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Sequence-specific 5mC detection in live cells based on the 

TALE-split luciferase complementation system† 

Shogo Tsuji, Kouki Shinoda, Shiroh Futaki and Miki Imanishi* 

We established a method for converting TALE-DNA binding to 

luminescence, by combining TALE and a split luciferase system. 

Furthermore, using a methylation-sensitive TALE, sequence-

specific 5mC detection of genomic DNA was achieved in live cells. 

This study provides a new strategy for exploring the biological 

functions of 5mC. 

DNA methylation, which occurs at cytosine bases of CpG 

dinucleotides in mammals, is an important epigenetic marker that 

regulates gene expression, chromatin remodeling, and genome 

stability.1 DNA methylation status changes dynamically during 

biological events and tumorigenic processes.2 Owing to the 

importance of methylated cytosine (5mC), numerous 5mC detection 

methods have been developed.3 However, methods for detecting 

5mC in live cells are limited, and if available, such methods would 

allow the investigation of the biological roles of the dynamics of 

methylation.4 One promising way to detect DNA-methylation in live 

cells is to use proteins that directly recognize 5mC, such as the 

methyl-CpG-binding domain (MBD). Changes in DNA methylation 

status have been visualized by live-cell imaging of a fluorescence 

protein-fused MBD.4a-d However, because the MBD binds to all mCpG 

sites without sequence selectivity, this method is not applicable to 

investigate the biological roles of the methylation state at individual 

cytosine residues.  

Transcription activator-like effector (TALE),5 a programmable 

DNA-binding protein, is another candidate to detect DNA 

methylation. The DNA-binding specificity of TALE is determined by a 

series of tandem repeats. Each repeat recognizes one target base. 

The base preference of a repeat is defined by two amino acids, called 

repeat variable diresidues (RVDs). Therefore, TALEs can be readily 

designed to target specific DNA sequences by simply modifying the 

RVDs. A recent study revealed that the RVD “HD” could differentiate 

C from 5mC.6 This 5mC sensitivity of RVD “HD” allows us to design 

TALEs that bind to the target sequence only when the target 

sequence is not methylated. Based on this property of TALE, Kubik et 

al. reported sequence-specific 5mC detection of extracted genomic 

DNA (gDNA).6a In their study, they employed the following principle: 

TALE binds to a target site of gDNA and inhibits primer extension by 

KF(exo-) DNA polymerase. Quantification of the extension products 

led to the quantitative detection of mC levels at the target site. 

Although this study showed the potential of TALE to discriminate 

methylation states of a specific site of gDNA, the method was not 

applicable to in-cell detection. To trace the DNA methylation state 

over time, a method that converts TALE-DNA binding to a readily 

detectable signal in live cells is required. 

To visualize TALE-DNA binding in live cells, bimolecular 

fluorescence complementation (BiFC) technology has been used. 7 

BiFC is based on structural complementation between two non-

fluorescent N-terminal and C-terminal fragments of a fluorescent 

protein.8 TALEs attached to N- or C-halves of the fluorescent proteins 

localize on adjacent sites by binding to the target DNA region, 

resulting in the complementation of the original fluorescent protein. 

Using BiFC-TALEs, telomeres and centromeres have been visualized 

in live cells.7 However, BiFC is irreversible and requires time for 

fluorophore maturation.8 The irreversibility and slow-acting property  

Fig. 1 Schematic representation of sequence-specific DNA methylation 

detection by TALE-NanoBiT. (A) L-TALE and R-TALE are fused to Sm-BiT and 

Lg-BiT, respectively. When the L-TALE target sequence is unmethylated, 

two TALEs come into close proximity, resulting in NanoBiT fragment 

complementation. (B) L-TALE
LINE1

(HD)-Sm and R-TALE
LINE1

-Lg, targeting 

LINE1 regions, were designed. RVD “HD” was used for methylation 

discriminative RVD. CpG cytosines in the target sequence are shown in red. 

Blue boxes indicate target DNA sequences in the LINE1 region. 
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Table 1 Kd values of TALE-NanoBiT fragments 

 

Proteins 

Kd (nM)a 

C oigo DNA 5mC oligo DNA 

L-TALELINE1(HD)-Sm 7.9 ± 3.2 39 ± 9.1 

L-TALELINE1(NG)-Sm 14.0 ± 0.9 11.5 ± 1.4 

R-TALELINE1-Lg 27 ± 19 29 ± 20 
a determined by EMSA 

 

of BiFC may obscure the analysis of dynamic changes in DNA 

methylation. Split luciferase is another class of complementation 

reporter, and it has been used for investigating protein interactions 

and epigenetic states of gDNA.4e, 9 The main advantage of using split 

luciferase is that the complementation is a reversible reaction.9a, 10 

Among the split luciferases, the recently developed split NanoLuc 

luciferase system, called NanoLuc Binary technology (NanoBiT), 

which showed bright luminescence and rapid and reversible 

reconstitution, seems to be the best complementation reporter for 

investigating DNA methylation.11 

In this study, we established a sequence-specific 5mC detection 

method applicable to cellular assays by combining a methylation-

sensitive DNA binding protein, TALE, and a state-of-the-art split 

luciferase system, NanoBiT. In our method, the small fragment of 

NanoBiT (Sm-BiT) and the large fragment of NanoBiT (Lg-BiT) are 

fused to left TALE (L-TALE) and right TALE (R-TALE), creating L-TALE-

Sm and R-TALE-Lg, respectively (Fig. 1A). L-TALE is designed to bind 

to a specific sequence containing a CpG site using RVD “HD” as a 

methylation discriminative RVD. L-TALE-Sm is expected to bind only 

to unmethylated target sequences because of the unmethylated C-

selectivity of RVD “HD.” On the contrary, R-TALE is designed to bind 

to a sequence that is adjacent to the L-TALE target sequence. R-TALE 

binds to the target site in a methylation-independent manner 

because the R-TALE target site has no CpG. Only when the target site 

is not methylated, both TALEs bind at adjacent sites. The bindings of 

TALEs bring the NanoBiT fragments fused to TALEs into close 

proximity, resulting in the complementation of NanoBiT fragments, 

which generates luminescence.  

Here, we targeted long interspersed nuclear elements 1 

(LINE1), which is a highly repetitive element. Methylation levels of 

the LINE1 region are significantly associated with global DNA 

methylation and have been widely used as a surrogate of global DNA 

methylation.12 We designed L-TALELINE1(HD)-Sm, with RVD “HD” as a 

methylation-discriminative RVD, to target an 18 nt sequence of the 

LINE1 region containing 4 CpG sites (Fig. 1B). We also designed R-

TALELINE1-Lg to target the adjacent locus of the L-TALELINE1(HD)-Sm 

target site (Fig. 1B). In addition, RVD “NG,” which has a slight 5mC-

preference, was used instead of RVD “HD” at the positions opposite 

to CpG cytosine bases to design L-TALELINE1(NG)-Sm as a control. 

First, the DNA binding abilities of the TALE-NanoBiT proteins 

were evaluated by EMSA (Table 1, Fig. S1, ESI†). In EMSA, L-

TALELINE1(HD)-Sm showed about 5-fold lower Kd value for the C target 

than 5mC, while L-TALELINE1(NG)-Sm showed similar Kd values 

between the C and 5mC targets (Table 1). These data suggested that 

L-TALELINE1(HD)-Sm discriminated the methylation-states of the 

target sequence because of the unmethylated-C selectivity of RVD 

“HD.” As expected, R-TALELINE1-Lg, which targeted the sequence with 

no CpG, showed similar Kd values between the C and 5mC oligo DNAs 

(Table 1).  

The TALE-NanoBiT fragment complementation was 

successfully induced in the presence of the target DNA in a manner 

dependent on the CpG methylation of the target sequence (Fig. 2). In 

the experiment, L-TALELINE1 (HD)-Sm (25 nM), R-TALE LINE1-Lg (75 nM), 

and either C or 5mC oligo DNA (5 nM) were mixed so that almost all 

oligo DNA molecules could be bound by R-TALELINE1-Lg and the 

fraction bound by L-TALELINE1(HD)-Sm would be different between C 

and 5mC oligo DNAs based on their Kd values (Table 1). Furimazine, a 

substrate of NanoBiT, was added to the mixtures, and then the 

luminescence intensity was measured (Fig. 2A). The luminescence 

intensity observed in the mixture containing C oligo DNA was about 

280-fold higher than that in the no DNA condition, while a slight 

increase (2.6-fold) was observed in the mixture containing 5mC oligo 

DNA (Fig. 2B, S2A). In addition, the luminescence intensity decreased 

in proportion to the methylation percentage of the oligo DNA (Fig. 

S3). We also examined the luminescence intensity at higher and 

lower L-TALELINE1(HD)-Sm (Fig. S2A). Under all examined conditions, 

L-TALELINE1(HD)-Sm in combination with R-TALELINE1-Lg showed 

significantly higher luminescence signals for the C oligo DNA 

compared with 5mC oligo DNA. On the other hand, the L-TALE LINE1 

(NG)-Sm and R-TALE LINE1-Lg pair showed similar luminescence 

intensities on C and 5mC oligo DNAs, consistent with the similar Kd 

values of L-TALE LINE1 (NG)-Sm to C and 5mC oligo DNAs obtained from 

EMSA (Fig. 2C, S2B). These data suggested that the luminescence 

intensity reflected the TALE-DNA binding and that the low 

luminescence intensity of the L-TALELINE1(HD)-Sm and R-TALE LINE1-Lg 

pair on 5mC oligo DNA was due to the low preference of RVD “HD” 

for 5mC. Interestingly, the luminescence intensity of the L-TALE LINE1 

(HD)-Sm and R-TALE LINE1-Lg pair on C oligo DNA was over 100-fold 

higher than that on 5mC oligo DNA. The difference in the 

luminescence intensity was unexpectedly large considering that L-

TALELINE1(HD)-Sm showed only a five-fold lower Kd value for the C 

target than for 5mC. Although the mechanism is unclear, it is possible 

that L-TALELINE1(HD) dissociates from 5mC oligo DNA too rapidly to 

lead to complementation of NanoBiT fragments.  

The effect of the spacer length within two binding sites of 

TALEs was evaluated. We designed five oligo DNA fragments, which 

had the binding sites of L-TALELINE1 and R-TALELINE1 separated by 

different lengths of the spacer (Fig. S4A), and TALE-NanoBiT 

Fig. 2 Evaluation of TALE-NanoBiT fragment complementation on oligo 

DNA. (A) Schematic representation of the experiment. Luminescence 

intensities of the mixture containing C or 5mC oligo DNA (5 nM), R-

TALELINE-Lg (75 nM), and L-TALELINE1(HD)-Sm (25 nM) (B) or L-TALELINE1(NG)-

Sm (25 nM) (C). In all experiments, the luminescence intensity was 

normalized to that of the no DNA condition. Data are expressed as the 

mean ± SD (n = 3).  
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fragment complementation on these oligo DNAs was evaluated (Fig. 

S4B, S4C). The luminescence intensity decreased as the spacer length 

became longer (10-19 bp), although the reduction was within only 

three-fold. However, oligo DNA with a 22 bp spacer induced higher 

luminescence intensity than with 16 and 19 bp spacers. These results 

suggest that the orientation of TALEs also affects the 

complementation efficiency. The importance of the spacer length 

and the orientation of TALEs is common to other TALE technologies, 

such as BiFC-TALE and TALE nuclease (TALEN).7, 13 

To evaluate the universality of our system, we designed another 

L-TALE, L-TALEart, targeting an artificial sequence containing 4 CpG 

sites (Fig. S5). L-TALEart(HD)-Sm and R-TALELINE1-Lg were successfully 

complemented on the target DNA in a manner dependent on the 

CpG methylation of the target sequence, indicating the applicability 

of our TALE-NanoBiT system to other DNA sequences. In addition, in 

this context, L-TALEart(NG)-Sm showed 14-fold lower Kd value for the 

5mC target than C, and induced stronger luminescence on 5mC oligo 

DNA than C (Fig. S5). These results suggested that our method can 

adopt other RVDs apart from RVD “HD” as a base-discriminating RVD. 

The methylation states of gDNA were clearly detected using 

TALE-NanoBiT system (Fig. 3). We extracted gDNA from a colon 

cancer cell line, HCT116 cells (Fig. 3A). A portion of the gDNA was 

enzymatically methylated using M.SssI CpG methyltransferase to 

prepare fully methylated gDNA. Meanwhile, highly unmethylated 

gDNA was extracted from DNA (cytosine-5)-methyltransferase 

(DNMT) 1/DNMT3B double-knockout HCT116 (DKO) cells.14 The 

LINE1 methylation levels of these gDNAs were determined by 

combined bisulfite restriction analysis (COBRA) and bisulfite 

sequencing.3a, 3e In COBRA, HCT116 gDNA had 80.4% LINE1 

methylation and 88.1% after treatment with M.SssI 

methyltransferase, whereas DKO gDNA had 4.0% LINE1 methylation 

(Fig. S6). Similar results were obtained using bisulfite sequencing (Fig. 

S7). To evaluate NanoBiT fragment complementation on these 

gDNAs that had different  methylation states, L-TALELINE1(HD)-Sm, R-

TALELINE1-Lg, and each gDNA were mixed, and luminescence intensity 

was measured. Compared to the no DNA condition, a significant 

increase in luminescence intensity was observed only on the gDNA 

from DKO cells that was highly unmethylated (Fig. 3B, S8A). On the 

other hand, when using L-TALELINE1(NG)-Sm instead of L-

TALELINE1(HD)-Sm, an increase in luminescence intensity was 

observed on all three types of gDNA (Fig. 3C, S8B). These results 

demonstrate that L-TALELINE1(HD)-Sm and R-TALELINE1-Lg detected the 

differences in the methylation states of gDNAs. 

Furthermore, the DNA methylation state was successfully 

detected even in live cells (Fig. 4). We expressed the L-TALELINE1(HD)-

Sm and R-TALELINE1-Lg pair in HCT116 or DKO cells (Fig. 4A). Twenty-

four hours after the transfection, the culture medium was changed 

to reduced serum medium, furimazine was added, and the 

luminescence intensity of these cells was measured. We set the L-

TALELINE1(NG)-Sm and R-TALELINE1-Lg pair as a standard in each cell 

line because the pair showed similar increases in luminescence in the 

presence of either methylated or unmethylated gDNA (Fig. 3C). By 

comparing the luminescence of the L-TALELINE1(HD)-Sm and R-

TALELINE1-Lg pair to that of the control pair, we evaluated the 

methylation-discriminative ability of the L-TALELINE1(HD)-Sm and R-

TALELINE1-Lg pair. In HCT116 cells that had highly methylated gDNA, 

the L-TALELINE1(HD)-Sm and R-TALELINE1-Lg pair showed a significantly 

lower luminescence intensity than the L-TALELINE1(NG)-Sm and R-

TALELINE1-Lg pair (Fig. 4B, S9A). The difference in luminescence was 

not due to differences in transfection efficiency because the 

expression levels of both pairs were similar (Fig. S10A). On the other 

hand, in DKO cells that had highly unmethylated gDNA, both pairs 

showed similar luminescence intensities (Fig. 4C, S9B). The 

expression levels of both pairs were also similar in DKO cells (Fig. 

S10B). These results suggested that in DKO cells, L-TALELINE1(HD)-Sm 

bound to gDNA as much as L-TALELINE1(NG)-Sm, while in HCT116 cells, 

the DNA binding of L-TALELINE1(HD)-Sm was less than that of L-

TALELINE1(NG)-Sm. The fact that L-TALELINE1(NG)-Sm bound to both 

methylated and unmethylated gDNA indicated that L-TALELINE1(HD)-

Sm preferentially bound to unmethylated DKO gDNA. Thus, the 

applicability of the TALE-NanoBiT system to detect the methylation 

states of gDNA in live cells was demonstrated.  

In conclusion, we established the TALE-NanoBiT system to 

convert TALE-DNA binding to an easily detectable luminescence 

signal. In addition, using a methylation-sensitive TALE, the 

methylation states of the target sequence could be distinguished. 

Importantly, the TALE-NanoBiT system worked well even in live cells, 

demonstrating a new way of detecting the methylation states of 

gDNA over time.  

To date, the sequence-specific detection of 5mC has not been 

achieved with existing methods using the MBD. In this study, we 

detected the methylation states of the LINE1 region as a model 

target. Because of the programmable sequence specificity and 

methylation sensitivity of TALE, TALE-NanoBiT allows detection of 

the methylation states of other desirable specific sites. Although the 

protein design of the TALE-NanoBiT system could be further 

optimized, this study demonstrated the usability of TALE-NanoBiT for 

sequence-specific detection of the methylation states of gDNA in live 

cells. Recently reported TALE scaffolds with enhanced 5mC 

selectivity may also help improve the 5mC-discriminative ability of 

TALE-NanoBiT.15  

Apart from 5mC, there are many types of 5mC derivatives, 

including 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC), 

and 5-carboxylcytosines (5caC).16 Although it was suggested that 

Fig. 3 Methylation detection of gDNA. (A) Schematic representation of the 

preparation of gDNAs containing different methylation states. 

Luminescence intensities of the mixture containing indicated gDNA (45 

ng), R-TALELINE1-Lg (10 nM) and L-TALELINE1(HD)-Sm (10 nM) (B) or L-

TALELINE1(NG)-Sm (10 nM) (C). The luminescence intensity was normalized 

to that of no DNA condition. Data are expressed as means ± SD (n = 3).  



COMMUNICATION Journal Name 

4 | J. Name., 2013, 00, 1-4 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

these 5mC derivatives have independent roles as epigenetic 

markers,17 the details have not been well studied because of the lack 

of methods for detecting these modified nuclear bases in live cells. 

TALE RVDs with sensitivity to 5hmC and 5caC have also been 

reported.6c, 6d, 6f Using these RVDs, our strategy to detect epigenetic 

changes based on the TALE-NanoBiT system can be applied to other 

such modified nuclear bases. To the best of our knowledge, TALE is 

the only protein with a modified base sensitivity with designable 

sequence specificity.  
Because detection of the changes in the 5mC status can be 

used to determine changes in biological and tumorigenic processes, 
our method for detecting 5mC in live cells should be of great clinical 
and research value.  
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