in response to 1α,25(OH)2D3 or other 

agonists. Thus, we constructed ten types of plasmids encoding biosensor proteins called 
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biosensors 1-10, respectively (Fig. 2A). First, we investigated the changes in light 

intensity and relative light intensity after treatment with 1α,25(OH)2D3 (Fig. 2B, C). 

The COS-7 cells expressing each type of biosensor were treated with 100 nM of 

1α,25(OH)2D3 or 0.1% EtOH as a negative control, and then the luminescence was 

measured 90 min later. The light intensity of biosensor 1 was decreased in response to 

1α,25(OH)2D3, and this result is consistent with our previous study [18]. However, the 

light intensity of biosensor 2 showed no response to 1α,25(OH)2D3, indicating that a 

(GGGGS)3 linker abolished the negative effect of ligand binding. To our surprise, the 

light intensity of biosensors 3, 4, 5, 6, 7, 9, and 10, which contained the LXXLL motif, 

were significantly increased in response to 1α,25(OH)2D3. In contrast, the light 

intensity of biosensor 8, containing an LXXAA that is an alanine (A) mutant of the 

LXXLL motif was not increased in response to 1α,25(OH)2D3. These results indicate 

that the LXXLL motif plays an essential role in the light intensity increase induced by 

1α,25(OH)2D3 binding to LBD. As shown in Fig. 2B, biosensor 4 was the best among 7 

biosensors. The light intensity of biosensor 4 after 1α,25(OH)2D3 binding was 

approximately one-third of that of the full-length firefly luciferase (Sup Fig. 1). 

Therefore, biosensors 4 and 9 were used in the following experiments and referred to as 

the WT biosensor and the R274L biosensor, respectively. 

 

3.3. Time- and concentration-dependent responses of the WT biosensor  

   To determine the light intensity detection time after addition of a ligand in this assay 

system, the COS-7 cells expressing WT biosensor proteins were treated with 100 nM of 

1α,25(OH)2D3 or 0.1% EtOH (negative control) for 120 min, and the luminescence was 

measured at 0, 5, 10, 15, 30, 60, 90, and 120 min after addition of 1α,25(OH)2D3 (Fig. 
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3). Relative light intensity reached its maximum at 90 min, then decreased at 120 min. 

Thus, the optimal detection time was determined to be 90 min in the following 

experiments. Next, we examined the concentration-response of the WT biosensor and 

R274L biosensor, and effects of plasmid DNA amounts using transfection on the 

sensitivity of biosensors. COS-7 cells transfected with each amount of the plasmid for 

the WT-biosensor (0.01, 0.03, or 0,1 g/well) were treated with various concentrations 

(0, 0.01, 0.1, 0.5, 1, 5, 10, 25, 50, 100, 500 or 1000 nM) of 25(OH)D3 or 1α,25(OH)2D3 

for 90 min. 1α,25(OH)2D3 increased the relative light intensity in a concentration-

dependent manner in the transfected COS-7 cells (Fig. 4A). In the cases of 0.03 and 0.1 

g plasmid DNA/well, concentration-dependency was observed from 0.5 to 50 nM 

1α,25(OH)2D3. In contrast, 0.01 g plasmid DNA/well showed concentration-

dependency from 0.1 to 10 nM 1α,25(OH)2D3. Therefore, we chose 0.01 g/well as the 

amount of plasmid DNA using transfection in the following experiments.  

 As shown in Fig. 4B, 25(OH)D3 also increased the light intensity in a concentration-

dependent manner. The half maximal relative light intensity was observed at 

approximately 1 nM of 1α,25(OH)2D3 and at approximately 20 nM of 25(OH)D3, 

respectively. These results indicate the difference in affinity for the wild type VDR 

between 25(OH)D3 and 1α,25(OH)2D3. Next, we compared the affinity of 25(OH)D3 

and 1α,25(OH)2D3 towards the R274L mutant VDR using COS-7 cells expressing the 

R274L biosensor (Fig. 4C). Because Arg274 of the VDR forms a hydrogen bond with 

1α-hydroxyl group of 1α,25(OH)2D3, the R274L mutation causes a 1000-fold decrease 

in affinity of 1α,25(OH)2D3 [22,23]. Expectedly, the concentration-response curve of 

1α,25(OH)2D3 in the R274L biosensor was very similar to that of 25(OH)D3. Over 500 

nM of both 25(OH)D3 and 1α,25(OH)2D3 were required to increase the maximum light 
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intensity of the R274L biosensor. It is noted that this biosensor system may be a 

powerful tool for discovery of high-affinity ligands for the mutant VDR. High affinity 

VDR ligands are predicted to be a therapeutic candidate for Hereditary Vitamin D 

Resistant Rickets (HVDRR).  

 

3.4. Detection mechanism of the activity of CYP27B1 using the WT biosensor 

 When 25(OH)D3 was added to COS7 cell culture in the concentration range used in 

this study, 1,25(OH)2D3 was not detected at 90 min after addition of 25(OH)D3. Western 

blot analysis using anti-human CYP27B1 antibody (sc-67261, Santa Cruz 

Biotechnology, Dallas, USA) failed to detect monkey CYP27B1 which has 97% identity 

with human CYP27B1. Based on these results, monkey CYP27B1 level in COS7 cells 

appears to be quite low, and monkey CYP27B1-dependent 1-hydroxylation activity 

could be neglected in this study.  

Schema in Fig. 5 show the detection mechanism for the relative activity of CYP27B1 

using the WT biosensor. The wild-type of CYP27B1 [CYP27B1(WT)] generates 

1,25(OH)2D3 from 25(OH)D3, while in contrast, the T321R mutant of CYP27B1 

[CYP27B1(T321R)], which is well-known as an inactive mutant of CYP27B1, impairs 

the generation of 1,25(OH)2D3 [24,25]. Functional CYP27B1 will increase the light 

intensity of the WT biosensor by generation of 1,25(OH)2D3, however, the inactive 

mutant of CYP27B1 will not increase the light intensity. Therefore, the CYP27B1 

activity could be evaluated from the time-course of relative light intensity in the living 

cells expressing the WT biosensor.  

 

3.5. Expression levels of the exogenous hCYP27B1 and WT biosensor proteins  
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 The COS-7 cells expressing the WT biosensor, or those co-expressing the WT 

biosensor and hCYP27B1(WT)-6His or hCYP27B1(T321R)-6His proteins were used 

in the following experiments. To estimate the expression levels of the exogenous WT 

biosensor, hCYP27B1(WT)-6His or hCYP27B1(T321R)-6His proteins in COS-7 

cells, we performed Western blot analysis using anti-luciferase and anti-His tag HRP 

conjugated antibody, respectively (Fig. 6A). As shown in Fig. 6A, the expression level 

of the WT biosensor protein was similar in the presence or absence of hCYP27B1(WT)-

6His or hCYP27B1(T321R)-6His proteins. The specific bands of exogenous 

hCYP27B1 proteins were detected in hCYP27B1(WT)-6His or hCYP27B1(T321R)-

6His transfected cells. As CYP27B1 contains N-terminal mitochondrial targeting 

signal peptides which are removed after translocation, the observed two bands are 

considered to correspond with the precursor and mature forms of hCYP27B1 proteins. 

In addition, there were no significant differences in the expression levels between 

exogenous hCYP27B1(WT)-6His and hCYP27B1(T321R)-6His proteins. 

 

3.6. Estimation of hCYP27B1 activity using the WT biosensor 

 Next, we estimated the relative activity of CYP27B1 using the WT biosensor. The 

COS-7 cells expressing the WT biosensor (CTRL) or co-expressing the WT biosensor 

with hCYP27B1(WT) or hCYP27B1(T321R) proteins were treated with 0-50 nM of 

25(OH)D3 for 90 min (Fig. 6B). The relative light intensity in COS-7 cells expressing 

hCYP27B1(WT) proteins were significantly higher than that expressing 

hCYP27B1(T321R) proteins at each concentration of 25(OH)D3. In contrast, the 

concentration response of hCYP27B1(T321R) was quite similar to that of CTRL. These 
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results indicate that the WT biosensor could detect de novo synthesized 1α,25(OH)2D3 

by exogenous hCYP27B1 in living cells. Finally, we calculated the conversion ratio 

from 25(OH)D3 to 1α,25(OH)2D3 by hCYP27B1 in this assay system (Sup. Fig. 2). The 

WT biosensor protein-expressing COS-7 cells were treated with 0-50 nM of 25(OH)D3 

containing the 1α,25(OH)2D3 equivalent of the 1, 5 or 10% conversion ratio, 

respectively. In Sup. Fig.2, “10% conversion ratio” at 50 nM means the addition of 

25(OH)D3 and 1,25(OH)2D3 to the cell culture at final concentrations of 45nM and 5nM, 

respectively.  The “5% conversion ratio” at 25 nM means the addition of 25(OH)D3 and 

1,25(OH)2D3 at final concentrations of 23.75 and 1.25 nM, respectively. The 

concentration-response curve of CYP27B1(WT) was similar to that of the 5% 

conversion ratio. Therefore, the conversion ratio from 25(OH)D3 to 1α,25(OH)2D3 was 

estimated to be approximately 5% in our assay system. It should be noted that this assay 

system could detect 1α,25(OH)2D3 with high sensitivity, and readily evaluate the 

activity of CYP27B1 and its mutants within 90 min. 

 In this study, we have successfully modified and developed the high-sensitivity 

biosensor that increased the light intensity in response to the natural VDR ligands, 

25(OH)D3 and 1α,25(OH)2D3. Our biosensor could be used not only for screening of 

VDR ligands but also evaluation of the activity of CYP27B1 and its mutants in living 

cells within 90 min.  

 In addition, it is known that the active form of vitamin D plays important roles in 

developmental stages such as heart development, formation of the central nervous 

system and brain development [26-28]. However, tissue distribution of 25(OH)D3 and 

1α,25(OH)2D3 and its spatiotemporal action mechanism are poorly understood. In the 

future, we will apply our biosensor systems to the visualization and monitoring of 
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25(OH)D3 and 1α,25(OH)2D3 in living animals. In vivo imaging of 25(OH)D3 and 

1α,25(OH)2D3 might reveal novel roles of vitamin D in developmental stages. 
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Figure Legends  

 

 

Fig. 1. Schematic diagram of the WT biosensor to detect VDR ligands. Binding of the 

ligands to the WT biosensor may cause a conformational change of helix12 (H12) in 

LBD. After conformational change of LBD, the LXXLL motif interacts with LBD in the 

WT biosensor. Then, this intramolecular dynamic change of the WT biosensor leads to 

reconstitution of the functional complex between LucN and LucC fragments of the 

split-luciferase. LucN:Luciferase N-terminal domain, LucC:Luciferase C-terminal 

domain, LBD:ligand binding domain. 
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Fig. 2. Development of the split-luciferase based biosensor to detect VDR ligands in 

COS-7 cells. (A) Schematic structure of the biosensor proteins named 1-10, respectively. 

(B) Numbers of photons per second [p/s]. Data are represented as mean  SD, n = 4. * p 

< 0.05. (C) relative light intensity [p/s] (fold of the control (0.1% EtOH)) of each 

biosensor after addition of 100 nM 1α,25(OH)2D3 were shown. The COS-7 cells 

expressing biosensor proteins were treated with 0.1% EtOH (-) or 100 nM 

1α,25(OH)2D3 (+) and split-luciferase light intensity was measured 90 min after 

treatment.  
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Fig. 3. Time-dependent relative light intensity of the WT biosensor. The COS-7 cells 

expressing WT biosensor proteins were treated with 100 nM of 1α,25(OH)2D3 or 0.1% 

EtOH for 120 min. The light intensity was measured 0, 5, 10, 15, 30, 60, 90 and 120 

min after treatment. The relative light intensity [p/s] (fold of the control (0 nM=0.1% 

EtOH)) was shown. Data are represented as mean  SEM, n = 4. 
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Fig. 4. Characterization of the WT biosensor and R274L biosensor in COS-7 cells. 

Dose-dependence of 1α,25(OH)2D3 or 25(OH)D3 on relative light intensity of the WT 

biosensor (A) and R274L biosensor (B). The COS-7 cells expressing WT biosensor or 

R274L biosensor proteins were treated with various concentrations (0-1000 nM) of 

1α,25(OH)2D3 or 25(OH)D3 for 90 min.  The light intensity was measured 0, 5, 10, 15, 

30, 60, 90 and 120 min after treatment. The relative light intensity [p/s] (fold of the 

control (0 nM=0.1% EtOH)) was shown. Data are represented as mean  SEM, n = 4.  

It is noted that the plateau values are not reached at the measurement limit of the 

equipment. 
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Fig. 5. Mechanism to evaluate CYP27B1 activity of the wild type (WT) or its mutants 

using the WT biosensor in COS-7 cells. When 25(OH)D3 is converted to 1α,25(OH)2D3 

by CYP27B1 the light intensity of the WT biosensor increases. In contrast, the inactive 

mutant such as hCYP27B1 (T321R) cannot increase the light intensity.  
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Fig. 6. Evaluation of the relative activity of hCYP27B1 in COS-7 cells using WT 

biosensor. (A) The amount of expressed hCYP27B1(WT)-6His, hCYP27B1(T321R)-

6His and WT biosensor proteins was analyzed by Western blotting using anti-His tag, 

anti-luciferase or anti--actin antibody, respectively. The location of protein size 

markers (kDa) are shown on the left. Gray and black arrowhead indicates the precursor 

and mature forms of hCYP27B1, respectively. (B) Comparison of the relative activity 

between hCYP27B1(WT)-6His and hCYP27B1(T321R)-6His. The COS-7 cells co-

expressing hCYP27B1(WT)-6His or hCYP27B1(T321R)-6His with WT biosensor 

were treated with various concentrations (0, 5, 10, 25 and 50 nM) of 25(OH)D3 for 60 

min at 37 C. Subsequently, the cells were incubated for 30 min at room temperature 

and then total 90 min incubated cells were used for measurement of light intensity and 

Western blot analysis. The relative light intensity [p/s] (fold of the control (0 nM=0.1% 

EtOH)) was shown. Data are represented as mean  SEM, n = 4. 
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Table 1   Nucleotide sequences of the PCR primer sets used to generate biosensors 
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Prim

er 

set 

No. 

Primer sequence 

1 

Forwa

rd 5’–AATTCTCGAGATGACCCAGACCCTCAAGTACGCC-3’ 

Rever

se 

5’-

TATTGGATCCTAGTGGTGATGGTGATGATGTCTGTCCAAAAACTGTAGG

TTGATG-3’ 

2 

Forwa

rd 5’-ATGGGACAGGGTGTCCAACACGCTC-3’ 

Rever

se 5’-TTGGACACCCTGTCCACTCCCGCC-3’ 

3 

Forwa

rd 

5’-

CCCTCCACTACCCCCACCTCCGTCCTTGTCGATGAGAGCGTTTGTAGCC

-3’ 

Rever

se 

5’-

GGAGGTAGCGGTGGCGGTGGTAGTCGGCCCAAGCTGTCTGAGGAGCAG

C-3’ 

4 

Forwa

rd 

5’-CATGAGCATCGGGTGGTTGTCCTTGTCGATGAGAGCGTTTGTAGC-3

’ 

Rever

se 5’-AACCTTCTTAAAGATAATGGAGGTGGGGGTAGTGGAGGGGGAGG-3’ 

5 

Forwa

rd 5’-CGGCCCAAGCTGTCTGAGGAGCAG-3’ 

Rever

se 5’-ATTATCTTTAAGAAGGTTCATGAGCATC-3’ 

6 

Forwa

rd 5’-AAAGATAATGGAGGTGGGGGTAGTG-3’ 

Rever

se 5’-AGCAGCGTTCATGAGCATCGGGTGGTTG-3’ 

7 

Forwa

rd 

5’-

ACAAGCCTTCTTCAGAATGGAGTTGACCATGTGGGAGGTGGGGGTAGTG

GAGGGGGAGG-3’ 

Rever

se 

5’-

GAGGATCGGGTGCATCTCTGTGAGGTCGACGTCCTTGTCGATGAGAGC

GTTTGTAG-3’ 

8 

Forwa

rd 

5’-

TGGACACTTCTTAGCAGCGAAGGGGACAGCATGGGAGGTGGGGGTAGT

GGAGGGGGAGG-3’ 

Rever

se 

5’-

AAGAAGCGGGTGTGTCTCGCTGAGGTCGACGTCCTTGTCGATGAGAGC

GTTTGTAG-3’ 

9 

Forwa

rd 5’-GTCGACGGAGGTGGGGGTAGTGGAGGGGGAG-3’ 

Rever

se 5’-AAGAAGGTTCATGAGGTCGACGTCCTTGTCGATGAGAGCG-3’ 
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10 

Forwa

rd 5’-ATAGTCGACAACCACCCGATGCTCATGAACCTTC-3’ 

Rever

se 5’-ATATGCGGCCGCTTACACGGCGATCTTGCCGCCCTTCTTG-3’ 

11 

Forwa

rd 5’-CATCATGTTGCTCTCCAATGAGTCCTTCAC-3’ 

Rever

se 5’-ACTCATTGGAGAGCAACATGATGACCTCAATG-3’ 
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