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Abstract

Previously our laboratory identified that poly-2'-deoxycytidine (dC,) strands of DNA with
lengths greater than 12 nucleotides could adopt i-motif folds, while the pH-dependent stabilities
follow a 4n-1 repeat pattern with respect to chain length (J. Am. Chem. Soc., 2017, 139, 4682—
4689). Herein, model i-motif folds in which loop configurations were forced by judiciously
mutating dC to non-dC nucleotides allowed a structural model to be proposed to address this
phenomenon. The model was developed by systematically studying two i-motifs with either an
even or odd number of d(C-C)" hemiprotonated base pairs in the core. First, a trend in the pH-
dependent stability vs. loop nucleotide identity was observed: dC > dT ~ dU >> dA ~ dG. Next,
loops comprised of dT nucleotides in the two different core base pair configurations were
studied while systematically changing the loop lengths. We found that an i-motif with an even

number of base pairs in the core with a single nucleotide in each of the three loops was the
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most stable, as well as an i-motif with an odd number of core base pairs having one nucleotide
in the two exterior loops and three nucleotides in the central loop. A systematic increase in the
central loop from 1—4 nucleotides for an odd number of base pairs in the i-motif core reproduced
the 4n-1 repeat pattern observed in the poly-dC, strands. Additional loop configurations were
studied to further support the model. The results are discussed with respect to their biological

relevance.

Introduction

Nucleic acid polymers are typically comprised of four canonical nucleotide monomers
endowing the strands with the capacity to store chemical information that can be retrieved and
replicated with ease. These polymers can be systematically and reproducibly programmed via
the primary sequence to adopt a multitude of secondary and tertiary structures. The structural
space of nucleic acids include duplexes, hairpins, Holliday junctions, cruciform structures, triple
helices, pseudoknots, G-quadruplexes, and i-motifs, as well as higher-order structures found in
DNA origami.™ Strands of DNA rich in runs of 2'-deoxycytidine (dC) nucleotides adopt i-motif
folds that are held together by d(C+C)" hemiprotonated base pairs.>** As a result of the
requirement for a proton to form the d(C-C)* base pair, i-motif folds show a strong dependency
in their stability on the solution pH, in which they are most stable at low pH and unravel at
neutral to high pH. Beyond the primary sequence, the added parameter of pH determining i-
motif stability empowers these structures with unique properties that can be modulated by the

acidity of the environment.

Strands of DNA capable of i-motif formation are used in pH-dependent biosensors,®

stimuli-responsive materials based on DNA,” and DNA switches.? Addition of Ag* or Cu*

11,12

ions,>"° co-solutes,”'? or ligands," as well as strand modifications or alteration of the primary
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sequence have been found to tune the stability of i-motifs.''> Recent experiments have found
i-motifs can fold in the cellular milieu and in the genomes of human cells."®' Cellular
experiments suggest that nature may have harnessed i-motif folds as genomic structural
elements to regulate transcription of the BCL-2, HRAS, and acetyl-CoA carboxylase 1
genes.”®'®" Further, folding of i-motif DNA in a gene promoter in response to oxidative
modification of the DNA was demonstrated to upregulate transcription.”® Additional analyses by
our laboratory and others have characterized i-motifs in human gene promoters that can fold
under near physiological conditions, further supporting the proposal that these secondary
structures may have a greater precedence for guiding biological pathways than previously

2% In our laboratory, we have contributed by finding that homopolymer runs of dC

though
nucleotides in DNA can adopt i-motif folds when the run is greater than 12 nucleotides.?®
Additionally, our bioinformatic analysis found homopolymer runs of dC in the human genome
are favorably biased in gene promoters and 5- and 3'-untranslated regions.? However, the
most profound observation we made was that the stability of these poly-dC, i-motifs followed a
4n-1 repeat frequency for high stability folds with respect to chain length. The greatest stability
strands had lengths of 15, 19, 23, or 27 nucleotides (n = 4, 5, 6, or 7) and a strong decrease in
stability was observed with chain lengths of 12, 16, 20, or 24 nucleotides (i.e., 4n). The islands
of high stability were also found to have the potential of folding under physiological conditions

(pH = 7 and 37 °C). Within the group of high stability sequences, dCs was the most stable.?*??

3

After our first report on this topic,”® many questions still remained regarding the structural

features that give rise to the 4n-1 repeat pattern observed for the homopolymer i-motifs.

Strands that adopt i-motif folds require at least four runs of dC nucleotides with each
run having greater than two nucleotides, and in between each run are one or more nucleotides
that occupy loop positions (Fig. 1A).>* The core of the fold houses d(C+C)" hemiprotonated

base pairs (Fig. 1B), in which paired dC nucleotides are in parallel-oriented strands in
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intramolecular folds (Fig. 1C); additionally, the dC runs base paired are the first with the third
and second with the fourth (Fig. 1A x and x'). The core has the two paired strands intercalated

providing the “i” in the name of the fold. This configuration of strands results in the core having
either an even (Fig. 1, x = x") or odd number (Fig. 1; x # x") of base pairs depending on the
sequence. An even number of base pairs in the core leads to two possible configurations
depending on which base pair is on top of the strand when looking from the 5’ side (Fig. 1C, 5' E
or 3' E).?*? There exist three loops in the folded structure with the first and third loops existing
on the same face of the fold and the second on the opposite (Fig. 1C; a, b, and ¢). Previous
bodies of work have interrogated core base pair configurations with the same loops or
maintained the same core base pairs while varying the loop lengths;'>?**? however, these
studies could not be leveraged to fully address why dC49 was the most stable i-motif found in the
homopolymer strands studied, and why there was a 4n-1 repeat frequency in the high stability
folds. Therefore, we systematically varied the core base pair count (Fig. 1; x and x") and loop
lengths (Fig. 1; a, b, and ¢) with a focus centered on a length of 19 nucleotides to address why
the repeat pattern occurs from a sequence and structural perspective. Herein, we report

unusual observations regarding i-motif folds that will be of interest to the nucleic acid research

community.
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A B d(C-C)*Base Pair
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Figure 1. (A) General sequence for an i-motif forming DNA sequence to identify the variables
X, X', a, b, and ¢. (B) Structure of a hemiprotonated d(C<C)" base pair. (C) Scheme to depict
the structure of an i-motif fold with either an even (x = x" = 4) or odd (x = 4, x" = 3) number of
core base pairs. The models represent those that were studied to understand folding of the
homopolymer i-motif dCs.

Results and Discussion

Evaluation of i-motif loop nucleotide identity vs. the pH; and T,, values. When poly-dC,
strands of lengths n = 12-30 nucleotides were inspected for i-motif formation, a 4n-1 repeat
frequency in the high stability folds was observed in the pH; values between the folded and
unfolded states (Fig. 2A); a similar pattern in the thermal stability profile was observed in the
denaturing T, values measured at pH 6.0 and 7.0.> As an example, one cycle of the pattern
begins with low pHt and T,, values for dCs¢ (pHr = 6.7; T, at pH 7.0 < 30 °C). Upon addition of
the next nucleotide, the dC; strand showed an increase in both pHr and T, at pH 7.0 (6.9 and

40 °C); for dC4g the pHy slightly increased to 7.1 and the T,, at pH 7.0 to 44 °C; dCy9 had the
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highest pHr = 7.4 and a T, at pH 7.0 = 41 °C; and finally the cycle was repeated going to dCy
that had decreased stability with a pHr = 6.5 and a T,,, at pH 7.0 < 30 °C. As the next step in
understanding this cycle, our objective was to synthesize and analyze i-motif forming sequences
with loop regions locked in by judiciously converting dC nucleotides to non-dC nucleotides in
order to recreate the 4n-1 repeat pattern previously observed.”® These studies provided a
possible structural understanding of the i-motif base pair and loop patterns that give rise to the
4n-1 pattern observed as shown in Figure 2B. The data supporting the proposed model are

described next.
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with odd and even
base-paired cores
containing tails
and asymmetric
loops

4 A& (CoredCnucleotides 4 & [~ [oopdC nucleotides

Figure 2. Plot of poly-dC, i-motif stability versus polymer length (n) and a proposed structural
model to support one repeat of the pattern observed. (A) Plot of pHt values vs. poly-dC,, chain
length. (B) Proposed model supporting the structural evolution of poly-dC, i-motifs yielding a
4n-1 repgat frequency in the stability as the chain length increases. *We previously reported
this plot.
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Using our previous work as a guide to synthesize the most stable model of dC+e,% four
nucleotides of dC were placed in each of the four runs required for i-motif folding (x = x" = 4)
while a single nucleotide was selected for each of the three loops (Fig. 3A). We altered the
nucleotide identity of the loops between dA, dG, dT, or dU and compared the results to the
homopolymer dC;9. We have chosen the nomenclature dC-4,4,4,4 for this model system, in
which the regular-sized numbers represent the quantity of dC nucleotides in each of the four
runs from the 5' to 3’ side, and the subscripted numbers are the counts of nucleotides in each of
the loops (Fig. 3A). The pHy values were determined via a CD spectroscopy titration study that
monitored changes in the folded state from pH 5.00 to 8.00 in 0.25 pH increments at 20 °C (Fig.
3B and ESI Fig. 1 for more example spectra). Our previous report on this topic suggests that
the folds inspected under the present conditions were intramolecular and not intermolecular in
nature.”® The folded i-motif at low pH has a Ao at ~286 nm and a A, at ~260 nm that both
decay as the pH is increased to achieve a spectrum for the single-stranded state with a A« at
~275 nm (Fig. 3B). These spectra for the folded and unfolded states are consistent with the
literature.® By following the pH-dependent decrease in the 286 nm signal ([©].senm), a titration
curve was observed and mathematically fit to determine the midpoint in the transition (i.e., pHr;
Fig. 3C). The studies inspecting how pHt changed as a function of the nucleotide identity in the
loops found a trend in the stability: dC > dT ~ dU >> dA ~ dG (Fig. 3D). These studies identified
the dC homopolymer was the most stable i-motif fold (pHr = 7.4), followed by i-motifs with the
pyrimidines dT (pHr = 7.2) or dU (pHy = 7.0) in the loops, and the least stable were those with
the purines dA (pHr = 6.2) or dG (pHt = 6.3) in the loops. Previous studies have alluded to a
difference in stability for i-motif folds with changing sequence content suggesting that purine-
containing loops destabilize the folds;*****? however, systematic inspection of this feature in all

three loops was not previously conducted. Additionally, we note that the dT- and dU-containing
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loops were nearly equivalent in stability suggesting that the added hydrophobic methyl group on

dT did not dramatically alter the stability of the folds.
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Figure 3. Analysis of model i-motif strands with variations in the loop nucleotide identity to
determine the best model for i-motifs of poly-dC,. (A) Sequences studied, (B) example i-motif
titration study for dC-4,4,4,4 with dG nucleotides in the loops, (C) CD titration curve at [@] = 286
nm for the example study, (D) pHy values for model i-motifs with an even number of base pairs
in the core with each loop nucleotide variant studied, and (E) pHt values for model i-motifs with
an odd number of base pairs in the core with each loop nucleotide studied. (F) Examples of
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denaturing T, curves for dC-4,4,4.4 with dT nucleotides in the loop, and T,, values at pH 5.0,
6.0, and 7.0 for the model studies with an (E) even or (F) odd number of base pairs in the i-motif
core. The data for the dC,g (left most bars of each graph) i-motif in panels D, E, G, and H were
previously reported by our laboratory.?

Next, the pHt values were measured for an i-motif sequence with an odd number of

base pairs in the core (x + x" = 7) having a length of 19 nucleotides while varying the loop
nucleotide identity. In these studies, the first and third dC runs had four nucleotides (x = 4) and
the second and fourth runs had three nucleotides (x’ = 3) while the three loops had lengths of a
=1, b =3, and ¢ = 1 nucleotides (i.e., dC-4,334,3; Fig. 3A). These values were selected to
maintain the symmetry of the loops by ensuring the first and third loops that are on the same
face of the i-motif had the same length; symmetry in the two loops was previously identified in
the literature to be a stable configuration.”® When the loop nucleotide identity was
systematically varied, the CD titration study found a similar trend in the pH; values as
determined above in which dC > dT ~ dU >> dA ~ dG (Fig. 3E). Again, i-motif folds containing

an odd number of base pairs in the core with pyrimidines in the loops had greater pHr values

than i-motifs with purines in the loops.

The thermal stability for each of the strands was then measured at pH 5.0, 6.0, and 7.0
to determine the pH dependency by following the UV absorbance at 260 and 295 nm as a
function of temperature between 5 and 100 °C while making measurements at 1 °C increments
(Fig. 3F). The results between the two wavelengths analyzed were very similar (ESI Fig. 2);
therefore, only data derived from the 295 nm reading are reported. First, as expected for the
dC-4,4,4,4 and dC-4,33443 systems with loops comprised of dC, dT, dU, dA, or dG nucleotides,
the thermal stability was highest at pH 5.0, and the T,, values decreased as the pH was
increased. The trends in loop nucleotide identity for the T,, values at the three pH conditions
studied were similar to those identified in the pHy values (Fig. 3D and 3E). Specifically,

sequences with pyrimidines in the loops were more stable, and those with purines in the loops
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were least stable following the trend dC > dT ~ dU >> dA ~ dG (Fig. 3G and 3H). On the basis
of the pHy and T, values for these sequences, we chose dT nucleotides judiciously to lock in
loop lengths for the next set of model studies because they had the least overall impact on the
pHr and T,, values compared to the dC-homopolymer strands. The increased stability with dT
loops compared to the other nucleotides will also provide a greater range to monitor the impact
of systematic inspection i-motif loop lengths and variation of the core base pair count on the

stability of the folds.

Replacement of dC nucleotides with dT to reinforce loop configurations can also impact
loop-to-loop interactions.  Specifically, loop dC nucleotides are sites of protonation and
deprotonation during the pH titration experiments that can have a secondary impact on the
stability that is not recreated with non-titratable dT nucleotides. Further, dT nucleotides in the
loops can form dT:dT wobble base pairs® that dC base pairs cannot and this may impact the
structure differently. The ability to utilize available phosphoramidites for the synthesis of i-motif
models in which the loop configurations are known while maintaining the unique acid-base
properties of dC nucleotides is not available; thus, we point out that the i-motif models with dT
nucleotides studied next will not perfectly reproduce the poly-dC, results. This claim is evident

in the pHt and T, values reported in Figure 3 and the data described next.

The loop nucleotide identity trend in i-motif stability (dC > dT ~ dU >> dA ~ dG; Fig. 3)
may result from a few competing factors. The most stable poly-dC,, strands possess loops that
can be titrated and form stabilizing loop-to-loop base pairs that cannot occur with the other
nucleotides, as stated above. On the other hand (see above), the dT or dU nucleotides can
participate in loop-to-loop interactions that can stabilize the structure. When either purine was
placed in the loops sharp decreases in the stabilities were observed (Fig. 3). The data suggest
that purines do not participate in stabilizing loop-to-loop interactions, and this feature alone may

explain the observation. Additionally, purines are more hydrophobic than pyrimidines® resulting

10
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in the decreased stability observed. Likely, a combination of loop-to-loop interactions and
solvation effects results in the trend in stability vs. loop nucleotide identity observed in the

present studies.

Evaluation of i-motif loop lengths vs. pH; and T, values. A systematic study of the impact
that loop length has on i-motif stability with a constant number of base pairs in the core was
conducted to determine whether a 4n-1 frequency in the stability emerged. First, a core of eight
base pairs (x = x’ = 4) was studied while incrementally increasing the central loop length b from
1-4 dT nucleotides and maintaining single dT nucleotides in the external loops a and ¢ (i.e., dC-
4,4.4,4 where n = 1-4; Fig. 4A). Inspection of the pH; values measured by the CD titration
study found that as the central loop length increased, the pHy values decreased from 7.1 to 6.6
(Fig. 4B). These results show a clear trend for i-motifs with an even number of base pairs in the
core that as the central loop length increased in length, the pH; values decreased. A similar
trend was observed in the denaturing T, values for this series of sequences at pH 5.0, 6.0, and
7.0 (Fig. 4C). Next, a comparison between these model studies with dT loops and the
homopolymers of dC, with the same overall length did not find a similar trend between the data
sets (Fig. 4B). This model study does not address why a 4n-1 repeat pattern was observed in
poly-dC, as the chain length increased. Though, we note that the 19-mer model with an even
number of base pairs in the core (x = x" = 4) and single nucleotide loops (a = b = ¢ = 1) was the

most stable, similar to the homopolymer dCys.

11
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A Even Base Pair Core (dC-4,4,4.4)
5'-CCCC TCCCCT, CCCC T CCCC-3'

Odd Base Pair Core (dC-443,4,3)
5'-CCCC TCCCT,CCCCTcCCC-3'
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Figure 4. Comparison of pHy and T, values from the model i-motif sequences varied in the
length of the central loop versus poly-dC,.. (A) Sequences studied and their cartoon models.
(B) pHr and (C) T, values for comparisons with models containing an even number of d(C-C)"
base pairs in the core. (D) pHt and (E) T,, values for comparisons with models containing an

odd number of d(C+C)" base pairs in the core. *These data were previously reported by our
laboratory.?®

The next model studies were conducted with seven base pairs in the core (x =4 and x' =
3) and the loops were locked with dT nucleotides by first maintaining one nucleotide in the first

(@) and third (c) loops while systematically increasing the central loop length from 1-4 dT

12
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nucleotides (i.e., dC-4,3,4,3 where n = 1-4; Fig. 4A). The results of these models found as the
central loop length increased from one to three nucleotides, the pHy value increased from 6.7 to
6.9 to reach a maximum with three dT nucleotides in the central loop (Fig. 4D). Studies with
four nucleotides in the central loop led to a significant decrease in the pHt value to 6.5 relative
to the maximally stable model sequence (n = 3; Fig. 4D). More interestingly, when the models
with an odd number of core base pairs and a systematic increase in the central loop length were
compared to the poly-dC,,*® a similar trend between the two data sets emerged (Fig. 4D).
Specifically, in the model with the central loop length of one nucleotide (length = 17 nucleotides)
a lower pHr was observed as well as for poly-dC4;. Addition of a second nucleotide to the
central loop increased the pHy for the model that tracked with the poly-dC,g strand. Next, the
maximum stability was found for the model with three nucleotides in the central loop and poly-
dCq. Finally, addition of the fourth nucleotide to the model sequence resulted in a drastic
decrease in the stability that was also found for poly-dC,,. Additionally, the T,, values for the
models at pH 6.0 and 7.0 also revealed a pattern in stability that followed a trend with the poly-
dC, strands (Fig. 4E). In summary, the model i-motif with 19 nucleotides containing an odd
base pair count in the core (7 base pairs; x = 4 and x" = 3) and having loop lengths ofa=1, b =

3, and ¢ = 1 was the most stable, which aligned with the stability of poly-dCs.

Before conclusions were drawn regarding how the i-motif structure evolves as each
nucleotide is added to the poly-dC, strand to follow a 4n-1 repeat pattern,® additional model
studies were conducted. First, a set of experiments was conducted with a tail increasing in
length from 0-3 nucleotides long on the 5’ end of the i-motif for both core compositions. This
study addresses whether the 4n-1 repeat pattern results from a growing tail off of the core (Fig.
5, y = tail length). As the tail length was increased in length with dT nucleotides, the pH: (Fig.
5A and 5B) and T, (ESI Fig. 3) values for the i-motifs decreased in both even and odd base-

paired cores. The pHr values for the tail length dependent models were then compared to poly-

13
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dC, strands of the same length, and a trend that tracked between the two data sets was not
observed (Fig. 5A and 5B). On the basis of these tail length-dependent model studies, we
conclude that as the poly-dC, chain grows, the added nucleotides must not occupy tail positions
because these data do not reproduce the 4n-1 repeat pattern. The observation that that the
stability of DNA secondary structures decrease with increasing tail length has been documented

for duplex® and G-quadruplex forming sequences.*’

14
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Figure 5. Evaluation of i-motif models with tails or changes in the exterior loop lengths. Models
with the addition of a grow tail to either an even (A) or odd (B) base-paired i-motif core were
studied and compared to poly-dC, strands of the same length. Models with expansion of the
exterior loops for either an even (C) or odd (D) base-paired i-motif core were studied and
compared to poly-dC, strands of the same length. In panels C and D, the data were also
compared to models with expanded central loops that were initially shown in Figure 4; these
comparisons further allow visualization of the trends in which the models pointed out with
arrows fit the poly-dC, pattern in stability. *These data were previously reported by our
laboratory.?®
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In the final set of model experiments, we examined both even and odd base-paired i-
motif cores, systematically filled the exterior loops with one dT nucleotide at a time, and
measured the pHr values and pH-dependent T,, values. The model data were compared to
poly-dC, data of the same overall length (Fig. 5). The comparison initiated with a =1, b = 1,
and ¢ = 1 for each core type (these data were initially shown in Fig. 4). In the even base-paired
core model, increasing any of the three loop lengths from one (compared to dCi) to two
(compared to dCy) nucleotides decreased the pHr and T,, values (Fig. 5C and ESI Fig. 4). A
noteworthy observation was that having uneven loop lengths of a # ¢ (i.e., asymmetric model)
was more destabilizing than the case in whicha=c¢ =1 and b = 2 (Fig. 5C). In the odd base-
paired core model that was initially compared to dC;; and then compared to dC,s, when a
nucleotide was added, the addition of a dT nucleotide to either loops a or ¢ resulted in a
decrease in stability when compared to all single nucleotide loops (a = b = ¢ = 1; Fig. 5D). In
contrast, as stated above (Fig. 4D and 4E), adding the nucleotide to the central loop increased
the pHr and T, values (Fig. 5D). Also, in the odd base-paired core i-motif model, having
asymmetry in the a and ¢ loops was more destabilizing when compared to the case in which the
second nucleotide was added to the central loop (Fig. 5D and ESI Fig. 4). These comparisons
add further confirmation to the best model for the structural evolution of the poly-dC,, strand to

have an odd base-paired core and fill the nucleotides into the central loop (Fig. 2B and 4D).

The loops were then expanded by one more dT nucleotide. The even base-paired core
model filled with the next dT nucleotide was compared to dC,. Increasing the asymmetry in
loops a and ¢ to be a combination of one and three nucleotides long was even more
destabilizing than observed with the one- and two-nucleotide combination (Fig. 5C).
Additionally, adding the dT nucleotide to the central loop b was also destabilizing but less so
than addition to either exterior loop. Another combination of loop lengths that achieves 21

nucleotides long is a = 2, b = 1, and ¢ = 2, which maintains symmetry in the a and ¢ loops. This
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model was also destabilizing, and more importantly, none of these models followed the trend set
by the poly-dC, strands (Fig. 5C). Lastly, models with an odd base-paired core i-motif were
studied with an additional dT nucleotide added (Fig. 5D). This model was significantly
destabilized by having asymmetric a and ¢ loops with either combination of one and three
nucleotides. In contrast, having the third dT nucleotide in the central loop with single nucleotide
exterior loops was very stabilizing, as previously stated (Fig. 4D and 5D). Next, we found that
the a =2, b = 1, and ¢ = 2 model was additionally destabilizing. The strands that followed the
trend set by poly-dC,, are shown with arrows in Figure 5D that were also first discussed in Figure
4D. Some additional models were explored, but they all failed to reproduce the trend
established by the poly-dC, strands (ESI Fig. 5). These data provide even more support for the
best model to address the evolution of the i-motif structures in the poly-dC, strands being one
which has an odd base-paired core, and the nucleotides incrementally fill the central loop while

maintaining single nucleotide exterior loops.

Proposed Model for the 4n-1 Repeat Pattern Observed for Poly-dC,, i-motifs. Examination
of these model studies led us to the following conclusion regarding how the i-motif structure
evolves in the poly-dC, strands to give rise to a 4n-1 repeat frequency in the high stability folds
(Fig. 2B). Starting with poly-dC,,, the structure is best explained by an i-motif with seven base
pairs in the core (x = 4 and x’' = 3) and single nucleotides in each of the three loops (a=b=c¢c =
1). Upon addition of the 18" nucleotide, it is filled into the central loop (b = 2) of an i-motif with a
seven base-paired core (x = 4 and x’ = 3) and symmetry is maintained with a single nucleotide
in the first and third loops (a = ¢ = 1). Next, the most stable homopolymer dC,s can be
explained by either an i-motif with seven base pairs in the core (x = 4 and x" = 3) and loop
lengths of a =1, b = 3, and ¢ =1 or an eight base-paired core (x = x" = 4) with one nucleotide in
each of the three loops (a = b = ¢ = 1). Both structures have high stability, and having two

nearly equivalent structures for this sequence may explain the overall higher stability for dCyg
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(Fig. 3). Lastly, for dC,, a seven base-paired core (x = 4 and x" = 3) with loops of a=1, b = 4,
and ¢ =1 or a structure with a single nucleotide tail (y = 1) and loops of a=1,b =3, and ¢c =1
results in a structure that has decreased stability, fitting with the trend observed with poly-dC,
strands. Both decreased stability models fit the trend. Additional structural options exist for an
i-motif of 20 nucleotides with possible asymmetric exterior loops (Fig. 2B and 5C, ESI Fig. 5);
however, determination of the actual structure is not possible with the present data, and
therefore, we selected the structures that best fit the trend (Fig. 2B). Finally to confirm that the
core base pair count and loop lengths hold for another 4n-1 cycle, we conducted similar studies
with model i-motifs focused on dC43-dC4s (ESI Fig. 6). These final experiments provided a
similar behavior with two fewer base pairs in the core, and we conclude that the proposed

model holds at other cycles of the 4n-1 repeat pattern (Fig. 2B).

Implications. The data regarding i-motif stability as a function of loop nucleotide identity lead to
the conclusion that these folds show greater resilience to unfolding as the pH is increased with
pyrimidines in the loops compared to purines (Fig. 3). This concept was hinted at in previous
reports,'#?”?° but was not systematically explored throughout all three loops as reported here.
More interestingly, the poly-dC, i-motifs were most resilient to increased pH. The observation
that poly-dC,, i-motifs are more stable than i-motifs with non-dC loops suggests that
homopolymer dC, microsatellites (n > 12; Fig. 2A) in the genome have the greatest potential for
folding in vivo as was recently demonstrated in the genomes of human cells."” These insights
can aid future studies inspecting genomes for potential i-motif folding sequences with possible
biological function; although, this assumption neglects any stabilizing interactions that may
occur between heterogeneous loop sequences that, for instance, have been documented for the
BCL-2 and n-MYC promoter i-motifs to increase the stability of this sequence.®** On an
additional note, modulation of the pH dependency for i-motif folds (i.e., pHr value) via the loop

identity may have utility for biosensors developed around these sequences.
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These data provide a direct comparison of model i-motif forming sequences with either
an even or odd number of base pairs in the core while systematically changing the loop lengths.
Interestingly, the trends observed between the two base-paired cores show differences in the
preferred loop lengths leading to the most stable folds. When the i-motif had an even number of
d(C+C)" base pairs (x = x" = 4), the most stable fold observed had a single nucleotide in each of
the three loops (a = b = ¢ = 1); in contrast, when there was an odd number of d(C-C)" base
pairs in the core (x = 4 and x" = 3), the most stable fold had loop lengths of a=1,b =3, and ¢c =
1 (Fig. 3). The reason for this difference is not immediately clear; although, the difference
between the two different base-paired core i-motif models is the preferred length of the central

loop.

In an i-motif fold there exist four grooves (ESI Fig. 7),*%*

in which the two grooves
opposite one another have nearly identical features; additionally, loops a and ¢ span opposite
yet similar grooves while loop b spans the other groove that might have different geometric
features (Fig. 1C). The present data suggest that when there are an even number of d(C+C)*
base pairs in the core, the groove widths are all similar resulting in the preferred fold to have
three loops of the same length. To determine whether the preferred loop lengths were a single
nucleotide or another combination of the same length, we conducted additional model studies.
A study of the sequence dC-4,4,4,4 (n = 1-3) identified single nucleotide loops as the most
stable, and as the loops all increased in length together, the i-motif was destabilized (ESI Fig.
5). Thus, this final evaluation further confirms the conclusion that i-motifs with an even number

of base pairs in the core are most stable with a single nucleotide in each of the three loops; this

model is a valid representation of the most stable homopolymer, dCys.

On the other hand, i-motif folds with an odd number of d(C+C)* base pairs in the core
favor loop lengths of a =1, b = 3, and ¢ = 1 and likely have grooves with different widths. The

grooves that loops a and ¢ span are likely more narrow than the groove that loop b spans
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because the preferred b loop length was longer. This led us to probe the impact on the pHy
value as the exterior loops were systematically expanded while maintaining the preferred central
loop length of b = 3. This study found that as the exterior loop lengths were increased the pHr
values decreased, again supporting the favorability of the a = 1, b = 3, and ¢ = 1 loop lengths
with an odd number of d(C+C)* base pairs in the i-motif core (ESI Fig. 6). These data further
validate the i-motif of 19 nucleotides long with x = 4, x'=3,a=1, b = 3, and ¢ = 1 as the other

best model for the homopolymer dCg.
Conclusions

The present report developed a structural model to understand why poly-dC, strands
adopt i-motif folds with the stability of the folds following a 4n-1 repeat pattern in the chain
length (Fig. 2A).2 Our attention was focused on understanding the pattern around the most
stable fold dCs9. We first determined the best nucleotide to replace dC in a loop of an i-motif
with either an even or odd number of d(C+C)* hemiprotonated base pairs in the core was dT
because this nucleotide impacted the stability the least (Fig. 3); in contrast, loops comprised of
purine nucleotides caused a significant decrease in the i-motif stability (Fig. 3). Next, we
systematically evaluated loop lengths with dT nucleotides in i-motifs with either an even or odd
number of core base pairs to identify structures that tracked the trend in stability established by
the poly-dC, strands. This allowed us to propose a structural model to understand why poly-dC,
strands have a 4n-1 repeat pattern in their stability. Further, these studies allowed us to identify
that the folded dC,q strand is likely most stable because an i-motif forms with an odd base pair
core and loops of a =1, b = 3, and ¢ = 1, or alternatively with an even base pair core and all
three loops as a single nucleotide (a = b = ¢ = 1), both of which have similar stabilities (Fig. 2B
and 3). These equivalent folds likely provide the additional stability observed for dC4o. Further,
following i-motif stability while systematically varying the core base pair count and loop lengths

allowed us to identify that folds with an odd number of base pairs in the core versus those with
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an even number of base pairs favor different loop configurations to yield the most stable fold.
Additionally, in both models, having asymmetry in the exterior loops (a # ¢) was always
destabilizing, as well as having a tail appended to the core of the fold (Fig. 5 and ESI Fig. 5).
The i-motif community can leverage these data to better understand how i-motifs’ pHy values
and pH-dependent thermal stabilities will change as a function of loop nucleotide identity and
loop length. Lastly, as a result of the recent observation that i-motifs can fold in human genomic
DNA inside cells,"” the search for folded sequences is pressing, and these data can guide the

discovery of new possible i-motif sequences with high pH-dependent stability.
Experimental Section

Oligodeoxynucleotide preparation. The i-motif forming strands were synthesized via
standard protocols by the DNA/Peptide core facility at the University of Utah. The synthesized
strands were purified using a semi-preparative, anion-exchange HPLC running the following
mobile phase system: A = 1:9 MeCN:ddH,0, B = 20 mM Tris buffer at pH 8, and 1 M NaCl in
1:9 MeCN:ddH,0. The separation method was initiated at 1% B followed by a linear increase to
100% B over 30 min with a flow rate of 3 mL/min while monitoring the oligodeoxynucleotide
elution by their absorbance at 260 nm. The purified oligodeoxynucleotides were dialyzed
against ddH,O for 36 h while changing the water three times. Next, the dialyzed
oligodeoxynucleotides were lyophilized to dryness and resuspended in ddH,O followed by
determination of the concentration on the basis of the 260 nm absorbance reading. The primary
sequences were used to estimate the extinction coefficients for calculation of the

concentrations.

Circular Dichroism (CD) spectroscopy studies. The pH-dependent CD studies were
conducted from pH 5.00-8.00 by taking measurements at intervals of 0.25 pH units. The

variable pH values were established in 20 mM Britton-Robinson buffer with 140 mM KCI added.
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The oligodeoxynucleotides with concentrations of 5 yM were incubated at each pH for 30 min
prior to CD analysis. The CD spectra were recorded from 220-320 nm with a scan interval of
0.1 nm. The differential absorbance units measured were then converted to molar ellipticity
values ([@]) and then plotted. Next, the pH-dependent spectra were stacked for presentation,
followed by making a secondary plot of [@].ss nm VS. pH yielding a titration curve that was fit with
the Henderson-Hasselbalch equation to determine the transition midpoint (pHt). The titrations

were conducted in triplicate to obtain experimental error bars.

Thermal melting (T,,) studies. The i-motif strands were prepared at 3 yM concentration
in the same buffer used in the CD studies at pH 5.0, 6.0, or 7.0. After incubating the strands for
30 min at 20 °C, they were placed in T,, analysis cuvettes. The T,, experiments were conducted
by thermally equilibrating the strands at 5 °C for 10 min followed by heating the samples to 100
°C at a rate of 1 °C/min while thermally equilibrating at each step for 60 s prior to measuring the
absorbance. Absorbance readings were taken at 260 and 295 nm. The T, values were
determined by plotting the 260 or 295 nm reading as a function of temperature to obtain the
thermal denaturing profile. The transition point was determined using a two-point average

method. All measurements were made in triplicate to obtain the experimental error bars.
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The 4n-1 repeat pattern for poly-2'-deoxycytidine i-motifs results from ideal loop lengths and

core base pairs.
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