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SUMMARY

I-motifs are noncanonical four-stranded DNA structures formed by C-rich se-
quences at acidic environment with critical biofunctions. The particular pH sensi-
tivity has inspired the development of i-motifs as pH sensors and DNA motors in
nanotechnology. However, the folding and regulation mechanisms of i-motifs
remain elusive. Here, using single-molecule FRET, we first show that i-motifs
are more dynamic than G4s. Impressively, i-motifs display a high diversity of six
folding species with slow interconversion. Further results indicate that i-motifs
can be linearized by Replication protein A. More importantly, we identified a
number of helicases with high specificity to i-motifs at low pH. All these helicases
directly act on and efficiently resolve i-motifs into intermediates independent of
ATP, although they poorly unwind G4 or duplex at low pH. Owing to the extreme
sensitivity to helicases and no need for ATP, i-motif may be applied as a probe for
helicase sensing both in vitro and in vivo.

INTRODUCTION

DNA can adopt various noncanonical structures, for instance, G-quadruplex (G4) and i-motif, in addition to
the classical double-helix form (Wells, 2007). The four-stranded G4s are held together by Hoogsteen bonds
and function in the initiation of DNA replication, regulation of DNA transcription, and telomere mainte-
nance (Bochman et al., 2012). Although G4s have been extensively studied, the i-motifs in their comple-
mentary strands are still mysterious (Abou Assi et al., 2018). Different from G4s, i-motifs are formed via
the stack of intercalating hemi-protonated C*: C base pairs at the acidic condition (Gehring et al., 1993).
The in-cell NMR spectra showed that i-motifs are stable and persistent in the nuclei of living human cells
(Dzatko et al., 2018). Besides, by using an antibody iMab, the formation of i-motifs was demonstrated in
a cell-cycle and pH-dependent manner (Zeraati et al., 2018). The i-motif sequences are most enriched in
gene promoters and telomeric regions, and owing to their essential roles in oncogene regulation, i-motifs
have been considered as the targets for anticancer therapy (Day et al., 2014). Relying on their pH respon-
siveness, easy accessibility to intracellular spaces, and relatively low toxicity, i-motif sequences have also
been extensively used in DNA nanotechnology (Alba et al., 2016; Dong et al., 2014). For instance, the i-
motif-based nanomachines could report the spatial and temporal pH changes inside the cell (Modi
et al., 2009); the i-motif nanocontainers could control the drug release in cells (Dembska, 2016). Therefore,
investigating the folding mechanism of i-motifs and their regulations by specific proteins has a high signif-
icance for both the understanding and application of i-motifs.

At present, the in-depth understanding of the i-motif folding mechanism is still lacking; however, previous
studies on G4s may provide valuable clues. G4s can adopt a variety of folding topologies with thermal sta-
bility mainly depending on monovalent ions (Bochman et al., 2012). During the dynamic G4 folding/unfold-
ing process, the intermediate states like G-triplexes and G-hairpins were proposed (Hou et al., 2017). Some
G4s also go through the dynamic transitions between the distinct topologies (Dai et al., 2008). However,
different from G4s, the most important determinant for i-motif formation is pH (Choi et al., 2011). As the
pH sensitivity makes i-motifs a powerful nanodevice (Dong et al., 2014), exploring the dynamic structural
changes in i-motif DNA at different pH becomes very important. In recent years, single-molecule-level
studies have captured the dynamic folding/unfolding of i-motifs in equilibrium with other unknown folding
species (Kim et al., 2014; Dhakal et al., 2010; Megalathan et al., 2019; Choi et al., 2011; Paul et al., 2020; Cui
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using different DNA sequences; therefore, controversies still exist about the number and the nature of
diverse i-motif folding conformations, suggesting that the folding dynamics of i-motifs are far from being
understood.

A large number of proteins are required to remove the folded G4 barriers and maintain the progression of
DNA replication or transcription, among which single-stranded DNA binding proteins (SSBs) and special-
ized DNA helicases such as BLM, DHX36, and Pif1 have been extensively studied (Mendoza et al., 201¢;
Salas et al., 2006; Wang et al., 2021). In sharp contrast, little is known about the proteins specifically inter-
acting with i-motifs (Abou Assi et al., 2018). HnRNP LL is one of the best-studied proteins that can bind and
destabilize the i-motif in BCL2 promoter, and thereby activate BCL2 transcription (Kang et al., 2014).
Together with poly-C-binding proteins hnRNP K, BmILF, «CP1-4, and aCPKL, the above-mentioned are
almost all the i-motif interacting proteins that have been established so far (Yoga et al., 2012; Marsich
et al.,, 1996, 1998; Lacroix et al., 2000; Niu et al., 2018). More importantly, how the folding conformation
of i-motif DNA is regulated by these proteins remains elusive. It is worth noting that a recent study linked
the formation of G4s and i-motifs in the helicase-polymerase uncoupling sites with the replicative stress
and suggested the requirement of DNA repair (Amparo et al., 2020). We know that helicases participate
in almost every aspect of DNA metabolism; particularly, some helicases are responsible for resolving the
complicated DNA structures like G4s and Holliday junctions (Sharma, 2011). In addition, the function
loss of dog-1 helicase in C. elegans was reported to produce the selective deletion mutagenesis at persis-
tent G4s and i-motifs sites (Kruisselbrink et al., 2008). All these facts then motivated us to examine whether
and how helicases may play roles in regulating i-motif DNA.

In this report, we focused on the conformational dynamics of i-motif DNA using single-molecule fluores-
cence resonance energy transfer (smFRET), which allows us to accurately monitor the folding/unfolding
of i-motifs at the molecular level. We first looked at the intrinsic folding dynamics of i-motif DNA, and on
this basis, we then examined their regulations by the specific proteins including Replication protein A
(RPA) and helicases. The i-motif from BCL2 oncogene (referred to as Bcl2-IM) was used predominantly. Hu-
man telomere and insulin-linked polymorphic region (ILPR) i-motifs (referred to as hTel-IM and ILPR-IM)
were also tested as they originate from different genomic regions and are linked to different biological/dis-
ease functionalities. In brief, we discovered that i-motifs are more dynamic than G4s at different pH, which is
consistent with previous studies (Dai et al., 2010; Kendrick et al., 2014). Furthermore, we found that i-motifs
display a high conformational diversity of up to six folding states with slow interconversion at the single-
molecule level. More importantly, we identified several helicases that specifically bind to and unfold i-motifs
at acidic environment in a unique ATP-independent mode. A competition assay was also performed to
define the helicase behavior in the presence of both i-motif and G4 DNA. To our knowledge, this is the first
report to address the interaction between i-motif and protein at the single-molecule level; therefore, it may
provide new insights into our understanding about the regulation mechanisms of i-motifs and also broaden
our knowledge about the functioning of DNA helicases. Finally, we showed that i-motif can be used as a
sensitive probe to detect helicase in vitro and discussed some potential applications of the protein regula-
tion of i-motif in nanotechnology.

RESULTS AND DISCUSSION

I-motifs are more dynamic than G4s from the acidic to basic environments

In DNA replication or transcription, the transient exposure of G-rich DNA sequences can fold into G4 struc-
tures. Meanwhile, the complementary C-rich strands may fold into the i-motif structures. In sharp contrast
to massive knowledge about G4 DNA, how i-motif DNA dynamically fold/unfold at different pH and how
they are regulated by proteins were still poorly understood. Therefore, at the beginning of this study, we

carried out a comparative analysis on the folding dynamics of i-motif and G4, respectively. Phosphate
buffer with 100 mM KCl was used.

We first examined the formation of i-motifs and the corresponding G4s from pH 5.8 to 8.0 by CD spectrum.
Figure 1A shows that, at acidic condition, Bcl2-IM folds into the typical i-motif topology with a peak at
~285 nm and a valley at ~255 nm, which is identical to the previous studies (Wright et al., 2017; Ruggiero
etal., 2019; Nguyen et al., 2017) but different from either the mutant Bcl2-IM sequence (referred to as Bcl2-
Mut) or the random ssDNA (Figures STA and S1B). With the increases in pH, the peak positions shift to the
left accompanied by the decreases in magnitudes, suggesting the gradual disassembly of i-motif struc-
tures. The spectrum and changes in hTel-IM and ILPR-IM are consistent with Bcl2-IM (Figures S2A and

2 iScience 25, 103575, January 21, 2022

iScience



iScience ¢? CellPress
OPEN ACCESS

A N C  _m-BcI2-G4 —@—hTel-G4 —A—ILPR-G4
— Y — 2 —9—-Bcl2-IM =@—=hTel-IM =p~—ILPR-IM
<_ 3] ——pH5. -

> E | ——pHs62 ”\% > €& @ ) P A—b—h A

S ©,|——rHes } s ° 80

° '2 1——pH7.0 °a '2 o ———y—

= ——pH74 = 70| 0—0—0—0—o o
o [@)]

W & 1{——pHso0 W g B = 60

o 2 ®© O 01"

S E ol S8 ©o© £ 50 ””\0\,_‘

=% b =% b
<. | Bcl2-IM = Bcl2-G4 401 ®T°R,,

220 240 260 280 300 320 220 240 260 280 300 320 6.0 65 7.0 75 8.0
Wavelength (nm) Wavelength (nm) pH

Figure 1. I-motif and G4 DNA respond differently to the changes in pH

(A and B) CD spectrum of i-motif DNA and G4 DNA formed at different pH with the sequences from BCL2 promoter.

(C) T,y values determined by the FRET-melting assay. The dashed line indicates that the Tm cannot be calculated above this pH value, since at higher pH
levels, there may not be well-folded i-motif structures and consequently, the transition between the folded and the unfolded state is lost.

S2B). However, only mild changes can be observed in G4 DNA (Figures 1B, S2C, and S2D), reflecting the
stable folding of G4 structures. The thermal stability of these i-motifs and G4s were further determined
by the FRET-melting assay (De Cian et al., 2007). Figure 1C indicates that G4s are far more stable than i-
motifs in the same buffer. More importantly, G4s display very little Tm change over a wide pH range; how-
ever, the stability of i-motifs decreases with the increases in pH. In particular, the Tm of hTel-IM and ILPR-IM
can only be determined at very acidic conditions.

Then we further addressed the dynamic folding/unfolding of Bcl2-IM at the single-molecule level. The
schematic design of the substrate was shown in Figure 2A. Cy3 was attached to the 3'-end of i-motif and
Cy5 was located at the sixth nucleotide inside the duplex. The fluorophores were so spaced that the
FRET signal can sensitively report the conformational change of i-motif. At pH 6.2, the FRET distribution
from all Bcl2-IM traces displays a single peak at ~ Eg g5, reflecting the uniform folding of i-motif structures
(Figure 2B). With the increases in pH, the FRET distributions significantly shift to the left and finally center at
~Eg 45, suggesting the disassembly of i-motif structures at higher pH. The representative traces at different
pH were shown in Figure S3. As a control, Bcl2-Mut has little change with the increases in pH (Figures S1C
and S1D). The Bcl2-G4 also shows the insensitivity to pH (Figure S4). Then we further analyzed the fractions
of FRET traces showing the dynamic changes within 1 min in the above structures (Figure 2C). Most G4s are
static from pH 6.2 to 8.0; however, 40%—-60% i-motifs are dynamic, particularly at neutral or alkaline condi-
tions. Altogether, the above results demonstrate that i-motif structures are more dynamic than the comple-
mentary G4s.

I-motifs display the high conformational diversity of up to six folding states

To further probe the probable folding status of i-motif DNA, we then selected the dynamic Bcl2-IM traces
atpH 7.0 as shown in Figure 2D, in which multiple FRET states can be distinguished with a slow transition at
the ~105s level. Then, we combined all those dynamic traces and plot the FRET distribution in Figure 2E. As
a result, six FRET peaks that may reflect the six folding states of i-motif DNA can be identified. Therefore,
besides the completely folded i-motif state at the highest FRET and the ssDNA state at the lowest FRET,
four intermediate states may exist. Figure S5 further indicates that possessing multiple folding states is a
common phenomenon in different i-motif sequences.

We also employed Klenow fragment (KF) polymerase stop assay to dissect the Bcl2-IM folding status. In the
template (Figure 2F), Bcl2-IM was linked to the region complementary to the FAM-labeled primer (Takaha-
shi et al., 2017), enabling us to discriminate the stalled product from the unreacted primer and the full-
length product. The concentration of DNA template was 1 pM and 200 nM KF was used. The top band
in the gel should be the full product and the asterisk indicates the stop site at i-motif. At the i-motif desta-
bilizing condition pH 7.4 and pH 8.0, Bcl2-IM was completely polymerized by KF; however, at pH 6.2, four
middle bands show up, suggesting the blocking of KF by the partial i-motif structures. The analysis on hTel-
IM and ILPR-IM were also performed (Figures S6A and S6B). At pH 6.2, 200 nM KF almost completely over-
comes and polymerizes those two structures possibly owing to the lower stability than Bcl2-IM. When the
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Figure 2. I-motifs are more dynamic than the complementary G4s
(A) The schematic design of smFRET experiment for Bcl2-IM.

(B) FRET distributions of Bcl2-IM at different pH. All traces were included whether it was static or dynamic.
(@)

(D) The representative dynamic traces of Bcl2-IM at pH 7.0. The emission intensity was in arbitrary unit.

(E) FRET distribution of the dynamic Bcl2-IM traces at pH 7.0.

(

The fractions of FRET traces showing the dynamic changes during the 1-min recording time. Data are represented as mean + SEM.

F) Analysis of the KF replication reactions with Bcl2-IM template at different pH. DNA template was 1 uM, and 200 nM KF was used. The bottom line shows

the position of the 12-nt primer. The other two lines are the 18- and 41-nt FAM labeled sequences that mimic the polymerization of 6-nt poly-T linker only and

the full product, respectively (Table S1); therefore, the asterisk should indicate the position of the stalled product ati-motif. At pH 7.4 and pH 8.0, Bcl2-IM can

be completely polymerized by 200 nM KF. However, at pH 6.2, four intermediate bands can be observed.

KF concentration was decreased to 50 or 100 nM, four intermediate bands can be observed in ILPR-IM, in
agreement with the result of Bcl2-IM. Fewer middle bands appear in hTel-IM, consistent with its lowest sta-
bility among the three i-motifs.

To probe the possible forms of intermediate states, we designed a series of partial i-motif sequences with
two or three C-tracts (Figure S7A). The sequences from human telomere were selected owing to the uni-
form loop lengths. In general, higher-order structures were formed and five FRET states can be identified
totally (Figures S7B and S7C). Except that the i-motif state at Eg 95 is missing, other states at ~ Eqg, ~Eq7,
~Eop.5, ~Eo.4, ~Ep.25 can all be found in both the original i-motif and the modified sequences (Figures S7B
and S5D), in which the ~Eg 25 should reflect the ssDNA form. According to the consistency in FRET values,
we speculate that the i-motif folding intermediates may be formed by those partial i-motif sequences via
C*: Cbase pairs. We also noticed that, besides the ssDNA state at ~ Eg 55, there are two peaks in each FRET
histogram, indicating that different types of C-hairpins are formed in the same sequence. Although we
could not determine exactly what C-hairpin each FRET state may represent, based on G-hairpins (Stadlba-
uer et al., 2015, 2019), some speculated C-hairpins were shown in Figure S7D. One may query whether
these different proposed conformations may stall elongation in the KF stop assay in the same way as the
natural sequences. For this purpose, we selected the hTel-m2 and hTel-m4 for test (Figures S6C and
S6D). Indeed, some middle bands show up below the full-length product and above the stop site after
the polymerization of 6-nt linker in both substrates. These evidences suggest that higher-order structures
may form in the partial i-motif sequences, consistent with the smFRET observations in Figure S7.

Taken together, the above-mentioned results indicate that i-motif sequences may fold into a variety of

different conformations in a pH-dependent manner. Our recently published results further showed that
i-motif sequences fold into different status at different ion concentrations (Gao and Hou, 2021). All those
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Figure 3. RPA effectively disrupts the well-folded Bcl2-1M

(A) The experimental design to characterize the interaction between i-motif and RPA. The concentration of DNA substrate in the
microfluidic chamber was 50 pM. After DNA immobilization, 10 nM, 50 nM, or 1 uM RPA was added. Therefore, the minimum ratio
between RPA and DNA was about 1:200. However, as the DNA was anchored at the coverslip surface with less degree of freedom,
the interaction efficiency between RPA and DNA on the surface may be lower than in the free solution.

(B) FRET distributions of Bcl2-IM at pH 6.2 before and 4 min after the addition of RPA.

(C) The representative FRET traces with the addition of 10 nM RPA. The black arrows indicate the addition of protein.

evidences suggest that i-motif is a kind of nucleic acid structure very sensitive to buffer conditions. There-
fore, itis likely that the i-motif sequences inside the cell may adopt various conformations such as complete
i-motif, different forms of C-hairpins, and ssDNA based on the ambient environment.

I-motif structures can be easily disrupted by RPA into the linear state

After characterizing the intrinsic folding dynamics of i-motif DNA, we next aimed to look for the proteins that
can finely regulate the folding status of i-motif. As the most abundant and ubiquitous single-strand DNA
binding protein inside the eukaryotic cell, RPA has been reported to unfold the human telomeric G4
DNA (Salas et al., 2006). Therefore, we then examined the interaction between RPA and Bcl2-IM using
the substrate in Figure 3A. We prepared the DNA substrate at pH 6.2 under which condition the Bcl2-IM
can be well folded in all the following experiments. To check the DNA binding activity of RPA at the acidic
condition, we first performed analysis on the interaction between Bcl2-Mut and RPA at pH 6.2 as a control. As
shownin Figure S8, afteradding RPA, the FRET distribution thoroughly shifted to the leftat ~ Eg 15, reflecting
that even 10 nM RPA can bind to and stretch Bcl2-Mut at low pH. Next, different concentrations of RPA were
added to Bcl2-IM. At 10 nM RPA, the FRET distribution of Bcl2-IM shifted significantly to the left from ~Eg 95
to ~ Eq 15, indicating the unfolding and linearization of i-motif DNA (Figure 3B). As the RPA concentration
increased to 1 uM, most of i-motifs were disrupted. Figure 3C further demonstrated the selective FRET
traces of Bcl2-IM with the addition of 10 nM RPA. Both one-step (69.4%) and two-step (30.6%) decreases
canbe observed, and the final FRET level was maintained at ~Egq 15 reflecting the stable unfolding of i-motifs.
Since the sequence length of Bcl2-IM is ~20 nt, one or two RPA molecules may sequentially associate with
the unfolded ssDNA sequence, displaying the stepwise decreases in FRET traces (Wang et al., 2019).

Helicases show much higher specificity to i-motif than to other DNA structures at the acidic
environment

After addressing the interaction between RPA and i-motifs, we further examined whether helicases can
regulate the folding status of i-motif DNA. To this end, the binding affinity between i-motif structures
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Figure 4. Helicases bind to i-motif with high specificity at the acidic environment

(A) The changes of DNA binding fractions with the increases in BLM concentrations. The binding curve was fitted by the
Hill equation: y = [protein]"/(Kd"+[protein]"), where y is the binding fraction, n is the Hill coefficient, and Kd is the apparent
dissociation constant.

(B) The Kd resulted from the fitting. Data are represented as mean + SEM. * denotes the binding curves were not
available or could not be fitted owing to the poor affinity. The corresponding values were placed in Table S2.

and the 3'-5 helicases was measured first using the fluorescence anisotropy method (Dou and Xi, 2010).
Four different types of DNA constructs including i-motif, G4, fork DNA, and duplex DNA were tested.
To our surprise, BLM helicase binds to the i-motif structure with a much higher affinity than to other
DNA structures at low pH (Figure 4A). Specifically, the Kd value of BLM to i-motif was 22.0 nM, much lower
than the 97.7 nM to G4 and the 101.4 nM to fork DNA (Figure 4B). The binding of BLM to duplex DNA even
cannot be detected. In addition to BLM, several other helicases, including DHX36, RecQ, and Rep, display
the high specificity to i-motif structure at the acidic pH (Figures 4B and S9); however, they poorly recognize
other types of DNA structures. The above evidences suggest that these DNA helicases may potentially
interact with i-motif structures and regulate the folding status of i-motif DNA.

Helicases efficiently unfold i-motif structures into intermediates in an ATP-independent
mode at low pH

We further examined whether the above helicases that specifically recognize i-motifs can also resolve this
complex structure. For this purpose, we designed the substrate shown in Figure 5A and recorded the
folding/unfolding of Bcl2-IM in the presence of helicases. There was an additional 3'-ssDNA tail placed
adjacent to Bcl2-IM for the helicases to associate with based on the traditional translocation model of
DNA helicases (Lohman and Bjornson, 1996).

Unexpectedly, after adding only BLM without ATP, FRET distribution of Bcl2-IM significantly shifted to the
left with a broad band (Figure 5B), reflecting the complete or partial unfolding of Bcl2-IM. Figure 5C shows
the quick transitions of Bcl2-IM between the multiple intermediate states in the presence of BLM. The
dashed lines further marked the six discrete states of i-motif DNA. Both these two evidences suggested
that BLM can unfold i-motif structures in an ATP-independent mode. In addition to BLM, the addition of
DHX36, RecQ, or Rep also induces a significant left shift in the FRET distributions of Bcl2-IM (Figures 5F
and S10), reflecting a similar ATP-independent unfolding mode. The traces in the left panels in Figures
S11A-S11C further reveal that in the presence of DHX36, RecQ, and Rep, Bcl2-IM makes conversions be-
tween several discrete states, which is similar to the transition of Bcl2-IM in BLM.

As ATP is not necessary for unfolding i-motifs by the above-shown helicases, we then aimed to address
whether these helicases directly act on the i-motif structures without ATP-driven translocation on the
loading tail (Figure 5G). Figures 5H and S12A-S12D revealed that the 3'-ssDNA tail is dispensable for
the above-mentioned helicases to resolve the i-motif structures, as the shift of FRET distributions to the
lower band can be observed in the presence of BLM, DHX36, RecQ, and Rep. The representative traces
in Figures S12F-512I also show the similar fluctuations as that in Bcl2-IM with the ssDNA tail. Therefore,
helicases may directly act on i-motifs, inducing the disruption of i-motifs by the conformational changes
in proteins during the binding process. A previous study on hnRNP LL suggested that i-motif is the most
kinetically favorable conformation for protein binding (Kang et al., 2014) and the unfolding of i-motif
upon protein binding provides the more thermodynamically favorable single-stranded form. Therefore,
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Figure 5. Helicases mediate the unfolding of Bcl2-IM at low pH

(A) The experimental design to characterize the unfolding of Bcl2-IM by the 3'-5' DNA helicases.

(B) FRET distributions of Bcl2-IM before and 4 min after the addition of BLM at the apo, ATP-binding, and ATP hydrolysis states.

(C-E) The representative fluorescence emission and FRET traces of Bcl2-IM. (F) FRET distributions of Bcl2-IM before and 4 min after the addition of DHX36 at
different ATP states.

(G) The substrate design of Bcl2-IM without the ssDNA loading tail.

(H) FRET distributions of Bcl2-IM before and 4 min after the addition of BLM at the apo and ATP hydrolysis states.

we speculated that the ATP-independent mode may be a common mechanism shared by the i-motif bind-
ing proteins possibly related to the peculiar folding topology of i-motif.

ATP differentially regulates the activity of different helicases on i-motif DNA

Helicases are molecular motors that use the energy of nucleoside triphosphate hydrolysis to unwind nucleic
acid structures (Patel and Donmez, 2006). Generally, their DNA unwinding activity depends on the hydro-
lysis of ATP in the presence of Mg?* (Patel and Donmez, 2006). For different helicases, the most suitable
concentration of Mg?* may not be the same. To maintain the consistency of the experimental conditions,
5 mM Mg?* was used for all the helicases. As no obvious change can be observed in the T, of Bcl2-IM with
or without the 5 mM Mg?* (Figure 513), we speculate that the addition of Mg?* may not cause the changes
the i-motif structure and the phenomena we observed should be caused by the different ATP state of the
helicases. Based on the variation of FRET distributions, the binding of ATP to helicases mildly weakens their
activity to resolve the i-motif structures (Figures 5 and S10). However, with the hydrolysis of ATP mediated
by Mg®*, we observed different phenomena. In the presence of BLM, the FRET distribution and FRET traces
were stabilized at ~Eq7 (Figures 5B and 5E), which may reflect one of the partial folding states of i-motif
DNA (Figure 2E). Previous studies reported that the ATP-dependent G4s unfolding by BLM displays low
processivity compared with other G4 destabilizers such as Pif1 (Budhathoki et al., 2015). BLM either re-
mained bound in the vicinity of the G4/ssDNA junction or dissociated from the substrate before it can un-
fold G4 structures in the ATP hydrolysis state (Budhathoki et al., 2015). Therefore, the possible reason here
may also be the low processivity of BLM to resolve the higher-order structures in the ATP-driven transloca-
tion mode.

In the presence of DHX36, Bcl2-IM shows frequent fluctuations (Figure S11A, right panel), reflecting the
very quick unfolding/refolding in contrast with the relatively stable unfolding mediated by only DHX36.
Itis worth noting that, in the study by the Myong group, DHX36 was shown to unfold G4 structures without
ATP (Tippana et al., 2019). However, G4s refold frequently once DHX36 was in the ATP hydrolysis state. This
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Figure 6. Helicases poorly unfold G4 or unwind duplex DNA at the acidic condition

(A) The experimental design to characterize the unfolding of G4 structures by the 3'-5 DNA helicases.

(B and C) FRET distributions of G4 structures before and 4 min after the addition of BLM at pH 6.2 and pH 7.4.

(D) The representative FRET traces with the addition of helicases at the ATP hydrolysis state at pH 6.2 and pH 7.4.

(E-G) FRET distributions of G4 structures before and 4 min after the addition of DHX36, RecQ, and Rep at pH 6.2.

(H) The impacts of pH on the duplex DNA unwinding activity of helicases measured by stopped-flow assay. The substrate with a 15-nt ssDNA loading tail and
a 16-bp duplex region was used.

is consistent with our results in Figure ST1A. The possible reason is that DHX36 has an annealing activity
with the hydrolysis of ATP (Tippana et al., 2019). Alternatively, DHX36 may easily dissociate from the sub-
strate as the ATP hydrolysis changes the distance between the RecA1 and RecA2 domains (Chen et al.,
2018). In the above two situations, ATP hydrolysis negatively regulates the helicases-mediated unfolding
of i-motifs. However, ATP hydrolysis positively drives RecQ and Rep to unfold the i-motifs and then effi-
ciently unwind the downstream duplex DNA (Figures S10, S11B, and S11C, right panels).

Figures 5H and S12B further show that, when no loading strand is present, BLM and DHX36 in their ATP
hydrolysis state almost lost their function to resolve i-motifs. However, in Figures 5B and 5F, the complete
or partial unfolding of i-motif structures can still be observed when BLM and DHX36 are in their ATP hydro-
lysis state. This discrepancy suggests that, except for the ATP-independent mode, BLM and DHX36 may
also have their ATP-dependent mode on i-motifs relying on the presence of ATP and loading tail. However,
it is worth noting that, not every helicase can resolve i-motif, such as WRN (Figures S12E and S12J).

In addition to the 3’-5' helicases, we also characterized the interaction between i-motifs and the 5’-3' Pif1
family helicases (Paeschke et al., 2013). Similar ATP-independent i-motif unfolding was observed, and ATP
hydrolysis induced the efficient unwinding of duplex DNA downstream of i-motif (Figure S14). However, the
Bacteroides sp. 3_1_23 Pif1 cannot resolve the i-motif structures.

In contrast to i-motif, G4 and duplex DNA are poorly unwound by helicases at the acidic
environment

These results demonstrate that specific helicases can potently resolve i-motifs at low pH in the ATP-inde-
pendent mode. However, this kind of unwinding mode cannot be applied to G4 structures at the acidic
condition (Figure 6A), as the FRET distributions display very little change in the presence of BLM (Figure 6B).
In the normal cellular condition, the pH is near 7.4 (Brinkman and Sharma, 2021); therefore, we then per-
formed analysis at this condition. The FRET distributions in Figure 6C and traces in Figure 6D confirmed
that BLM at the ATP hydrolysis state can indeed induce the repetitive unfolding of G4s at neutral pH,
consistent with our previous study (Wu et al., 2015); however, G4 structures have no obvious change in
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acidic buffer. In addition, DHX36, RecQ, and Rep also demonstrate very poor unfolding activity toward G4s
at the acidic condition (Figures 6E-6G). Then we further selected BLM and RecQ and compared their
duplex DNA unwinding activities at different pH by the stopped-flow assay (Zhang et al., 2006). Both hel-
icases show much lower unwinding activity at pH 6.2 than pH 7.4 (Figure 6H). We speculated that the low
unwinding efficiency may be because the ATP hydrolysis activity of helicases is decreased at low pH. In
contrast, these helicases display a unique ATP-independent mode that can efficiently disrupt the i-motif
at the acidic environment.

Competition assay on the helicase behavior in the presence of both i-motif and G4 DNA

Although a lot of studies have focused on the i-motif and G4 structures separately in single-stranded DNA
fragments, it is still arguable what happens to the G4 counterpart when i-motif is present and vice versa.
Based on previous investigations (Tun and Jean-Louis, 2002), at acidic pH, the 1:1 mixture of the G-rich
and C-rich sequences produced the folded G4 and i-motif, respectively; however, at pH 7.0 and 100 mM
NaCl, duplex was formed predominantly. In our recent study, we also showed that, at acidic conditions,
free G4 sequences had little impact on i-motif folding; however, at neutral pH, the formation of duplex
DNA was favored (Gao and Hou, 2021). The above-mentioned results were all obtained by mixing the
folded G4 and i-motif sequences together. When complementary G4 and i-motif appear in the opposite
strands in a duplex DNA, Sun and Hurley reported that both structures were present at the same time
with slight displacement from each other (Sun and Hurley, 2015). Meanwhile, Mao group showed that
they were mutually exclusive by steric hindrance; however, both structures showed up when the sequences
were offset in the two strands (Cui et al., 2016). All these evidences suggest that the influences of i-motif
structure on G4 may depend on the pH, ion strength, and the position of these two sequences relative
to each other. However, it is still unknown what happens to G4 or i-motif when the counterpart is unfolded
by proteins. Therefore, we further performed the FRET assay to define the interaction between G4s and i-
motif DNA in the presence of helicases.

In Figures S15A-S15D, the Bcl2-IM substrate with FRET labeling was anchored onto the surface. In the first
two experiments, Bcl2-G4 or BLM was added separately to Bcl2-IM as a control. In the third experiment,
Bcl2-G4 and BLM were mixed and then added simultaneously. At low pH, G4 has little effects on i-motif,
likely owing to the well folding of both structures. Although BLM can disrupt the i-motif at pH 6.2, once
BLM was mixed with G4 and added together to Bcl2-IM, the disruptive effects on Bcl2-IM decreases.
This might be caused by the prior association of BLM with G4 to some extent. At pH 7.4, Bcl2-IM prefers
to form duplexes with Bcl2-G4, displaying a low FRET peak at ~Eq. Interesting, after the addition of
BLM to Bcl2-IM, there are higher FRET populations in the FRET distribution, quite different from the inter-
action between BLM and Bcl2-IM at pH 6.2. The selective traces in Figure S15D show that Bcl2-IM makes
dynamic transitions between multiple states including that with higher FRET levels, highlighting the
different behaviors of BLM on i-motif structure at different pH. When BLM was mixed with Bcl2-G4 and
added together to Bcl2-IM at pH 7.4, duplex DNA was still formed predominantly, i.e., at neutral pH,
with or without BLM, Bcl2-IM and Bcl2-G4 are easy to anneal with each other and exist as the duplex, consis-
tent with our previous study (Gao and Hou, 2021). In Figures S15E and S15F, the Bcl2-G4 substrate was
anchored onto the surface. At pH 6.2, BLM displays little disruptive effects on Bcl2-G4 regardless of the
absence or presence of Bcl2-IM. At pH 7.4, Bcl2-IM and Bcl2-G4 prefer to anneal and form duplex DNA,;
therefore, we did not perform the additional competition assay on Bcl2-G4.

Taken together, the competition assays suggest that, at low pH, Bcl2-IM and Bcl2-G4 can exist stably with
the existence of each other. BLM binds to and repetitively unfolds Bcl2-IM without G4s; however, the pres-
ence of G4s may inhibit the interaction between BLM and Bcl2-IM to a certain degree. At neutral pH, these
two structures prefer to form duplex DNA. Therefore, there might be other proteins like nucleolin and LARK
that can promote the folding of G4s to regulate the status of those secondary DNA structures together with
helicases (Gonzalez et al., 2009); otherwise, they may anneal with each other easily at neutral pH. In the
future, we wish to report more information about the dynamic interaction between G4s and i-motif DNA
in the presence of proteins and ligands.

The possible biological effects of the interaction between helicase and i-motif DNA at the
cellular level

In a recent study, Takahashi et al. suggested that i-motif formation can block DNA replication and, in turn, may
result in genome instability (Takahashi et al., 2017). In addition, Amparo et al. discovered that the formation of
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Figure 7. i-Motif can be used as a convenient and sensitive probe to detect helicase concentration

(A) The experimental design. The i-motif probe (250 nM) and helicase were mixed in phosphate buffer (pH 6.2) with
100 mM KCl at 25°C for 5 min, and then FAM intensity (in arbitrary unit) was recorded.

(B) FAM intensity increases significantly with the addition of DHX36 helicase, reflecting the efficient unfolding of Bcl2-IM
by helicase.

non-B structures including G4 and i-motif could induce the helicase-polymerase uncoupling, causing the replica-
tive stress (Amparo et al., 2020). In cells, helicases assist DNA polymerase to replicate the structured DNAs, and a
number of helicases including Pif1, BLM, DHX36, and WRN have been shown to resolve G4s both in vivo and
in vitro. Although helicases that can unfold i-motif structures have not been identified yet, our in vitro results
possibly suggest that the interaction between helicases and i-motifs may have potential significance for rescuing
the stalled replication forks and maintaining the genomic stability in the cell.

Furthermore, a number of studies show that i-motifs function as molecular switches in the regulation of DNA
transcription (Brown and Kendrick, 2021). Depending on the specific promoter region, the unique i-motif
sequence, and the associated transcription factors, i-motifs have the potential to act as an activator or
repressor of transcription. In the activation mode, an i-motif serves as a scaffold for transcription factor bind-
ing and leads to the transcription activation. For instance, the transcription factor hnRNP LL binds to the
Bcl2 i-motif and initiates unfolding of the structure upon binding, consequently leading to the increased
transcription (Kang et al., 2014). In contrast, in the repressor mode, the i-motif functions as the initial binding
site of the transcription factor; however, the persistence of i-motif structures prevents the transcription acti-
vation (Sutherland et al., 2016). In this condition, helicase is likely to help transcription factors to resolve the
i-motif structures, so that transcription factors can start the subsequent process. In the future, further study
will be needed to identify the interacting helicases of i-motifs in cell, as well as to address their biological
functions.

The potential applications of helicases-regulated i-motif DNA in nanotechnology

According to the aforementioned findings, an i-motif probe for helicase sensing was designed by labeling
FRET pairs FAM and TAMRA at the ends (Figure 7A). The i-motif concentration was 250 nM, and DHX36 was
selected for testing. Upon the addition of only 50-100 nM helicase (Figure 7B), the FAM intensity increases
significantly, reflecting the extreme sensitivity of i-motif to this helicase. In addition, the FAM signal con-
tinues to rise with the further increases in helicase concentration, indicating that the probe has a relatively
wide detection range. Based on previous reports, we can roughly estimate the concentration of some hel-
icases in E. coliand S. cerevisiae. For example, in E. coli, Rep has 50 molecules (Scott and Kornberg, 1978)
and the concentration would be ~80 nM (50/6.02x10%3/10~"> M/L). DNA helicase Il is 8-13 pM (UvrD) and
DNA helicase | is 0.8-1.2 uM, respectively (Ishihama et al., 2008; Klinkert et al., 1980). In S. cerevisiae, Pif1
and Sgs1, which is most closely related to human BLM, are ~2.3 and ~1.8 uM (Ho et al., 2018). Although we
have not found out the number of helicases in mammalian cell from the literature, we speculate that the
concentration might be similar to the homologous protein in S. cerevisiae. From these above-mentioned
evidences we see that the concentration of helicase in the cell is usually in the range of 0.1 to several micro-
molar; therefore, the cell-friendly i-motif probe we presented here may be applied as a biosensor to detect
the helicase concentrations both in vitro and in vivo. This i-motif probe may also be used to screen the heli-
case inhibitors in solution with high throughput.
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Recently, some new methods that could cause pH changes were developed in i-motif nanotechnology. For
instance, Wang et al. reported "NOR"” and "NAND" logic operations by combining the conformational
change of i-motif DNA with the enzymatic reactions, which can produce an acid gradient (Wang et al.,
2015). The authors used acetylcholinesterase plus glucose oxidase as the inputs for NOR and invertase
plus glucose oxidase as the inputs for NAND. We discovered the convenient biological method to regulate
i-motif DNA by proteins. With different helicases and ATP states, i-motif DNA displays different types of
structural changes. Inspired by Wang et al., we then speculated that the helicases plus ATP may be used
together with i-motif DNA as the molecular logic gates in the future. One another important application
of i-motif DNA is the molecular motor used in intelligent surfaces, nanopores, and controlled release de-
vices. The i-motif motor has an open state and a close state switched by pH, and the operating speed of this
motor is only limited by the intramolecular chain movement. As shown in Figures 2D and S3, the i-motif
intrinsic structural changes are slow (at ~10 s level). However, proteins can speed up the movement in i-
motif DNA and generate a faster i-motif motor (right panel in Figure ST1A, movement in less than 1s level).
Therefore, RPA or helicases may be applied in the future to control the i-motif molecular motors particularly
for the in vivo purpose.

Conclusions

Our results first indicated that i-motifs are more dynamic than the complementary G4s from acidic to basic
pH. In fact, i-motifs make interconversions between up to six folding states and different forms of C-hair-
pins are likely involved. Further experiments showed that the i-motif structures can be easily linearized by
RPA. We discovered several helicases that not only associated with i-motif in high specificity at the acidic
pH but also efficiently unfolded i-motifs in an ATP-independent mode. The adjacent ssDNA loading tail
was dispensable for the helicases, suggesting that they directly act on i-motif structures. Besides, ATP
differentially regulates the activity of different helicases on i-motif DNA. In contrast to i-motif, G4 or duplex
DNA are poorly unwound by helicases at the acidic environment. These results may broaden our under-
standing about the biological activity of i-motifs and benefit the study to regulate i-motifs as nanodevices
inside cells.

Limitations of the study

Although here we provided the in vitro evidences for the specific binding to and unfolding of i-motif DNA
by helicases at acidic pH, further study will be needed to identify the interacting helicases of i-motifs in vivo,
as well as to address their biological functions.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

E. coli strain BL21 (DE3) NEB Cat#C2527H
E. coli strain rosetta (DE3) Boule and Zakian (2007) N/A

Chemicals, peptides, and recombinant proteins

D-glucose Sigma-Aldrich Cat#G8270-100g
Glucose oxidase Sigma-Aldrich Cat#G2133-50KU
Catalase Sigma-Aldrich Cat#C9322-5g
Trolox Sigma-Aldrich Cat#238813-1g
Streptavidin Invitrogen Cat#43-4301
mPEG-SC Laysan bio Cat#mPEG-SC-5000
Biotin-PEG-SC Laysan bio Cat#Biotin-mPEG-SC-5000
Oligonucleotides

CCCGCCCCCTTCCTCCCGCGCCC; see This paper N/A

Table S1 for sequences used in CD, FRET-

melting, DNA polymerase stop assay,

stopped-flow assay, binding assay and

smFRET.

CCCTAACCCTAACCCTAACCC; see Table S1 This paper N/A
CCCCACACCCCTGTCCCCACACCCC; see This paper N/A

Table S1

GGGCGCGGGAGGAAGGGGGCGGG; see This paper N/A

Table S1

GGGTTAGGGTTAGGGTTAGGG; see Table This paper N/A

S1

GGGGTGTGGGGACAGGGGTGTGGGG; see This paper N/A

Table S1

GTGTGGTGTTGGGCCCGCGC; see Table S1 This paper N/A
CCCTAACCCTTTTTTGTACATCAAATC; see This paper N/A

Table S1

CCCTAACCCTAATTTTTTT This paper N/A
TTGTACATCAAATC; see Table S1

CCCTAATTTTAACCCTT This paper N/A
TTTTGTACATCAAATC; see Table S1

CCCTAACCCTAACCCT This paper N/A
TTTTTGTACATCAAATC; see Table S1

Recombinant DNA

Plasmid: p11d-tRPA Henricksen et al. (1994) N/A

Plasmid: PET-15b-SUMO Wu et al. (2015) N/A

Plasmid: PET-28a Boule and Zakian (2007) N/A

Software and algorithms

smCamera

Matlab2019b
Origin2019b

Lee at al., 2019

MathWorks
OriginLab

http://ha.med.jhmi.edu/resources/
#1464200861600-0fad9996-bfd4

https://www.mathworks.com/

https://www.originlab.com/
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RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-
tact, Xi-Miao Hou (houximiao@nwsuaf.edu.cn).

Materials availability

Materials and the information used for the experiments are available upon reasonable request.

Data and code availability

This study does not generate any deposited data sets.
This study does not generate any deposited code.

Any additional information required to reanalyze the data reported in this paper is available from the lead
contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
E. coli strains for in vitro studies

The E. coli strain Rosetta (DE3) was used to express Pif1 protein. The E. coli strain BL21 (DE3) was used to
express RPA and all other helicase proteins. These e. coli cells were incubated at 37°C in LB medium for 4 h,
and then the protein expression was induced by IPTG at 18°C for 16 h.

METHOD DETAILS

DNA constructs

All oligonucleotides required to make the DNA substrates were purchased from Sangon Biotech
(Shanghai, China). Sequences and labeling positions of all the oligonucleotides were listed in Table S1.
For DNA constructs used in smFRET measurements, DNA was annealed with a 1:2 mixture of the stem
and i-motif strands by incubating the mixture at 95°C for 10 min, then slowly cooling down to room tem-
perature in about 7 h. The strand without biotin was used in excess to reduce the possibility of anchoring
non-annealed strands on the coverslip surface. The concentration of the stem strand was 5 nM.

Buffers

Unless otherwise specified, 50 mM phosphate buffer at different pH with 100 mM KCl was used. For single-
molecule FRET measurements, 0.8% D-glucose, 1 mg/mL glucose oxidase (266,600 units/g, Sigma),
0.4 mg/mL catalase (2000-5000 units/mg, Sigma) and 4 mM Trolox were added to prevent the photobleach-
ing and photoblinking.

Protein expression and purification

The expression and purification of human BLM-core, WRN, Bos DHX36, E. coliRecQ, E. coli Rep were based
on the previous studies (Wu et al., 2015, 2017; Chen et al., 2018; Teng et al., 2020). BLM-core was expressed
in E. coli strain BL21 (DE3). Starter cultures were grown at 37°C and induced with 1 mM IPTG at 18°C for 16
h. Then purified by fast protein liquid chromatography (FPLC) with sequential chromatography on Ni-NTA
(GE Healthcare, Chicago, IL, USA) and Superdex200 10/300 GL column (GE Healthcare). WRN was ex-
pressed in E. coli ER2566 cell (NEB) and induced with 0.3 mM IPTG at 18°C overnight. After centrifugation,
WRN was purified by FPLC with sequential chromatography on Ni-NTA and Heparin (GE Healthcare). Bos
DHX36 was expressed in E. coli ER2566 cell (NEB). Starter cultures were grown at 37°C and induced with
1 mM IPTG at 20°C and grown overnight. Then loaded on a Ni-NTA column and further purified on a Super-
dex 200 PG column (GE Healthcare). As for RecQ and Rep, in brief, RecQ was only need to purified through
Ni-NTA column. And Rep was purified by FPLC with sequential chromatography on Ni-NTA and cationic
exchange column Hi-Trap SP (GE Healthcare). Human RPA was expressed as described previously
(Wang et al., 2019). E. coli strain BL21 (DE3) was transformed with a plasmid p11d-tRPA for recombinant
human RPA that permits the co-expression of RPA1, RPA2, and RPA3 at 18°C for 16 h (Henricksen et al.,
1994). Then, RPA was purified with Affi-Gel blue, hydroxyapatite (BioRad), and Q-sepharose chromatog-
raphy columns (GE healthcare). Pif1 family helicases were expressed and purified essentially according
to Boule and Zakian (Boule and Zakian, 2007). The protein was expressed in the E. coli strain Rosetta
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(DE3) at 18°C for 16 h and then purified by FPLC with sequential chromatography on Ni-NTA and Hi-Trap SP
column.

Circular dichroism

Circular dichroism (CD) experiments were performed with a Bio-Logic MOS450/AF-CD optical system (Bio-
Logic Science Instruments, France), using a quartz cell with a 1-mm path length. A 3 uM solution of DNA was
prepared by incubating in phosphate buffer at 95°C for 10 min, then slowly cooling down to room temper-
ature. CD spectra were recorded in the 220-320 nm regions in 0.75 nm increments at 25°C.

FRET-melting assay

FRET-melting experiments were conducted with FAM-TAMRA dual labeled oligomers listed in Table S1
using a Rotor-Gene Q real-time PCR machine (Qiagen) according to the previous study (De Cian et al,,
2007). Oligonucleotides were tested at 0.25-0.5 uM strand concentration in 50 mM phosphate buffer at
different pH. The emission of FAM fluorophore was normalized between 0 and 1, and the melting temper-
ature T,, was determined as the temperature at which the normalized emission equals 0.5.

Equilibrium DNA-binding assay with helicases

The binding of helicases to DNA was analyzed by a fluorescence polarization assay using Infinite F200 PRO
(Tecan group, Switzerland) at 25°C. Various amounts of protein were added to a 150-pL aliquot of binding
buffer (50 mM phosphate buffer at pH 6.2 with 100 mM KCI) containing 5 nM DNA. Each sample was al-
lowed to equilibrate in the solution for 5 min, after which the fluorescence polarization was measured.

Single-molecule fluorescence data acquisition and analysis

The smFRET assay was performed as described previously (Hou et al., 2015). Streptavidin (10 pg/mL) was
added to the microfluidic chamber made of the PEG-coated coverslip and incubated for 10 min. After
washing, 50 pM DNA was added to the chamber and allowed to be immobilized for 10 min. Then free
DNA was removed by washing with the imaging buffer (50 mM phosphate buffer, 100 mM KCI, 0.8% D-
glucose, 1 mg/mL glucose oxidase, 0.4 mg/mL catalase, and 4 mM Trolox). We used an exposure time
of 100 ms for all single-molecule measurements at a constant temperature of 22°C.

DNA polymerase stop assay

The polymerase stop assay was performed as previously described (Teng et al., 2017). 50-200 nM Klenow
Fragment (KF) was incubated with 1 uM FAM-labeled DNA template in a standard reaction mixture with
100 pM dNTPs at 22°C. The reactions were stopped with 2 xloading buffer (8 M urea, 0.05% xylene cyanole)
and then heated for 10 min at 98°C. These samples were subjected to 15% polyacrylamide/8 M urea gel
electrophoresis.

Stopped-flow unwinding assay

Fluorescence stopped-flow assay was performed as previously described (Zhang et al., 2006). Briefly, un-
winding kinetics were measured in a two-syringe mode, where helicases and fluorescently labeled DNA
substrate were pre-incubated at 25°C in one syringe for 5 min and the unwinding reaction was initiated
by rapidly mixing ATP from another syringe. The final concentration of DNA and proteins were 5 nM
and 100 nM, respectively. The unwinding buffer contained 100 mM KCI in 50 mM phosphate buffer at
pH 7.4 and pH 6.2.

QUANTIFICATION AND STATISTICAL ANALYSIS

FRET distributions

The numbers of the FRET traces used in each FRET distribution was shown in Table S3. All those traces from
the same experiment were collected by smCamera software (Lee et al., 2019) and combined together. The
FRET efficiency was calculated using E = Ia/(Ip + 1), where Ip and I represent the intensities of the donor
and acceptor. Basic data analysis including transition density plot (TDP) was carried out by scripts written in
MATLAB. All data fitting was conducted with Origin 2019b. An automated step-finding method (from
http://bio.physics.illinois.edu/HaMMy.asp) was used to characterize the dynamic transitions of i-motif
DNA between different states.
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