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DNA has a well-known propensity to adopt alternative non-B-
form conformations in vitro, including G-quadruplex (G4)1 
and intercalated motif (i-motif) structures2 (Fig. 1a). Of the 

two structures, G4 DNA formed within guanine (G)-rich regions 
of the genome is by far the more studied. Computational analysis3,4 
and high-throughput G4 sequencing5 have revealed that G4s are 
enriched in the regulatory regions of the genome. Furthermore, sev-
eral studies have investigated regulatory functions of G4s in cellular 
pathways6,7. In spite of in silico and in vitro characterizations of G4s, 
the in vivo existence of them in human cells remained speculative 
until the visualization of these structures using an antibody frag-
ment that recognizes G4 in a structure-specific manner8.

In marked contrast, insights into the biological role of i-motif 
DNA are limited. This structure is formed via a stack of intercalat-
ing hemiprotonated C-neutral C base pairs (C+:C), which are stabi-
lized in slightly acidic pH (Fig. 1a)9. As C-rich regions are common 
within the human genome, i-motifs have been characterized in vitro, 
derived from telomeres2,10, centromeres11,12 and promoter regions of 
proto-oncogenes13, using a range of biophysical techniques. These 
biophysical analyses demonstrated the formation of both intra- and 
intermolecular structures, with the overall stability of the structure 
dependent on the number of cytosines in the i-motif core, as well as 
the length and composition of loops13–16.

Despite strong evidence that shows C-rich sequences can adopt 
i-motif structures in vitro, the in vivo existence of this four-stranded 
DNA structure in the human genome is still a matter of scientific 
debate. In particular, observations that in vitro formation of the 
i-motif structure is dependent on acidic conditions have raised 
questions concerning biological relevance17,18. On the other hand, 
the existence of i-motif DNA in vivo is supported by studies that 
demonstrated that this structure can form at physiological pH under 
conditions of molecular crowding19–21 and negative superhelicity 
induced during transcription22. Recently, genomic sequences that 
form stable i-motif structures at neutral pH have been reported23–25. 
Furthermore, several studies have indicated that i-motif formation 
modulates replication26 and transcription27–31.

Taken together, while previous in vitro and indirect evidence 
has supported the notion that i-motif structures are formed in vivo, 
direct evidence has remained elusive. Here, we report the genera-
tion and characterization of a human antibody fragment that recog-
nizes i-motif structures with high selectivity and affinity. We utilize 
this reagent to demonstrate the first direct visualization of i-motif 
structures in the nuclei of human cells.

Results
Selection and characterization of an antibody fragment specific for 
human telomere i-motif. We utilized the Garvan-2 human single-
chain variable fragment (scFv) library32–34 to select i-motif-specific  
antibody fragments. Three rounds of phage selections were per-
formed to isolate binders to the human telomere i-motif (hTelo 
i-motif), a well-characterized i-motif35 whose structure has been 
reported2 (Fig. 1b and Supplementary Table 1). Binders were charac-
terized using soluble fragment enzyme-linked immunosorbent assay 
(ELISA) followed by bio-layer interferometry (BLI) off-rate ranking, 
resulting in the identification of a lead candidate (which we termed 
iMab). A detailed protocol of the antibody selection procedure is 
provided in Supplementary Method 1 and Supplementary Table 2.

We next used BLI to determine the kinetics and affinity of 
the interaction between purified iMab and the hTelo i-motif. We 
observed a highly stable complex, characterized by a slow dissocia-
tion rate and a KD in the low nanomolar range (ka =​ 3.2 ×​ 104 s−1 M−1, 
kd =​ 1.9 ×​ 10−3 s−1, KD =​ 59 nM) (Fig. 1c). We next evaluated the spec-
ificity of iMab for the hTelo i-motif by ELISA. This analysis revealed 
highly specific binding, as indicated by the absence of binding to 
a wide range of control protein and nucleic acid antigens includ-
ing double-stranded DNA, hairpin DNA, microRNA, streptavidin, 
neutravidin, hen egg-white lysozyme and neuropeptide Y (NPY) 
(Fig. 1d). In addition, no binding was observed to a mutant hTelo 
oligonucleotide (Fig. 1e), which lacks the i-motif structure, as indi-
cated by circular dichroism (CD) spectroscopy (Fig. 1f). To investi-
gate whether iMab is capable of binding to partially folded i-motif 
structures36, we tested truncated constructs with either three or two 
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tandem runs of cytosines. Indeed, these truncated hTelo i-motifs 
displayed reduced CD ellipticity compared to wild-type (wt) hTelo 
i-motif (Fig. 1f), suggesting an inability to form a fully folded i-motif 
structure. The two truncated constructs displayed either consider-
ably reduced binding (three C-runs) or no detectable binding (two 
C-runs), indicating that recognition by iMab is highly structure 
dependent (Fig. 1e). In contrast, wt hTelo displayed a high degree of 
foldedness, as indicated by positive ellipticity at ~285 nm and nega-
tive ellipticity at ~255 nm (Fig. 1f). This was highly comparable to 
a previously reported CD spectrum for wt hTelo35, and folded wt 
hTelo was recognized by iMab under all analysed conditions.

Next, the pH dependence of i-motif stability and iMab binding 
was investigated. In general, i-motif structures are considered most 
stable at acidic pH37, reflecting the negative logarithmic acid dissoci-
ation constant (pKa-) of cytosine and the requirement for the forma-
tion of hemiprotonated C+:C pairs35. We thus hypothesized that pH 
and the binding of iMab should be inversely correlated, assuming 
that the antibody predominantly recognizes folded i-motif rather 
than unfolded species. We investigated this notion, using BLI and a 

constant concentration of iMab binding to the hTelo i-motif under 
conditions ranging from pH 6 to 9 (the antibody itself was highly 
stable under all analysed conditions; Supplementary Fig.  1). This 
experiment indeed indicated considerable reduction of antibody 
binding at higher pH and no detectable binding at pH 9 (Fig. 1g). In 
addition, antibody–i-motif complex formed at pH 6 could be read-
ily dissociated when switching to pH 9 buffer conditions (Fig. 1h). 
Next we investigated the influence of iMab on the i-motif structure. 
CD spectroscopy was performed for the hTelo i-motif in the pres-
ence or absence of iMab across different pH values. This experiment 
revealed that the addition of iMab does not result in any wavelength 
shift irrespective of pH (Supplementary Fig. 2), implying that iMab 
binding does not detectably induce or alter the i-motif structure. 
Taken together, our results demonstrate that iMab recognizes the 
folded hTelo i-motif structure with high affinity and specificity.

iMab recognizes i-motifs  in a structure-specific manner. In 
addition to telomere regions, C-rich sequences capable of adopt-
ing i-motif structures in vitro are commonly found in other regions 
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Fig. 1 | Characterization of an hTelo i-motif specific antibody fragment (iMab). a, Schematic of i-motif and G4 structures. b, Structure and schematic 
drawing of human telomeric (hTelo) i-motif (PDB: 1EL2). c, Bio-layer interferometry (BLI) analysis of binding of different concentrations of iMab to hTelo 
i-motif at pH 6 (association constant, ka =​ 3.2 ×​ 104 s−1 M−1; dissociation constant, kd =​ 1.9 ×​ 10−3 s−1; equilibrium constant, KD =​ 59 nM). d, Examination of 
iMab binding to control oligonucleotides and proteins (ELISA format). Plotted values are means ±​ s.d. of three replicates. e, Examination of iMab binding 
to full-length hTelo i-motif, as well as to truncated (x3 and x2 C-runs) and mutant species (ELISA format). Plotted values are means ±​ s.d. of three 
replicates. f, Circular dichroism (CD) spectra of full-length hTelo i-motif, truncated (x3 and x2 C-runs) and mutant species. g, BLI analysis of binding of 
iMab to hTelo i-motif at conditions at or above  pH 6. h, BLI analysis of binding of iMab to hTelo i-motif at pH 6 and dissociation at pH 6 and 9, respectively.
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throughout the genome. Several of these i-motifs have been bio-
physically characterized, including sequences from centromeres 
and the promoters of proto-oncogenes13,18. In addition to the hTelo 
i-motif structure described above, we evaluated the binding of 
iMab to six other well-defined intramolecular i-motif structures 
(Supplementary Table  1) by ELISA. These include 1G2211 and 
1A8338, whose structures have been solved, and four other i-motifs, 
c-MYC22, RET39, VEGF40 and Nano41. As depicted in Fig. 2, iMab 
has high apparent affinities for all of these i-motifs, ranging from 
approximately 290 picomolar to around 10 nanomolar. These results 
suggest iMab is an i-motif structure-specific antibody and capable 
of recognizing this structural motif with high affinity, irrespective 
of sequence diversity.

iMab differentiates i-motifs from G4s. Unlike i-motifs, for which 
only a small number of structures are available in the Protein Data 
Bank (PDB)42, structures of many G4s have been reported; these 
structures demonstrate extensive structural and topological diver-
sity43. Therefore, it is conceivable that i-motifs and G4s could dis-
play common epitopes. Moreover, in genomic DNA, i-motifs are 
often accompanied by complementary G-rich sequences, which can 
adopt G4 structures. For applications such as immunostaining, a 
high level of specificity and the absence of binding to G4s is therefore 
likely to be important. To evaluate iMab cross-reactivity we exam-
ined binding to six G4s of known structures, which were selected 
to represent a diverse range of conformations (Supplementary 
Table  1): promoter G4s c-MYC44, BCL245, VEGF46 and telomeric 
G4s 2JSM47, 2GKU48 and aptamer G4 TBA49. As outlined in Fig. 2, 
ELISA results show that iMab does not display any detectable bind-
ing to these molecules, suggesting that it is highly capable of differ-
entiating between G4 and i-motif structures.

To confirm these results, binding was analysed by BLI using two 
additional antibodies as controls. As a negative control, we used the 
DP47DPK9 germline scFv antibody32, from which iMab and the 
parental Garvan-2 scFv library were derived. While DP47DPK9 

did not show any binding to i-motifs and G4s (Supplementary 
Fig. 3), iMab recognized i-motifs and differentiated them from G4s 
(Supplementary Fig. 3). As a second control, we utilized the widely 
used commercially available G4 quadruplex antibody BG48. As 
expected, this antibody showed substantial binding to all analysed 
G4 structures (Supplementary Fig. 3); however, BG4 also displayed 
detectable cross-reactivity to i-motifs (Supplementary Fig.  3) and 
competed with iMab for binding to several i-motifs (Supplementary 
Fig. 4).

I-motif structures are formed in the nuclei of human cells. We 
then used iMab for indirect immunofluorescent staining of three 
different human cell lines. This staining revealed punctate foci in the 
nuclei of MCF7, U2OS and HeLa cell lines that were dependent on 
the presence of iMab (Fig. 3a). Next, we investigated whether DNase 
I digestion can affect the number of visualized foci. This experi-
ment showed that DNase I treatment significantly decreased the 
number of foci in the nuclei (Fig. 3a,b; see Supplementary Method 2   
for counting of the number of foci). Limited residual foci were 
observed after treatment, presumably due to nuclease-resistant 
DNA structures or shielding by proteins. Another possibility is the 
formation of RNA i-motifs that are not removed by DNase I diges-
tion. A small decrease in the number of iMab foci after RNase A 
treatment supports this speculation (Fig. 3b). As a further control, 
we blocked iMab by pre-incubation with a fivefold molar excess of 
folded hTelo i-motif oligonucleotide before staining and observed 
a significant decline in the immunofluorescence signal (Fig.  3b). 
In addition, DP47DPK9 germline antibody staining did not show 
detectable punctate foci (Fig. 3b).

To validate that the detected foci correspond to i-motif struc-
tures, we transfected HeLa cells with folded i-motif and G4 oligo-
nucleotides. Cells were transfected with 1, 2 and 4 µ​g of folded hTelo 
i-motif. Staining cells after 16 h using iMab showed an increase in 
the number of foci that directly correlated with the amount of trans-
fected hTelo i-motif (Fig. 3c). The same experiment was performed 
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for folded KIT2 G450 (Supplementary Table 1). We did not observe 
an increasing trend in the number of iMab foci on increasing the 
amount of transfected KIT2 G4 (Fig. 3c).

Cell-cycle-dependent formation of i-motif structures. To inves-
tigate whether i-motif formation is affected by cell-cycle progres-
sion, we used the iMab antibody to stain HeLa cells synchronized 
at G0/G1, G1/S boundary or early S phase. To analyse cell-cycle 
stages, we performed propidium iodide staining followed by 
flow cytometry. Synchronization at G0/G1 was reached by serum 
deprivation for 24 h. We observed the minimum number of foci 
at this phase. Incubation of the cells for 16 h in the presence of 

mimosine arrests them at the G1/S boundary51. Staining of these 
cells showed that i-motif formation is at the highest level at this 
phase of the cell cycle. Three hours after being released from the 
mimosine-induced blockade, when the cells synchronously begin 
S phase, the number of iMab foci was reduced compared to the 
G1/S boundary phase (Fig. 4a,b). Similar trends of i-motif forma-
tion during cell-cycle progression were observed in the MCF7 cell 
line (Supplementary Fig. 5).

pH-dependent formation of i-motif structures. We next exam-
ined how the formation of i-motif structures is affected by pH. 
As intracellular pH is inversely correlated with the concentra-
tion of CO2 in the cell culture system52,53, we hypothesized that we 
could investigate the effect of pH on i-motif formation by chang-
ing the CO2 concentration. First, we incubated MCF7 cultures at 
5% CO2 until they reached ~70% confluency and then incubated 
the cultures in 2%, 5% or 8% CO2 incubators for a further 2.5 h. 
When staining with iMab, a significant increase in focus number 
was observed with increasing CO2 concentration (Fig.  5a,b). As 
expected, measurements of pH in the MCF7 culture medium indi-
cated an inverse correlation with the CO2 concentration (Fig. 5c). 
To verify that intracellular pH changes upon variation in CO2 con-
centration, we used pHrodo Red as an intracellular pH indicator, 
a fluorogenic probe permeating the cell membrane (fluorescence 
intensity is inversely correlated with intracellular pH). As depicted 
in Fig.  5d, compared to 5% CO2, we observed ~20% lower and 
~30% higher fluorescence at 2% and 8% CO2, respectively. These 
results indicate that intracellular pH can be decreased by incu-
bating cells at higher CO2 concentrations, resulting in increased 
i-motif structure formation. To confirm this result, we repeated the 
experiments using HEK 293T cells and pHrodo Green, a different 
intracellular pH indicator, to exclude cell line and reagent-specific 
effects. Similar trends of pH- and CO2-dependent i-motif forma-
tion were observed (Supplementary Fig. 6).

Evidence for i-motif formation in regulatory regions. G/C-rich 
repeats capable of forming in vitro G4 and i-motif structures, 
respectively, have been identified in human telomeres. We explored 
the in vivo formation of i-motif structures in the telomere region by 
co-staining U2OS cells using iMab and a TRF2 (telomere repeat-
binding factor 2) antibody. TRF2 is a negative regulator of telomere 
length and localizes predominantly at telomeres54. Using confocal 
microscopy, we observed some co-localization of signals in U2OS 
cells stained with iMab and TRF2 antibodies (Fig. 6a). The struc-
tures recognized by these reagents are probably beyond the resolving 
power of conventional microscopy, even using deconvolution algo-
rithms. Therefore, to confirm the likelihood of the co-localization,  
we used stimulated emission depletion (STED) microscopy, which 
can provide super-resolution (<​50 nm in x–y) three-dimensional 
images. Using STED microscopy, we were able to detect the co-
localization of iMab and TRF2 foci (Supplementary Fig.  7). Our 
data suggest that i-motif structures are likely to exist at TRF2 foci 
on telomeres; however, a considerable number also form outside 
telomere regions.

It has been suggested that C-rich sequences capable of forming 
stable i-motif structures at physiological pH are enriched in regu-
latory regions of the human genome23,24. Among these sequences, 
i-motifs in the promoter regions of proto-oncogenes13 (such as 
BCL227,28,55,56) are arguably the most well-studied. We investigated 
the in vivo formation of i-motifs in promoter regions by co-staining 
U2OS cells with iMab and an anti-E12/E47 antibody. The E12/E47 
transcription factors are encoded by the E2A gene and bind to the 
enhancer (E) box57. We observed several concurrences between 
iMab and E12/E47 foci (Fig.  6b). Our result further supports the 
notion that i-motif structures form in promoter regions and modu-
late transcription.
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Discussion
By generating an i-motif-specific antibody fragment and utilizing it 
for immunofluorescent staining, we provide the first direct evidence 
for the presence of i-motif structures in the nuclei of human cells. 
We demonstrate dynamic i-motif formation in vivo, dependent on 
cell-cycle progression and pH variation. In addition, we describe 
evidence for the formation of i-motif structures within regulatory 
regions of the human genome.

By providing a highly specific probe, the research outlined here over-
comes a longstanding technical limitation in the i-motif field. Much as 
the development of anti-G4 antibody fragments has revolutionized this 
field over the last 15 years8,58, the availability of high-quality i-motif-
specific reagents, which differentiate these structures from other 
secondary structures such as G4s, has the potential to provide transfor-
mative advances in our understanding of i-motif functions in the cell. 
Our observation that commonly used anti-G4 antibodies cross-react 
with i-motif DNA also raises implications for the G4 quadruplex field.

One of the main sources of uncertainty regarding the biologi-
cal relevance of i-motif structures is the fact that such structures 
had so far been predominately observed at acidic pH below the 
physiological range9. Given the high sensitivity of iMab detection 
(Supplementary Fig. 8), we were able to detect i-motifs within a pH 
range of 6–8 (Fig. 1g). Our results thus indicate that i-motif DNA 
structures can indeed form under physiological conditions, presum-
ably further supported by cellular features such as negative superhe-
licity22, epigenetic modifications59 and molecular crowding19–21.

Our results also suggest that the formation of i-motif struc-
tures is highly cell-cycle specific. More specifically, using iMab 
staining, we observed that the highest level of i-motif formation 
occurs in late G1 phase, which is characterized by high levels of 
transcription and cellular growth (Fig.  4a,b and Supplementary 
Fig.  5). This observation agrees with the findings described for 
the regulatory role of i-motif structures at the promoters of several  
proto-oncogenes27–29,55,56, further supporting the notion that i-motifs 
may act as scaffolds for the binding of transcription factors during 
transcription. This behaviour is markedly different to G4 forma-
tion, which occurs predominately during the S phase8. In contrast, 
we observed a reduction in the number of iMab stained foci in early 
S phase, indicating that i-motif structures are resolved during rep-
lication. The difference between i-motif and G4 formation during 
cell-cycle progression agrees with recent findings demonstrating 
that these structures are often mutually exclusive60 and play oppo-
site roles in the regulation of gene expression29.

Compared to G4s, which are significantly more stable under 
physiological conditions, the transient and pH-dependent formation 

of i-motif structures has considerably slowed research in the i-motif 
field. However, it is possible that the transient nature of the i-motif 
structure, far from being a biophysical artefact, may actually medi-
ate important regulatory roles; more specifically, variation in local 
conditions such as pH may be modulating function by controlling 
i-motif stability, for instance within promoter and telomere regions.

We conclude that our results support the notion that C-rich 
sequences within the genome form i-motif structures in the nuclei of 
human cells and control regulatory functions. Therefore, it is conceiv-
able that any changes, such as mutations that alter i-motif stability and 
conformation, can affect their regulatory role, as has been previously 
reported for other DNA and RNA structures61,62. Our results thereby 
provide a core foundation for future studies exploring the biological 
role of this common genomic DNA structure, and for validation as a 
therapeutic target in cancer and other pathological conditions.

Methods
Material and methods are described in the Supplementary Information.

Reporting Summary. Further information on experimental design is available in 
the Nature Research Reporting Summary linked to this article.

Data availability. Data sets generated during the study and antibody preparations 
are available from the corresponding authors upon reasonable request.
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Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of any assumptions or corrections, such as an adjustment for multiple comparisons

Test values indicating whether an effect is present 
Provide confidence intervals or give results of significance tests (e.g. P values) as exact values whenever appropriate and with effect sizes noted.

A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)

Clearly defined error bars in all relevant figure captions (with explicit mention of central tendency and variation)

See the web collection on statistics for biologists for further resources and guidance.
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   Software
Policy information about availability of computer code

7. Software

Describe the software used to analyze the data in this 
study. 

1) Number of foci were counted using FIJI as described in the supplementary information.  
2) Imaris version 8 was used to analyze the colocalization assay.   
3) Statistical analyses was performed using GraphPad Prism version 7. 
4) Global fitting curves in the BLI experiment were analyzed using BLItz Pro  version 1.2.

For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made 
available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for 
providing algorithms and software for publication provides further information on this topic.

   Materials and reagents
Policy information about availability of materials

8.   Materials availability

Indicate whether there are restrictions on availability of 
unique materials or if these materials are only available 
for distribution by a third party.

iMab antibody fragment generated at the Garvan Institute would be available upon request 
for research applications.

9.   Antibodies

Describe the antibodies used and how they were validated 
for use in the system under study (i.e. assay and species).

1) Anti-myc horseradish peroxidase (HRP) antibody (CMYC-45P, ICL) 
2) Anti-FLAG antibody (14793S, Cell Signaling Technology) 
3) Anti-rabbit Alexa 488-cojugated antibody (711-546-152, Jackson ImmunoResearch) 
4) Anti-TRF2 antibody (ab13579, Abcam) 
5) Anti-mouse Alexa 488-cojugated antibody (715-545-150, Jackson ImmunoResearch) 
6) Anti-rabbit Alexa 594-cojugated antibody (A-11037, ThermoFisher)  
7) BG4 antibody (Ab00174-1.1, Absolute Antibody) 
8) Anti-E12/E47 antibody (sc-133075, Santa Cruz Biotechnology)  
9) Anti-mouse Alexa 594-conjugated antibody (A11005, ThermoFisher) 

10. Eukaryotic cell lines
a.  State the source of each eukaryotic cell line used. MCF7: Michigan Cancer Foundation 

HeLa: Garvan Institute of Medical Research  
HEK 293T: Garvan Institute of Medical Research 
U2OS: Garvan Institute of Medical Research

b.  Describe the method of cell line authentication used. MCF7: validated by Cellbank Australia using short tandem repeat (STR) profiling  
HeLa: not done 
HEK 293T: validated by Cellbank Australia using STR profiling 
U2OS: not done

c.  Report whether the cell lines were tested for 
mycoplasma contamination.

All cell lines were tested and are negative for mycoplasma 

d.  If any of the cell lines used are listed in the database 
of commonly misidentified cell lines maintained by 
ICLAC, provide a scientific rationale for their use.

Cell lines used in this study were chosen as models and results did not show any cell line 
dependency. 

    Animals and human research participants
Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines

11. Description of research animals
Provide all relevant details on animals and/or 
animal-derived materials used in the study.

N/A

Policy information about studies involving human research participants

12. Description of human research participants
Describe the covariate-relevant population 
characteristics of the human research participants.

N/A
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