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Abstract

In DNA, i-motif (iM) folds occur under slightly acidic conditions when sequences rich
in 2'-deoxycytidine (dC) nucleotides adopt consecutive dC self base pairs. The pH
stability of an iM is defined by the midpoint in the pH transition (pHy) between the
folded and unfolded states. Two different experiments to determine pHt values via
circular dichroism (CD) spectroscopy were performed on poly-dC iMs of length 15,
19, or 23 nucleotides. These experiments demonstrate two points: (1) pHt values
were dependent on the titration experiment performed, and (2) pH-induced denatur-
ing or annealing processes produced isothermal hysteresis in the pHy values. These
results in tandem with model iMs with judicious mutations of dC to thymidine to
favor particular folds found the hysteresis was maximal for the shorter poly-dC iMs
and those with an even number of base pairs, while the hysteresis was minimal for
longer poly-dC iMs and those with an odd number of base pairs. Experiments to fol-
low the iM folding via thermal changes identified thermal hysteresis between the
denaturing and annealing cycles. Similar trends were found to those observed in the
CD experiments. The results demonstrate that the method of iM analysis can impact

the pHt parameter measured, and hysteresis was observed in the pHy and T, values.
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(~4.3) for N3 of dC involved in base pairing, iMs typically fold under
somewhat acidic conditions; however, iM folding at neutral pH has

Non-canonical DNA folds referred to as i-motifs (iMs) are pH-depen-
dent structures found in sequences comprised of four proximal
regions of 2'-deoxycytidine (dC) tracks of greater than three dC nucle-
otides per track within a short region of sequence space (Fig-
ure 1A).14? The unique base-pairing element of an iM structure is the
hemiprotonated dC base pair (dCedC*) that forms between parallel-
oriented dC nucleotides (Figure 1B,C). Two dCedC" base-paired
strands intercalate to generate the iM structure with base pairs in the

core and three loops (Figure 1C). As a consequence of the low pKj,

We dedicate this work to Professor Eric Kool (Stanford Univ.) and congratulate him as the
2019 recipient of the Murray Goodman Memorial Prize, presented by Biopolymers.

been observed when iM-specific ligands,®~>! Ag* ions,'®! or crowding
co-solvents are present.”®! In biologically relevant sequence contexts
such as specific dC-homopolymer microsatellite sequences with
length > 13 nt, other dC-rich genomic repeats, and the dC-rich human
gene promoter sequences RAD17, ATXN2L, RET, and DAP, as exam-
ples, all have been found to adopt iMs at neutral pH conditions.!”~!
Over the last several years, studies have demonstrated iMs can fold in

t,1416-18] which has led to a focus on the potential

the cellular contex
for biological function for these non-canonical folds. The first
approach to address whether potential iM-forming sequences may
fold in the cellular context is to first study them in vitro by biophysical

methods.
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FIGURE 1 Sequences of DNA with four tracks of dC nucleotides >3 per track have the potential to adopt iM folds. A, The generalized

consensus sequence for a possible iM-forming sequence. B, Structure of a hemi-protonated dCedC* base pair. C, A cartoon representation of an
iM fold. D, An example of a CD spectroscopic titration profile from pH 4.5 to 8.0 to determine the transition pH (pH+). The inset to panel D is a
plot of the molar ellipticity ([0]) at 286 nm vs pH that was fit to determine the pHt value. See the experimental section for a description of how

the data were analyzed

A key quantitative measure for iM folding is the transition pH
(pH+) that describes the pH value of the inflection point in the transi-
tion from the folded to the unfolded state during a pH titration.'*?!
Experiments to determine this iM-specific value are typically con-
ducted by monitoring the structural state via one of two different
titration experiments.[1'2’4'16’17’19] Strands of DNA that can only adopt
iM folds, and not any other completing secondary structures, are sin-
gle stranded at pH 8 at which hemiprotonated dCedC"* base-pairs
cannot form.[”2°-2%1 This unique feature of iM strands provides the
opportunity to study their folding isothermally by dropping the pH
from 8 to a lower value where dCedC" base pairs can form; this fold-
ing approach differs from the traditional method for folding nucleic
acids via heating to ~90 °C and slow cooling to obtain thermodynami-
cally favorable folds. In the present study, isothermal refolding of the
poly-dC iM strands was studied by using pH to drive the folding pro-
cess to observe the impact on their physical parameters.

We used two different methods to study iM folding in the pre-
sent work. Method 1: The unfolded DNA strands are directly annealed
in a series of individual buffered solutions with pH values ranging
between 4 and 8, and then after a set time to allow folding equilibrium
to be reached (~30-60 minutes), the circular dichroism (CD) spectra
were recorded. Folded iMs have a 1,2 at ~286 nm that decays upon
unfolding to produce spectra with 1, values at ~280 nm (Figure 1D).
The intensity of the molar ellipticity ([0]) CD signal at 286 nm is plot-
ted vs pH to yield a titration curve. When present, the inflection point
of the titration curve obtained (i.e., pHy) is used to determine whether
the sequence can adopt an iM and provides a measure of its pH stabil-
ity (Figure 1D inset). Method 2: The DNA strand can be folded at low
pH (~4) and titrated with the addition of hydroxide up to pH 8 in a
CD cuvette while monitoring changes in the spectrum at each point

during the titration. This yields data similar to method 1 to derive pHt

values for a sequence of interest. This second approach can also be
used to monitor the annealing process by titrating a pH 8 sample with
HCl down to pH 4 while following the spectroscopic changes to
determine the pHy value. Method 2 enables one to follow a full cycle
of the iM denaturing and annealing process that is not possible with
method 1. In method 2, the pH+ values measured for the annealing
and denaturing processes may differ displaying isothermal hysteresis.

In the second type of experiment to study iMs, the thermal stabil-
ity of the fold is measured at specific pH values, 2141729 3nd this
can be evaluated by following the thermally induced denaturing and
annealing processes by CD or UV-vis spectroscopy at 286 or 295 nm,
respectively, to follow the transition between folded and unfolded
states. Monitoring the temperature dependency in folding yields a
transition midpoint referred to as the thermal melting temperature
(Tw), and T, measurements can also reveal thermal hysteresis. A few
studies on iM folds have identified and begun to understand folding
hysteresis for specific sequences.[12'26] Studies to compare different
analytical methods to yield iM-specific parameters and find experi-
mental dependency have not been reported; inspection of iM hystere-
sis is, therefore, ripe for further study.

The poly-dC iMs found to fold in prior work from our laboratory
provide a good test case to compare how the sample analysis impacts
the isothermal hysteresis found in the pHy values, as well as the ther-
mal hysteresis in the T, values.*®*¥ Further, these homopolymer
strands can be mutated with thymidine (T) nucleotides to favor pre-
ferred loop and stem lengths for determination of the pHy values and
isothermal hysteresis, as well as to measure the T, values and thermal
hysteresis.['*4 The poly-dC iMs produced a chain-length pattern of
stability that followed a 4n — 1 repeat pattern from length = 12 to 30
nucleotides.'®4 On the basis of our prior work, dCqs (n = 5) had the

greatest pHy value and pH 7 T,, value, while dCy5 (n = 4) and dC»,3
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11 Deeper interrogation of

(n = 6) were other islands of high stability.
the poly-dC iMs was conducted by locking in specific loop lengths via
judicious mutation of dC to T nucleotides that do not participate in iM
base pairing. These studies identified the 4n — 1 repeat pattern results
from the preferred stem and loop Iengths.[w] In the present work, the
poly-dC strands of length 15, 19, or 23 nt were interrogated by the
two different methods described to measure the pHt values that
allowed demonstration of the dependency of the values obtained on
the experimental approach used; additionally, thermal hysteresis in
the T,, values was observed for the iMs studied. Additional studies on
a series of iMs with loop and stem lengths selected via mutation of dC
to T were explored to identify hysteresis in the pHt and T,, values.
These studies provide additional insight to the iM-sequence parame-
ters that give rise to hysteresis. Lastly, this report illustrates the sensi-
tivity of iM biophysical parameters to experimental design that is

instructive to researchers.

2 | MATERIALS AND METHODS
21 | Oligodeoxynucleotide synthesis and
purification

All oligodeoxynucleotides were synthesized by the University of Utah
DNA synthesis core facility. Each sequence was treated with 0.2 M
piperidine at 90 °C for 20 minutes before purification to cleave any
damaged strands generated during synthesis. The piperidine-treated
strands were purified by anion-exchange HPLC using a method run-
ning A = 9:1 ddH,0 and MeCN and B = 1.5 M NaOAc pH 7 in 9:1
ddH,O and MeCN in which the method was initiated with 15% B
followed by a linear increase to 100% B over 30 minutes with a flow
rate of 1 mL min~? while monitoring the absorbance at 260 nm. The
purified samples were subsequently dialyzed for 36 hours against
ddH,0 at 4 °C after which the samples were lyophilized to dryness
and resuspended in pH 8 buffer to furnish unfolded stock solutions of
purified oligodeoxynucleotides that were frozen at —20°C until
needed. The concentrations of each stock solution (~100 pM) were

determined by measuring the UV-vis molar extinction coefficients (e;

TABLE 1 Oligodeoxynucleotide Sequences Studied

Lumol™t ecm™) that were estimated using the nearest-neighbor
approach based on the primary sequence of the oligodeoxynucleotide
(Table 1).

22 |
analysis

CD spectroscopy, pH titrations, and data

Monitoring the folding process via CD analysis followed two different
methods. In method 1 to evaluate pHy values, pH-dependent CD
studies were conducted from pH 4.00 to 8.00 by taking measure-
ments at intervals of 0.25 pH units in discrete samples. The various
pH values were established in 20 mM Britton-Robinson buffer that is
comprised of 20 mM each of sodium salts of phosphate, acetate, and
borate with 140 mM KCI added. The Britton-Robinson buffer has a
broad range of capacity from pH 2 to 12 that is ideal for pH titrations
of iM sequences from pH 4 to 8. The oligomers were diluted from
~100-pM stock solutions at pH 8 down to 2 pM at each pH condition
interrogated. The unfolded pH 8 iMs were folded when diluting to the
lower concentration in lower pH buffer solutions, after which isother-
mal folding proceeded for 30 minutes at 20 °C before CD analysis.
The CD spectra were recorded from 220 to 320 nm with a scan-inter-
val of 0.1 nm. The differential absorbance units measured were
converted to molar ellipticity values ([®]) and then plotted. Next, the
pH-dependent spectra were stacked for presentation, followed by
making a secondary plot of [®],gs nm VS PH Yielding a titration curve
that was fit with the Henderson-Hasselbalch equation to determine
the transition midpoint (pH). The titrations were conducted in tripli-
cate to obtain experimental error bars.

In method 2, the oligomer samples were prepared by direct addi-
tion of the unfolded sequence to a buffer of 20 mM KP; (pH 4.0),
12 mM NaCl, and 120 mM KCI, equilibrated at 20 °C. Sample concen-
trations were selected by calculating the amount needed to give an
absorbance of ~0.5 at 260 nm in a 1-cm cuvette (~2 pM). The CD
spectra were recorded at pH increments of ~0.1 to 0.2 using small ali-
quots of 1 M LiOH to adjust the pH at each reading. Each sample was
allowed to equilibrate for ~90 seconds before recording the spectrum

for this pH value. The 90 seconds delay time was experimentally

Name Sequence €260 (L pmol~* cm™Y)
dCys 5’-CCC CCcc cceceeeccece 0.1058
dCqoe 5’-CCC Ccccececeeecceecccececce 0.1340
dCy3 5’-CCC CCC Cccc ceeeceecceeccececccece 0.1622
iM—4,3,443 5-Ts CCCCTCCCTCCCCTCCC 0.1665
iM—4,334,3 5-Ts CCCCTCCCTTTCCCCT CCC 0.1827
iM—4,35443 5-Ts CCCCTCCCTTTTT CCCC T CCC 0.1989
iM—4,4,44.4 5-Ts CCCCTCCCCTCCCCTCCccC 0.1809
iM—4,434.4 5-Ts CCCCTCCCC TTT CCCC T CCCC 0.1971
iM—4,454.4 5-Ts CCCCTCCCCTTTTT CCCC T CCCC 0.2133
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validated by monitoring the time-dependent change in the CD spec-
tra, verifying no changes occur after this equilibration time. Upon
reaching pH 8.0, the titration was then reversed using 1 M HCI via
the same procedure as described to reach a pH of ~4.0. We refer to
each pH-directional titration as a “leg.” Throughout the complete titra-
tion cycle, no more than 90 pL total of 1 M LiOH and 1 M HCI was
added to the 2000-pL sample resulting in a volume change of less
than 5% in all cases. All titrations were performed in triplicate. The
approach for analysis of the data was previously reported by our

laboratory.[*?!

2.3 | Thermal melting (T,,) studies

The iM strands were prepared at 3 uM concentration in Britton-Rob-
inson buffer with 140 mM KClI at pH 5.0 or 6.0. The T,, experiments
were conducted by thermally equilibrating the strands at 5 °C for
20 minutes followed by heating the samples to 100 °C at a rate of 1,
0.5, or 0.1 °C min~! while thermally equilibrating at each step for
60 seconds before measuring the UV absorbance. Absorbance read-
ings 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 denaturation profile; the data at 295 nm were used
to make the plots in this report. The transition point was determined
using a two-point average method implemented with the instrument's
software (Shimadzu UV-1800). All measurements were made in tripli-

cate to obtain the experimental error bars.

3 | RESULTS AND DISCUSSION
3.1 | The method for analysis of pHt impacts the
value measured for poly-dC iMs

First, the poly-dC strands of length 15, 19, or 23 nucleotides were
synthesized and HPLC purified for analysis. Before commencing the
experiments, the dC4o strand was analyzed by *H-NMR at pH 6 or 8
(100 uM) to verify the pH dependency of the folding and unfolding of
this strand. The pH 6 spectrum gave imino peaks around 15 to
16 ppm indicative of iM folding[9'20‘25] while these signals dis-
appeared in the pH 8 spectrum supporting the unfolded state at the
higher pH (Figure S1). This observation underscores an interesting
point about poly-dC strands. This polyanion does not self-associate at
pH 8, that of our stock solutions and NMR studies. There is no mecha-
nism for base pairing at pH 8, and base stacking is poor for pyrimi-
dines. Therefore, we assume based on the dCio result that all
sequences studied herein were unfolded at pH 8 in the stock solu-
tions before refolding them when they were diluted into lower pH
buffers.

The strands were interrogated to determine their pHt values
using the two methods outlined in the introduction (Figure 1D and
Figure S2). In method 1, the unfolded strand was added directly to dif-
ferent buffers with pH values ranging from 4.5 to 8.0 in 0.25 pH

increments and then allowed to anneal for 30 minutes at 20 °C before
CD analysis. In method 2, the unfolded strand was added directly to a
pH 4.0 buffer and allowed to anneal for 30 minutes in a CD cuvette at
20 °C before monitoring the unfolding process. The iM unfolding pro-
cess was driven by titration with LiOH into the sample to ultimately
reach pH 8.0. The pH value obtained after each addition of LiOH was
~0.2 unit increase at each step that was determined using a pH
meter. The samples were allowed to equilibrate at each pH step,
which was determined when the CD spectrum showed no change
(~90 seconds), and then the final spectrum was recorded and used in
the analysis to determine the pHy value (Figure S2). Method 2 enabled
the analysis of the annealing process by then titrating the sample with
HCI back to pH 4.0 following the same approach as just described.
Method 2 can yield isothermal hysteresis between the two titration
curves when they follow different paths from the folded to unfolded
state as determined by the CD spectra.

For dCy5, method 1 for pHt measurement produced an average
value of 6.9 (Figure 2A, black). Isothermal hysteresis for dC,5 was
observed using method 2 for the determination of pHt values upon
monitoring denaturing vs annealing. The average denaturing pHy
value was 7.2 and the annealing pH+ value was 6.5 to give a 0.7 pH-
unit hysteresis (Figure 2A, blue vs red). Overall a similar trend in the
pH+ values was found for dCy, in which method 1 gave a pHt value
of 7.3 (Figure 2B, black), and method 2 produced hysteresis in the
values. Moreover, the dC49 sequence gave a biphasic transition during
the denaturing cycle with pH+ values of 6.8 and 7.5 and a single tran-
sition upon annealing with a lower pHy value of 6.7 (Figure 2B, blue
vs red). The biphasic nature of the transition for dC4g in the denatur-
ing cycle of the method 2 approach has been reported previously by
our laboratory."*? In the dC,3 strand investigated, method 1 produced
a pHry value of 7.1, and both denaturing and annealing legs of method
2 also produced pHy values of 7.1; thus, no hysteresis was observed
with the longest dC,5 iM studied (Figure 2C).

These initial studies indicate that the poly-dC iM chain length
influences whether isothermal hysteresis was observed by method 2
for pHt value determination. The shorter poly-dC iMs with lengths 15
or 19 nucleotides displayed isothermal hysteresis; in contrast, the 23-
nucleotide iM did not. This study suggests iM length is one parameter
that determines whether hysteresis in the pHy values occurs. Consis-
tent with this finding is prior work from our laboratory and others that
found other iMs produced isothermal hysteresis in the pHt
values.[1219:26]

The more interesting finding in the present studies is that the
method (1 vs 2) for titrating iM-forming sequences to measure pHt
values can yield different results. The difference was maximally dis-
played in the dC45 and dC;s sequences (Figure 2A,B). Method 1 is
commonly used for pHt value measurement, and it gives a value simi-
lar to the denaturing leg of method 2; however, the shapes of the
method 1 vs 2 denaturing curves are different. The method 1 curves
show steep transitions for the two shorter sequences indicative of a

highly cooperative process,?”!

while the method 2 denaturing curves
were comparatively broader. One explanation for this difference is

that the method 2 samples were not at equilibrium before analysis,
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FIGURE 2 Analysis of the poly-dC iM-forming sequences with
lengths of 15, 19, or 23 nt by two different CD spectroscopic
methods identify dependency of the pHt value reported on the
method used. Analysis of the, A, dC4s, B, dC49, and C, dCy3 iMs by
method 1 (black curves) or method 2 that allowed following the
denaturing (blue) and annealing (red) processes for the three strands
studied. The inset for each panel is a bar chart of the pH values
found from the different methods. For dC (B), the denaturing
process was biphasic yielding two pHy values labeled 1 and 2

although the spectrum at each pH increment was monitored until no
change was observed before taking the final spectrum used in the
analysis, suggesting all measurements were made at folding equilib-
rium. This point is discussed in more detail below. Method 2 when
used to follow annealing found the shorter poly-dC iMs (i.e., dC45 and
dCj9) had lower pHy values that could be as much as 0.7-pH units less
than the denaturing value, resulting in isothermal hysteresis. Prior iM

analysis from our laboratory found when the iM-forming sequence

first prepared by heat denaturing and slow cooling at pH 4 results in
loss of the hysteresis.*? Lastly, the longest dC,3 iM gave nearly iden-
tical titration curves for both method 1 and the denaturing and
annealing legs of method 2 (Figure 2C). This final observation indi-
cates that not all poly-dC iMs display hysteresis and the two methods
for pH+ evaluation can give the same values. In summary, the method
of analysis to measure the pH+t value for an iM-forming sequence can
impact the results obtained.

In the annealing leg of the method 2 analysis, the curves for the
shorter homopolymer iMs were different than the denaturing leg of
this method giving rise to the hysteresis observed; further, this
method of following the pH dependency of folding produced a differ-
ent result than method 1. A key difference in the annealing leg of
method 2 compared to the other ways of assessing pHt values (i.e.,
method 1 and method 2 denaturing leg) is the rate of the initial
annealing. In method 1, the unfolded iM oligomers are directly added
to buffers of known pH and fold rapidly. This is also true of the
method 2 denaturing leg, in which the strand was directly added to a
pH 4.0 buffer before the commencement of the analysis. In contrast,
monitoring annealing by method 2 was achieved via a slower folding
process that occurred when the pH was slowly adjusted downward.
The experiment took ~3 hours to perform. Prior work by Skolakova et
al. found folding iMs slowly produced bimolecular structures in prefer-
ence to intramolecular folds for long iMs and those with short
loops*?); this provides a possible explanation for the differences
observed between the two different approaches to monitoring
annealing. In our work, hysteresis was only observed for dC45 or dCyo
and not the longer dC,3 iM, the present trend observed here is oppo-
site of the chain-length trend reported.ml We note that there are
other differences between the studies, such as analysis temperature
and sample preparation that could easily lead to different findings.[zs]
Thus, any further comparison of these data sets is not possible or
warranted, especially in light of the present observation that the
method for pHy value determination impacts the results obtained.
Additional studies to better understand the molecularity of folding of
the poly-dC strands under the conditions of the present analysis con-
ditions were not pursued; however, we did previously report that
dC,y5 and dC49 do not adopt a bimolecular structure when directly
folded at pH 6. The most important finding herein is that the
method of analysis for pHt value assessment can impact the value
found. To reiterate, the present findings are important when
researchers try to compare pHy values for a given sequence studied

by different laboratories.!2?-2"!

3.2 | Impact of dCedC* base pair count and central
loop length on isothermal hysteresis

Previously our laboratory studied iM strands with judiciously mutated
dC to T nucleotides for evaluation of preferred core base pair counts
and loop lengths to address the 4n — 1 repeat pattern observed in the
poly-dC iMs.[1%14 A model addressing dCqo as the most stable iM
was proposed because it could adopt two different structures with
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similar high pH and thermal stabilities. The first structure had an even
number of base pairs in the core—four base pairs per intercalated
strand—and single nucleotides in the three loops (Figure 1A,C). The
second structure of nearly equal stability had an odd number of base
pairs in the core—four in one strand and three in the other strand—
with loop lengths of one in each exterior loop and three in the central
loop (Figure 1A,C). For iMs with an even number of core base pairs,
two different conformations can exist, referred to as 3'E when the 3’-
most dC is in an exterior base pair or 5’E when the 5’-most dC is in an
exterior base pair (Figure 3).2% This information was used to study
how the experimental approach in pHt value determination (method
1 vs 2) produced different values for iMs with different base pair
counts and central loop lengths with a focus on the strands from the
prior study.*® The nomenclature used for each sequence variant has
the number of dC nucleotides in each of the four tracks interspersed
with the number of T nucleotides in each of the three loops sub-
scripted, with the numbers describing the sequence from the 5 to 3’
ends. For example, iM-414,4,4 has four dC tracks of length 4 nucleo-
tides each with 1 T nucleotide in each of the three loops.

For the iMs with an even number of base pairs in the core, the
following method-dependent and loop length-dependent results were
obtained. Two noteworthy points regarding these data must be made:
(1) the method 1 values for the core-length and loop-length studies
were previously reported by our laboratory using strands that did not
contain tails (Table 1),*® and (2) the sequences used in method 2
were comprised of the same iM-forming sequence but had a 5’-poly-T
tail of five nucleotides (Table 1). Using method 2 to evaluate pHy
values, two dC, strands with or without the 5'-T5 tail were analyzed

to find that the Ts tail decreased the transition values by ~0.3 pH

Even Base-paired iM Core

Method 2 Denature
Method 2 Anneal :

5E 3E
51 3, ' 51 3, '
AN AN
9 S
b
(A)

7.6
74 1 2

4,4,4,4

4444 44544

units (Figure S3), thus the values are not directly comparable. None-
theless, these data do allow further demonstration of the influence of
method choice in pHy value measurement and show that loop and
core lengths impact isothermal hysteresis observed in method 2. For
the iM-4,4,4,4 strand, method 2 produced a biphasic denaturing
curve and a monophasic annealing curve similar to dCy9 (Figure 2B),
with denaturing pH+ values of 6.5 and 7.3, and an annealing pHt value
of 6.5. The method 1 pH+ value for the iM-4,4,4,4 iM was 7.1 that is
similar to the highest transition seen in the biphasic denaturing curve
of method 2 analysis. When the core base pair count remained the
same and the central loop was increased to 3 or 5 nucleotides, that is,
iM-4,43414 and iM-4,45444, respectively, the method 2 denaturing
curves were also biphasic and the annealing curves were monophasic
at a lower value (Figure 3A), thus showing isothermal hysteresis. The
method 1 values for these strands, in general, were similar to the
lower pHy values found in the denaturing curves that were also similar
to the annealing pH+ values found with method 2. The key finding
was that iMs with eight-core base pairs always showed hysteresis by
method 2 analysis, regardless of the central loop length when studied
with 1, 3, or 5 T nucleotides.

In contrast, when the iM had an odd number of core base pairs
hysteresis was minimal or not observed by method 2. For example,
the iM-4,314,3 sequence gave a ~0.1 pH unit difference in the pHt
values between denaturing and annealing when measured via method
2 (6.4 vs 6.3; Figure 3B); furthermore, the denaturing leg of the
method 2 analysis for these strands was monophasic. The pHt value
observed for the same sequence using method 1 was slightly higher
at 6.7, as expected because a tail was not present (Figure 3B). Next,
the iM-4,334,3 and iM-4,354,3 sequences both produced nearly the

Odd Base-paired iM Core

[ 4

5 3

Method 1

(B)

7.6
7.4 A
7.2 1

4,3,4,3 4,3;4,3 4,354,3

FIGURE 3 Analysis of iMs mutated to prefer specific dCedC* base pair counts and loop lengths to evaluate the method dependency in pHt
value determination. Plots of pHt values for iMs with an even number (i.e., 8) of base pairs in the core (A), and an odd number of base pairs in the
core (B) (i.e., 7). Both systems also maintained exterior loops of 1 T nucleotide each and increased the central loop length from 1, 3,0r 5T
nucleotides. Biphasic curves for method 2 denaturation are labeled 1 and 2 for the two pH values
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same pHr values by the denaturing and annealing legs of method 2
analysis and did not show hysteresis. From these studies, we conclude
that the iMs with seven base pairs in the core that possess single-
nucleotide exterior loops and a central loop comprised of 1, 3,0or 5T
nucleotides did not display isothermal hysteresis when monitoring
denaturation and annealing. These data in their entirety suggest iso-
thermal hysteresis is maximal for iMs that contain an even number of
base pairs in the core, and the central loop length with T nucleotides
has minimal impact, while iMs with an odd number of core base pairs
show minimal or non-existent isothermal hysteresis with no additional

impact of the central loop length.

3.3 | Studies of iM thermal hysteresis

In the final set of studies to inspect for hysteresis, T, curves were
monitored during the denaturing and annealing phases to see the dif-
ference in the inflection points (i.e., T,, values) between the two cur-
ves (Figure 4A: blue = denaturing, red = annealing), indicating thermal
hysteresis. To ensure all measurements were made at thermal equilib-
rium, the ramp rate when studying dC49 was decreased from 1, 0.5, or
0.1 °C min~? to find the 0.5 and 0.1 °C min~* ramp rates gave similar
curves. This suggests that the curves analyzed at the 0.5 °C min~?!
ramp rate were at thermal equilibrium, and the hysteresis observed
results from the iM structure and not the experimental setup. Lastly,

the T, curves were analyzed via a two-point analysis using the
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o
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instrument's software that defined the folded and unfolded states by
a leveling off of the change in intensity of the curve to identify the
midpoint in the transition, defined as the T,, value.

The first iMs inspected for thermal hysteresis were the poly-dC
strands of length 15, 19, and 23 nucleotides that were analyzed at
either pH 5 or 6 (Figure 4B). Overall, the thermal hysteresis for these
strands was greatest at pH 6 (>15 °C) and minimal at pH 5 (~5 °C).
Further, at both pH values studied, an inverse relationship with chain
length and thermal hysteresis was observed (i.e., longer chains gave
less hysteresis in the T, curves). Interestingly, the trend in chain-
length dependency in thermal hysteresis for the poly-dC iMs was sim-
ilar to that obtained in the isothermal CD studies (Figures 2A-C and
4B). These trends suggest that the greater flexibility for longer iM
strands to fold may provide a similar folding and unfolding pathway
that is not observed for the shorter strands. This hypothesis needs to
be verified by future modeling and experimental work for which tech-
niques exist to address this question.[31-3¢!

Next, the model iMs with eight dCedC"* base pairs in the core
with single T nucleotides in the exterior loops and the interior loop
systematically increased from 1 to 3 to 5 T nucleotides (i.e., 4141414,
444,444, or 4,454,4) were interrogated for thermal hysteresis. Trends
were again observed in the thermal hysteresis measured. In all three
sequences studied, the hysteresis was greater by ~5 °C when mea-
sured at pH 6 than at pH 5 (Figure 4C green vs purple). Furthermore,
as the central loop length increased in length, the thermal hysteresis
decreased at both pH 5 and 6. For example, at pH 6 with all single-

(B) Poly-dC Strands
% BpH5
B EpH 6
€ 20
FRER
=
5 4
0
dCys dCyg dCys
(D) “ 0dd Base-paired iM Core
mpH 5
A BpH 6

20 1

Hysteresis (°C)
&

5. “
0 4

4,3:4,3 4,334,3

mm [ |

4,354,3

FIGURE 4 Analysis of the thermal hysteresis for the iM-forming sequences. A, Examples of denaturing (blue) and annealing (red) T,, curves
that display thermal hysteresis. Hysteresis values found for the, B, poly-dC strands, C, even number of base pairs in the iM core, and D, odd
number of base pairs in the iM core. In panels B, C, and D the hysteresis values found at pH 5 are the purple bars and those at pH 6 are the

green bars
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nucleotide loops, the hysteresis was 21.2 °C which decreased to
8.6 °C when the central loop was increased to five T nucleotides.
From these data, both isothermal and thermal hysteresis studies (Fig-
ures 3 and 4), the iMs with eight dCedC* base pairs in the core and
loop lengths of 1 to 5 nucleotides always yield hysteresis between the
denaturing and annealing profiles. This finding further supports iMs
with an even number of core base pairs can give rise to hysteresis;

231 s not

however, whether this results from structural plasticity
known at present.

The final model iMs studied for thermal hysteresis had seven
dCedC" base pairs in the core with single nucleotide exterior loops
comprised of T nucleotides and the central loop increased from 1, 3,
or 5 T nucleotides. The denaturing and annealing T,,, curves for these
iMs displayed the least hysteresis at both pH values studied (<10 °C;
Figure 4D). Additionally, as the central loop increased in length from 1
to 5 Ts, the hysteresis decreased by ~5 °C. In summary, the iMs with
an odd number of base pairs in the core were found to have the least
thermal hysteresis in the T,, studies and isothermal hysteresis when
evaluating the pHt values by method 2 (Figures 3B and 4D).

4 | CONCLUSION

The non-canonical DNA folds referred to as iMs are pH-dependent
tetraplex structures comprised of hemiprotonated dC-dC* base pairs
in the core of the structure with three loops (Figure 1A-C). Recent
studies have found iMs can fold in the cellular context,!*¢'”) and there
exist human sequences that fold at neutral pH, such as the poly-dC
microsatellite sequences./”*4151% |n the present study, we used CD
spectroscopy to measure the folding transition pH value (i.e., pHt
value) via two different titration methods. First, we employed both
titration methods to find that the pHt values for the poly-dC strands
of length 15, 19, or 23 nucleotides were dependent on the method of
analysis (Figure 2). In method 2, the denaturing and annealing cycles
were monitored to find strong isothermal hysteresis when monitoring
the two different cycles for dCy5 and dC,, but hysteresis was not
observed for dCys (Figure 2). Next, a set of model oligomers that
locked specific base pair counts and loop lengths for the iMs were
studied to find that eight-core base pairs with single nucleotide exte-
rior loops and a central loop of up to five nucleotides always displayed
isothermal hysteresis (Figure 3A). In contrast, when the model iMs
have seven core base pairs and the same combinations of loop
lengths, isothermal hysteresis in the pHy values was either minimal or
not observed (Figure 3B). The present study in its entirety identifies
two critical considerations when analyzing the iM folds.!*) The method
to evaluate pHt values impacts the value measured (Figure 2).2 The
number of central dCedC* base pairs impacts the isothermal and ther-
mal hysteresis observed (Figures 3 and 4). When the core has an even
base pair count maximal hysteresis was measured, and in the odd base
pair count the least hysteresis was measured. Future work is needed
to address whether these trends hold for other iMs, particularly bio-
logically relevant sequences. This information is noteworthy for labo-

ratories that try to make comparisons between reported pHr and T,

values on the same sequence that were prepared differently or stud-
ied by different methods. Our observations build off of a recent report
that found sample handling of the human telomere iM can impact the
results of biophysical studies.|?®!

In the second set of studies, denaturing and annealing T, curves
were obtained on the poly-dC strands (15, 19, or 23 nt) to find thermal
hysteresis (Figure 4B), showing values with the same trend in core
base pair count and central loop length as seen in the isothermal stud-
ies (Figures 3A,B and 4C,D). The present work has identified some
features of iMs that appear to cause increased hysteresis when con-
ducting biophysical studies on these DNA strands; however, a few
mysteries regarding this phenomenon associated with iMs remain. For
instance, are different iM folds responsible for the hysteresis
observed? Second, what are the structures that lead to biphasic pHt
curves with the poly-dC strands and those with an even number of
core base pairs? Future structural studies are needed to address these
fascinating questions. Nonetheless, researchers studying iM folding
must be aware that the method of choice for analyzing the pH stabil-
ity can impact the values found, and hysteresis may exist when moni-

toring the denaturing vs annealing process of iM folds.
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Figure S1. Method 1 and 2 analysis of the poly-dC iMs.
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Method 2 Analysis for Annealing Poly-dC15
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Method 2 Analysis of Denaturing for Poly-dC19
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Method 1 Analysis of Poly-dC23
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Method 2 Analysis for Annealing Poly-dC23
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Figure S2. Comparison of pHr values obtained from method 2 analysis of dC+9 with and without

a 5'-Ts tail.
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