Downloaded viaNANJNG UNIV on May 28, 2021 at 02:48:30 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

JAIC'S

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Drivers of i-DNA Formation in a Variety of Environments Revealed
by Four-Dimensional UV Melting and Annealing

Mingpan Cheng,* Jielin Chen, Huangxian Ju, Jun Zhou,* and Jean-Louis Mergny™

Cite This: J. Am. Chem. Soc. 2021, 143, 77927807 I: I Read Online

ACCESS | |ﬂ Metrics & More | Article Recommendations ‘ @ Supporting Information

formed by cytosine-rich DNA sequences. Previous reports have
addressed the conditions for formation of this motif in DNA in vitro
and validated its existence in human cells. Unfortunately, these in
vitro studies have often been performed under different Temp 9
experimental conditions, making comparisons difficult. To over- pH ?
come this, we developed a four-dimensional UV melting and

annealing (4DUVMA) approach to analyze i-DNA formation g@;
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ABSTRACT: i-DNA is a four-stranded, pH-sensitive structure m Formation diagram obtained by 4DUVMA

pop|o} uonoel 4

under a variety of conditions (e.g., pH, temperature, salt,
crowding). Analysis of 25 sequences provided a global under-
standing of i-DNA formation under disparate conditions, which
should ultimately allow the design of accurate prediction tools. For i-motif
example, we found reliable linear correlations between the

midpoint of pH transition and temperature (—0.04 + 0.003 pH

unit per 1.0 °C temperature increment) and between the melting temperature and pH (—23.8 + 1.1 °C per pH unit increment). In
addition, by analyzing the hysteresis between denaturing and renaturing profiles in both pH and thermal transitions, we found that
loop length, nature of the C-tracts, pH, temperature, and crowding agents all play roles in i-DNA folding kinetics. Interestingly, our
data indicate which conformer is more favorable for the sequences with an odd number of cytosine base pairs. Then the thermal and
pH stabilities of “native” i-DNAs from human promoter genes were measured under near physiological conditions (pH 7.0, 37 °C).
The 4DUVMA method can become a universal resource to analyze the properties of any i-DNA-prone sequence.

Temperature (°C)

H INTRODUCTION even number of C-C" base pairs, two conformers, called $'E and
DNA is prone to structural polymorphism: in addition to the 3'E, are possible, as the two external solvent accessible C-C* base
canonical Watson—Crick double-helix, a number of alternative pairs may be located at either the S or the 3’ ends of both
structures are known. Among these oddities is the four-stranded, duplexes, respectively (Figure 1B).”***7** For sequences with
C-rich i-DNA structure,”> which forms under mildly acidic an odd number of C-C" base pairs, one duplex has more base
conditions that stabilize hemiprotonated C-C* base pairs pairs than the other and both 5" and 3’ terminal base pairs are
(Figure 1A).”" In the i-DNA structure, two interlocked oriented to maximize stacking interactions.'”'”**™*" Two
parallel-stranded duplexes consisting of C-C* base pairs are different arrangements are observed depending on primary
held together in a head-to-tail orientation. A typical intra- sequence (Figure 1C): In the S3E arrangement (not to be
molecular i-DNA involves four contiguous cytosine tracts and confused with S'E), the (n+1) C-tracts are the first and third
three loops (Figure 1B).”~" As cytosine protonation at the N3 runs of cytosines. In the 35E conformer, the (n+1) C-tracts at
position is essential for formation of the hemiprotonated base the second and fourth positions. For example, sequences 43L3

pairs, szgability and unfolding/folding rates of i-DNA depend on [d(C,T,C,T,C,T5C;)] and 34L3 [d(C,T,C,T5C,T;C,)]
pH.”7*° i-DNA stability is often modest under physiological adopt S3E and 3SE folds, respectively.
conditions,""'**! but some i-DNA structures have been shown i-DNA stability depends on the number of C-C* base pairs,

: 11,13-16,20—26 20,27
to remain _fOIded at.neutrall PH. ] I.n—cellzé\TMR and structures with longer central loops are more stable than
and experiments with an i-DNA-specific antibody™ recently

demonstrated that i-DNAs are present in human cells.

In contrast to G-quadruplexes formed by G-rich sequences, i-
DNA strand orientations are fixed. Adjacent strands are always
antiparallel to each other, and diagonally opposed strands run in
the same direction. As a consequence, i-DNA structures are less
polymorphic than G-quadruplexes. Nevertheless, some varia-
bility is observed in i-DNA structures: For sequences with an
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Figure 1. i-DNA formation. (A) Equilibrium between unpaired bases
and the C-C* base pair, which are probed by determination of
midpoints of pH-induced and thermal transitions, pHy and T,
respectively. (B) Mixed S'E and 3’E conformers formed by the
sequences with even numbers of C-C* base pairs. Loop regions are in
red. (C) S3E (upper) and 3SE (lower) conformers formed by the
sequences with odd numbers of C-C* base pairs. Sequences of 33L3,
43L3, and 34L3 are listed in Table 1.

those with shorter loops.'”'***** In addition to pH and
temperature, cation type and concentration influence both
stability and conformation: Na’, K*, Li*, NH,*, and Cu®"
destabilize i-DNA,>**7*° whereas Ag* and Cu" stabilize this
structure.*' ~** Moreover, i-DNA has been reported to be
stabilized by macromolecular crowding conditions.”™>°

Midpoints of acid-alkaline (pH) and thermal transitions,
referred to here as pHy and T, respectively, are often used to
determine the stability of i-DNAs (Figure 1A). However,
comparing results is often difficult, as pHr is often determined at
a given temperature, and thermal stability is only measured at a
few pH values.”"""*~'%*° These limited measurements do not
provide a reliable global picture of pHp dependency on
temperature or of thermal stability on pH and do not allow
the determination of the folded fraction under a range of
conditions. To illustrate the need for standardization, in two
recent papers,' ' the melting temperature of i-DNA formed by
the same sequence, d(C,T5C,T;C,T5C,), was found to be 71.7
and 56.4 °C; the values were measured at pH 5.0 with 37 mM K*
and pH 5.5 with 110 mM Na, respectively. The pHr values also
differed: Values were 6.95 and 7.1, measured at 23 and 20 °C,
respectively.

In order to overcome these limitations, we developed a
systematic four-dimensional analysis of UV melting and
annealing (4DUVMA). The 4DUVMA approach measures the
UV absorbance spectra (220—330 nm wavelength range) over
the pH range between 5.0 and 8.0 at a temperature range
between S and 90 °C. In contrast with recent studies in which we
analyzed over 200 sequences in a limited set of conditions,””**
here we evaluated a smaller panel of 20 sequences with 6 to 12 C-
C* base pairs (Table 1) in far more conditions. Formation
diagrams were constructed for each i-DNA in which the fraction
folded was determined under all pH and temperature
combinations. This analysis allowed us to establish clear

Table 1. Twenty Model Sequences Used in This Work

name sequence (5'—3")

33L1 CCCTCCCTCCCTCCC

33L3 CCCTTTCCCTTTCCCTTTCCC

34L1 CCCTCCCCTCCCTCCCC

34L3 CCCTTTCCCCTTTCCCTTTCCCC

43L1 CCCCTCCCTCCCCTCCC

43L3 CCCCTTTCCCTTTCCCCTTTCCC

44L1 CCCCTCCCCTCCCCTCCCC

44L3 CCCCTTTCCCCTTTCCCCTTTCCCC

4SL1 CCCCTCCCCCTCCCCTCCCCC

45L3 CCCCTTTCCCCCTTTCCCCTTTCCCCC

54L1 CCCCCTCCCCTCCCCCTCCCC

54L3 CCCCCTTTCCCCTTTCCCCCTTTCCCC

SSL1 CCCCCTCCCCCTCCCCCTCCCCC

SSL3 CCCCCTTTCCCCCTTTCCCCCTTTCCCCC
S6L1 CCCCCTCCCCCCTCCCCCTCCCCCC

S6L3 CCCCCTTTCCCCCCTTTCCCCCTTTCCCCCC
65L1 CCCCCCTCCCCCTCCececrececece

65L3 CCCCCCTTTCCCCCTTTCCCCCCTTTCCCCC
66L1 CCCCCCTCCCCCCTCCCCCCTCCCCCC

66L3 CCCCCCTTTCCCCCCTTTCCCCCCTTTCCCCCC

b @

C-C* no.” loop size nt conformation” molecularity®

6 3 15 mix dm

6 9 21 mix m

7 3 17 3SE dm

7 9 23 35E m

7 3 17 S3E m(d)
7 9 23 S3E m

8 3 19 mix m(d)
8 9 25 mix m

9 3 21 35E m

9 9 27 3SE m

9 3 21 S3E m

9 9 27 S3E m

10 3 23 mix m

10 9 29 mix m

11 3 25 3SE m

11 9 31 35E m

11 3 25 S3E m

11 9 31 S3E m

12 3 27 mix m

12 9 33 mix m

“Maximum theoretical number of C-C* base pairs formed assuming intramolecular folding and no cytosines involved in loop formation. bTotal
number of nucleotides in the three loops assuming no cytosines are involved in loop formation. “Oligonucleotide total length in nucleotides.
4Conformation: “mix” refers to a mixture of 3'E and S'E conformers; see text and Figure 1 for details. “Molecularity was determined by SE-HPLC
at pH 6.0; “dm” indicates a mixture of dimer (major) and monomer (minor), “m(d)” indicates a monomer with traces of a dimer, “m” refers to a

purely monomeric species.
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Figure 2. Molecularity of the folded species deduced from SE-HPLC analysis at pH 6.0. Normalized chromatograms of (A) 33L1 and 33L3 and (B)
44L1 and 44L3. Peaks corresponding to monomer and dimer species are marked with “m” and “d”, respectively. (C) Fraction of monomeric and

dimeric species for each i-DNA oligonucleotide analyzed.

correlations between pHry and temperature and between T,
and pH. Furthermore, we found that conformer S3E is more
stable than 3SE for all sequences with an odd C-C* base pair
number. We then applied the 4DUVMA method to five
sequences with the potential to form i-DNA found in human
promoter regions. Finally, the effect of molecular crowding on i-
DNA stability and hysteresis was investigated.

B RESULTS

Here we systematically analyzed 20 model sequences (Table 1)
using 4DUVMA. The C-tracts of these sequences range in
length from three to six, allowing the formation of up to 12 C-C*
base pairs, thus avoiding complex biphasic melting profiles
observed for longer sequences.'”'” The total number of
nucleotides involved in loops, defined as loop size, is either
three or nine nucleotides. Sequences are named based on the
lengths of C-tracts and individual loops.

Size-exclusion high-performance liquid chromatography (SE-
HPLC) is a powerful tool to discriminate aggregation states of
quadruplex DNAs.”"*”> We used SE-HPLC to evaluate
monomer to dimer ratios of the i-DNAs. Chromatography
profiles of sequences at pH 6.0 are provided in Figure 2A,B and
Figure S1. The so-called structure index”' can be used to
discriminate the molecularity of i-DNAs; the monomer and
dimer species have structure indexes around 5.8 and 6.2,
respectively. The fractions of monomeric and dimeric species in
each i-DNA were determined (Figure 2C and Table 1). 33L1
and 34L1 mainly fold into intermolecular i-DNAs (~68% dimer
for both). 43L1 and 44L1 mainly fold into intramolecular
structures (~97% monomeric for both). All other sequences
exclusively (>99%) adopt an intramolecular fold.

4DUVMA experiments were then performed for each
sequence. To illustrate the procedure, the temperature-depend-
ent UV spectra at pH 6.0 of 44L1 are shown in Figure 3A,B. The
temperature-dependent thermal difference spectra (TDS)>*
were obtained by subtracting the UV spectrum of fully unfolded
species at the highest temperature (90 °C) from the spectra of
fully or partially folded species at a lower temperature (Figure
3C,D). The TDS positive peak around 240 nm and negative
peak around 295 nm indicate the formation of i-DNA.>* Upon
heating, the intensities of both peaks decrease, as a result of i-
DNA dissociation; upon cooling, the intensities increase as i-
DNA refolds. To verify the robustness of our analysis, we
determined the folded fractions and the temperatures at which
half of the molecules are folded (T, ,) at different wavelengths
(e.g, 295, 260, 240 nm). Figure 3E indicates that these profiles
are nearly superimposable. We chose the absorbance at 295 nm
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to process the data, as changes at this wavelength are
proportionally higher than at other wavelengths.

Denaturation and renaturation profiles for each model
oligonucleotide were determined at 26 different pH values
ranging from 5.0 to 8.0. These plots for the heating and cooling
processes are shown for 44L1 in Figure 4A. As expected, stability
clearly increased when pH decreased. We then determined the
fraction folded at each temperature for each melting profile at a
given pH, allowing us to draw the formation diagram for 44L1,
shown in Figure 4B. Data for all other oligonucleotides are
presented in Figure S2. From the formation diagrams, we
extracted pH-dependent T/, values and temperature-depend-
ent pHy values during both heating and cooling processes.

pH-dependent T/, values are plotted versus pH for 44L1 in
Figure SA. Data for all other oligonucleotides are shown in
Figure S3, and raw values are provided in Table S1. T, in this
work is defined as the average of T/, obtained from heating and
cooling processes.'”>* An excellent negative linear correlation
(Pearson’s r > 0.99) between T,, and pH was found for all
sequences in this pH range (Figure SB). Linear fitting results of
T, as a function of pH are given in Table S2. These experiments
allowed a precise and general quantitative assessment of pH
dependency of i-DNA stability: T,, drops by 23.8 + 1.1 °C per
pH unit increment (Figure SC); in a remarkable way, this value
is nearly independent of sequence, as shown by the nearly
parallel lines in Figure SB. How C-C" base pair number and loop
size affect the T, in environments that range from acid to
alkaline are depicted in Figure 5B: Thermal stability increased
with the number of C-C* base pairs, and structures with longer
loops were more stable than those with three single-nucleotide
loops. Ty, increased monotonically with C-tract length, but this
increase leveled oft for long runs, as the T, increases due to each
additional C-C* base pair dropped from ca. 4.5 °C for the
shortest to 1.5 °C for the longest oligonucleotides (Figure SD).
There is a difference between the two families of sequences
having a total loop size of 3 or 9 nucleotides: 33L1 and 34L1 are
mainly folded into intermolecular i-DNAs, while all sequences
with loop size 9 adopt intramolecular structures (Figure 2).

The temperature dependence of pHry values is presented in
Figure 6A for 44L1. Individual curves for each sequence are
given in Figure S4, and raw values are given in Table S3. An
excellent negative linear correlation (Pearson’s r > 0.99)
between pHp and temperature was found for all sequences
(Figure 6B). Again, this behavior is remarkable, as all sequences
exhibit similar temperature dependencies. Linear fitting results
of pHr as a function of temperature are given in Table S2: pHy
changed by —0.04 + 0.003 pH unit for each 1.0 °C temperature
increment (Figure 6C).
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Figure 3. UV absorbance analysis of the denaturation and refolding of 44L1 at pH 6.0. Temperature dependence of the UV absorbance during (A)
melting and (B) annealing in the 220—330 nm wavelength range. TDS monitored during (C) melting and (D) annealing. (E) Molar absorbance and
(F) fraction folded monitored at 240, 260, and 295 nm during melting and annealing.

While the dependency of pHp on temperature was nearly

sequence-independent, pHy values at a given temperature

depended on sequence: pHr increased with the number of C-C*

base pairs, and sequences with longer loops were more stable

than those with short loops. pHr increased monotonically with

C-tract length, but, as with T /,, this growth plateaued for long

C-runs, with an increase of 0.05 pH unit per additional base pair

for the longer motifs (Figure 6D).
Hysteresis between denaturing and renaturing processes was

found for some, but not all, i-DNAs under specific conditions for
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Figure 4. pH and temperature dependency of i-DNA formation for the
44L1 sequence. (A) Fraction folded as a function of temperature
deduced from UV melting and annealing profiles at different pHs. Note
that the transition is more abrupt (i.e., occurs over a small temperature
range) at high pHs. Nonlinear regression analysis using a two-state
transition model of each individual curve is presented in the Supporting
Information. (B) Formation diagram of i- DNA under different pH and
temperature combinations. The fraction here corresponds to the
average of two determinations made during the melting and annealing
processes. Note that the region corresponding to partial formation is
smaller above pH 5.5, as a result of sharper (more “cooperative”)
transitions (panel A).

both thermal and pH transitions. Transitions for 66L1 and 66L3
are presented in Figure 7A and B as examples. Several factors
influence the degree of hysteresis (Figure 7C and D): In the
measurement of T ,, hysteresis becomes larger at higher pH; in
the measurement of pHr, hysteresis becomes smaller at high
temperatures. Additionally, sequences with longer loops or more
C-C" base pairs had larger hysteresis for both T, and pHr.
Finally, sequences that adopt intermolecular i-DNA structures,
such as 33L1 and 34L1, had larger hysteresis (for both T, and
pHy) than sequences that exclusively fold into intramolecular

7796

structures. We infer from these data that longer sequence motifs,
higher pHs, and lower temperatures increase hysteresis.

We then analyzed sequences with odd numbers of C-C* base
pairs and with C-tracts and loops of different lengths (Figure 8).
A consistent trend was found: Sequences compatible with a S3E
conformation, in which the first and third C-tracts are longer, are
systematically more stable (in terms of both T, and pHy) than
those with a 35E conformation in which the second and last C-
tracts are longer. This observation is valid for all motifs and all
experimental conditions tested here, independently of loop size
(3 or 9) or total number of base pairs (7, 9, or 11) or
temperature or pH (Figure 8A—D). The differences did tend to
decrease when the number of C-C* base pairs increased:
Average T, differences are 4, 3, and 2 °C for 7, 9, and 11 base
pairs, respectively (Figure 8E), and average pHy differences are
around 0.15, 0.10, and 0.07 pH unit for 7, 9, and 11 base pairs,
respectively (Figure 8F).

pHr and T, values alone do not provide a full view of the
thermodynamic properties of i-DNA sequences. Therefore, we
selected four sequences (33L3, 34L3, 43L3, and 44L3) that
exclusively form intramolecular structures (Figure 2) and
performed thermodynamic analyses at different pHs (Figures
S5—S8), to determine model-dependent Gibbs free energies
(AG®) (Figure 9A). For an intramolecular equilibrium, K, is
equal to /(1 — 6) and AG® is equal to 0 at the T,, (6 = 0.5).
Analyses of AG® and K, values of the four sequences led to
several conclusions. First, formation of all i-DNAs was
thermodynamically favorable (AG® < 0) at low pH. For the
sequences with 6,7, and 8 C-C" base pairs at pH 5.5, AG° values
were —28, —36, and —45 kJ-mol ™ at 20 °C, respectively, and —9,
—16, and —23 kJ-mol ™" at 37 °C, respectively. Second, stability
decreases rapidly with pH: AG® became less negative or even
positive at high pH, conditions under which i-DNA formation
becomes thermodynamically unfavorable (AG® > 0). For
example, at pH 7.1, AG® values for the sequences with 6, 7,
and 8 C-C" base pairs were +14, +8, and +3 kJ-mol ™" at 20 °C,
respectively, and +41, +32, and +30 kJ-mol™' at 37 °C,
respectively. An excellent positive linear correlation (Pearson’s
r>0.97, Table S4) was found between AG° and pH for the four
tested sequences. Each increase of one pH unit translated into a
change in AG®° 0f27.6 + 1.9 and 31.3 + 1.9 kJ/mol at 20 and 37
°C, respectively. Third, the sequences with more C-C" base pairs
had lower AG® values, and therefore formation of i-DNA was
more thermodynamically favorable for these sequences than for
those with the potential to form fewer C-C* base pairs. Fourth,
these differences in AG® were relatively larger at low pHs and
smaller at high pHs (Figure 9A). Fifth, as shown in Figure 9B,
the AG® of the 53E conformation is lower than that of the 35E
conformation across the entire pH range, but the difference
became larger at higher pHs.

Finally, even though both changes in enthalpy (AH®) and
entropy (AS®) were generally less negative at high pH during the
denaturing processes, the relative reduction in AS® is greater
than that in AH®, leading to an increase in AG® with pH. A fair
linear correlation between AH® and AS®was found (Figure 9C),
illustrative of an enthalpy—entropy compensation phenomenon.
i-DNA folding is exothermic and enthalpy-driven even at neutral
pH.
To better understand i-DNA properties, we investigated how
parameters other than pH and temperature affect stability.
Different K* concentrations, nature of counterions, and various
molecular crowding agents were tested. These factors affect the
thermal stability of i-DNA at pH 7.0 (original UV melting and
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annealing profiles are provided in Figures S9 and S10).
Interestingly, and in contrast with most other nucleic acid
structures, T}, significantly decreased when the K™ concentration
was increased (from 17 to 10 °C for 44L1 and from 23 to 17 °C
for 4413 when K* concentration increased from 50 to 200 mM)
(Figure S11A). In contrast to G-quadruplexes, the nature of the
monovalent ion (K, Li*, or Na*) had little, if any, effect on T,
For example, at pH 7.0, the T, was 13 °C for 44L1 and 20 °C for
44L3 in the presence of each cation (Figure S11A).

The situation was more complex in the presence of molecular
crowding agents. The T, values increased by 6 °C for both 44L1
and 44L3 in the presence of 40 wt % PEG200 and by 10 °C in
the presence of PEG8000. In contrast, Ficoll70 induced very
modest changes in stability (change in T,, < 1 °C) for both
sequences (Figure S11B).

We then investigated if one could reach the same conclusions
with a different method of analysis. To this aim, we recorded the
pH-dependent circular dichroism (CD) spectra (rather than UV
absorbance spectra) of all 20 sequences at 20 °C (Figure S12).
An excellent agreement was found between pHy deduced from
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4DUVMA and steady-state CD experiments (Pearson’s r >
0.99), indicating that our measurements are robust and
independent of the platform used.

Finally, in addition to the 20 model sequences, we also
investigated the stabilities of five naturally occurring i-DNA-
forming sequences (Table 2) from promoter regions of the
following human genes:'*>**%*”*%333¢ DAP (chromosome 5),
PDGF-A (chromosome 7), KRAS (chromosome 12), HIF-1a
(chromosome 12), and BCL2 (chromosome 18). The rationale
behind the study of natural sequences was to check if the
conclusions reached with model sequences would apply to
motifs found in genomes, which can be more complicated, with a
variable number of C-tracts and different loop lengths and base
compositions. CD analyses showed that all can fold into
intramolecular i-DNAs (Figure S13), as confirmed by SE-HPLC
analyses (Figure S14). The 4DUVMA analysis allowed the
determination of the pH- and temperature-dependent TDS
(Figure S15), fraction folded under different pHs and
temperatures (Figure S16), and formation diagrams (Figure
S17). We found that even the most stable i-DNAs under low pH
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conditions, such as those from DAP and PDGF-A promoters, do
not form stable i-DNA under “classical” human physiological
conditions (pH 7.0 and 37 °C; Figure S17). However, partial
formation is still observed (<50%: T, is below 37 °C). In
addition, pH and temperature are heterogeneous and fluctuate
in different organs, which might favor the formation of i-DNA in
cells.”>”

These natural motifs obey the same rules found for model
sequences: Linear correlations between T, and pH and between
pHr and temperature were found (Figure 10A,B). Linear fitting
results (slope, intercept, and Pearson’s r) are summarized in
Table S2. The results of individual T,;, and pHy from both
melting and annealing processes and corresponding standard
errors are given in Tables S5 and S6. These dependencies of T,
on pH and of pHy on temperature are generally within the range
found for model sequences (Table S2); exceptions are the slopes
in temperature transitions of i-DNAs from KRAS and HIF-1a
promoters, which are —20.60 and —19.86, respectively. The
guanines in these i-DNAs may participate in the formation of
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G:C base pairs that enhance thermal stability of the structures
formed. Hysteresis in temperature and pH transitions were
positively and negatively correlated with pH and temperature,
respectively (Figure 10C,D), as observed with model sequences.
Hysteresis in the transitions of the KRAS i-DNA is larger than for
the other four sequences, likely due to its longer loops.

As i-DNA stability in cells has been found to be higher than in
vitro,”*” we tested thermal stability of promoter i-DNAs in the
presence of crowding agents. UV-melting/annealing profiles are
given in Figure S18. Thermodynamic parameters are summar-
ized in Tables S7 and S8. Thermal stability is slightly affected by
Ficoll70 (=1 °C < AT,, < 4 °C), but greatly enhanced by
PEG200, in agreement with what was observed for the model
sequences (Figure 11A and B). Interestingly, the thermal
hysteresis decreased in the presence of crowding agents (Figure
11C), which means that the folding kinetics are faster. For
example, thermal hysteresis for the KRAS i-DNA dropped from
9.2 °C in the absence of crowding agents to 2.7 and 2.3 °C in the
presence of 40 wt % Ficoll70 and PEG200, respectively.

https://doi.org/10.1021/jacs.1c02209
J. Am. Chem. Soc. 2021, 143, 7792—7807


https://pubs.acs.org/doi/suppl/10.1021/jacs.1c02209/suppl_file/ja1c02209_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c02209/suppl_file/ja1c02209_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c02209/suppl_file/ja1c02209_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c02209/suppl_file/ja1c02209_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c02209/suppl_file/ja1c02209_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c02209/suppl_file/ja1c02209_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c02209?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c02209?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c02209?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c02209?fig=fig6&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c02209?rel=cite-as&ref=PDF&jav=VoR

Journal of the American Chemical Society pubs.acs.org/JACS
A pH 7.4 heating  cooling B 35°C heating cooling
e 66L1 o© . soli o
10 30gqecegeceoe,, ¢ 66L3 o 104 ® 66L3 o
0o %o ° L XY
o ° . ..
o] ° b [ ) 0.8
o hd °
o
S ,\0 ° \ . S 064
= 9
O 0.5 =)
(&)
£ ’ ° e S
0.4-
o ° ° L
[o] o [ )
° o R 0.2
%, o o ©
0.0 0068 0 0HETVRe o ¢ © 0ol
; I I I ' I ) y ) I T T T T T T T
° 10 15 2 % 3 35 50 55 60 65 70 75 80
Temperature (°C) pH
C C-C" No. D e e
20 —o— 6 —o0— 0.8 - ;
o T —— —o— 6 —0—
8 0-0 O/Q —— ; —_—0—
9 \
—~ 151 10 -0 0.6 0 9
o 11 4 - N \ 10
e —o—12—0— S / :E_ / \:;, : 11
= Loop size 3 ¢ o° < 044 o \ | —e—12—0—
2 10 P / "\ Loop size 3 9
K] 0 o -
) ) / \4
9 -oq-'-’ 0.2 1 o a
o o o ® </ \
» 51 o) ® :|>:- / —p 05— \ o—0 ‘
> o/ o/ p K N \
* o e NTSaltN -
' - 0.0+ g8 B0 SA=A-=A O—|
N ;\_ﬁ*’ 2 . RN e .
07 o>9’<u} <R 075:6:0:0'0
1 M 1 M 1 M 1 M 1 M T _02 T T T T T T T
5.0 55 6.0 6.5 7.0 75 0 0 20 30 40 5 60 70
pH Temperature (°C)

Figure 7. Hysteresis in thermal and pH transitions. Fraction folded as a function of (A) temperature and (B) pH for heating and cooling processes of
66L1 (black) and 66L3 (red). Effects of C-C* base pair number, loop size, pH, and temperature on the extent of (C) thermal hysteresis (hysteresis AT,
= T1/2heating — 11 /z,cooling) and (D) pH hysteresis (hysteresis ApHy = PHT peating — pHTycoohng) between the heating and cooling processes.

Generally, i-DNA formation in the presence of both crowders
is less enthalpy driven (AH® is less negative) than in buffer
(Figure 11D). A similar result is found for entropies (AS°s are
less negative, Figure 11E), whereas AG°s are more negative at
20 °C and less positive at 37 °C (Figures 11F and S19).
However, these crowding effects depend on the sequence and
nature of crowders (Figure 11, Tables 3, S7, and S8). For
example, AH®s and AS°s became more negative for DAP- and
PDGF-A-derived i-DNAs when the Ficoll70 concentration was
increased from 20 wt % to 40 wt % and for the BCL2-derived i-
DNA when the PEG200 concentration was increased from 20 wt
% to 40 wt %. AH®s and AS°s for the other sequences became
less negative when either Ficoll70 or PEG200 concentration was
increased. Upon addition of Ficoll70, AG®s at 20 °C decreased
slightly, by —0.8 kJ-mol™" to —4 kJ-mol™") which is consistent
with the small changes in T;;s induced by Ficoll70. However, the
AG°®s at 37 °C for i-DNAs derived from KRAS, HIF-1a, and
BCL-2 promoters were more affected, with changes ranging
from —S to —11 kJ-mol™" in the presence of 40 wt % Ficoll70.
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PEG200 induced a strong decrease in AG® for all i-DNAs tested,
indicating that formation of i-DNAs derived from a promoter
occurs under physiologically relevant (neutral pH; 37 °C)
crowded conditions is thermodynamically favored (Figure 11F
and Table 3).

B DISCUSSION

Herein, model pyrimidine oligonucleotides were tested for their
ability to form i-DNA under a range of pH and temperature
conditions using our 4DUVMA strategy. The sequences with
fewer C-C* base pairs and shorter loops folded into
intermolecular species, in agreement with observation by
Skolakova et al,,'" while longer sequences with runs of seven
or more cytosines often exhibit dual transitions, described in
previous reports.'”"'> We therefore restricted the analysis to
model sequences expected to form 6 to 12 C-C* base pairs (i.e.,
containing four runs of 3 to 6 cytosines). By systematically
exploring effects of large temperature and pH ranges on a diverse
set of sequences (25 in total), we are able to quantitatively assess
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the effect of pH and temperature on i-DNA stability, allowing us
to draw general and quantitative rules regarding effects of
sequence and conditions on i-DNA stability.

First, as expected, oligonucleotides with longer C-tracts
adopted more stable i-DNA structures, as shown by lower AG®°
values and higher T,. This increase was not linear: each
additional C-C" base pair induced an increase in T, of 4.5 to 1.5
°C, whereas pHry increased from ca. 0.15 to 0.05 pH unit. This
nonlinear behavior is not surprising, as DNA duplexes actually
behave the same way.”**” A similar explanation may be
proposed for both structures: one must first keep in mind that
T, is related, but not directly proportional, to AG®3; oc: as the
number of base pairs increases, the melting profiles become
sharper and sharper, as AH® increases (the transition seems
more “cooperative”): this means that even if the increase in T, is
smaller, the AAG® may be similar. In addition, past a given
length of helix, certain ag)proximations such as two-state melting
are no longer usable.””’

Second, hysteresis between the thermal denaturation and
renaturation processes has been observed,”'”'"'***! and
hysteresis between pH denaturation and renaturation processes
has also been found.'>®" This is the first report in which
hysteresis for both thermal and pH transitions is analyzed
simultaneously. Both thermal and pH hystereses were more
pronounced for longer sequences, at higher pHs, and at lower
temperatures.

Third, and more surprising, was the systematic difference in
stability between S3E and 35E motifs. At first glance, the
energetic difference between S3E and 3SE (or between S'E and
3’E) should be negligible, given that an identical number of base
pairs are formed with identical loops. Our results indicate that
this is not the case, and examples in the literature support this
conclusion. For example, the tetramolecular i-DNA formed by
[d(CCCC)], (PDB ID: 190D) is exclusively observed in a 5'E
arrangement in the crystal,”> whereas [d(CC)], (PDB ID:
1IM6A) mainly adopts a 3'E conformation in solution.’>**
Stacking interactions from proximal non-cytosine nucleo-
bases,'” unique hydrogen bonding,@"66 and external factors
including pH® and cation®>** also affect the conformations
adopted.

Fourth, an increase in pH of one unit leads to a decrease in T,
0f23.8 + 1.1 °C in the pH range from 5.0 to 8.0. Indeed, a linear
correlation of T, on pH was previously found.”” However, these
results were obtained on a limited set of sequences
corresponding to i-DNAs with short C, or Cj tracts. These
motifs are less likely to be physiologically relevant, as their
stability is marginal at physiological pH. In this work performed
on a large set of sequences, this reduction of T, varies between
19.9 °C (for HIF-1a) and 25.0 °C (for 66L1); it extends this
conclusion to a larger pH window on physiologically relevant
motifs, demonstrated to be formed in cells.””*” This linear effect
is only weakly dependent on the sequence (—23.8 & 1.1 °C per
pH unit). This dependency is slightly lower for the i-DNA
derived from the HIF-la promoter due to the potential
contribution of other pairing schemes (i.e, GC base pairs
which are nearly pH-independent under these conditions®”).
The formation of additional Watson—Crick base pairs in i-DNA
may therefore play a significant role in stability when
approaching neutrality, leading to a relatively lower absolute
slope of T, versus pH.

Fifth, negative linear correlations were found between pHrp
and temperature (—0.04 + 0.003 pH unit per 1.0 °C
temperature increase) for all sequences. Again, this effect,
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Table 2. Sequences of Human Promoter Regions with i-DNA-Forming Potential Studied Here

gene name sequence (5'—3') nt ref
DAP CCCCCGCLLLerareeeeaeeeeceaeececee 29 13,27
PDGF-A CCGCGCCCCTCCCLCCGLLLLrEreeeeaeeececceccecccecce 41 22,27
KRAS GCCCGGCCCCCGCTCCTCCCCCGCCGGCCCGGCCCGGCCCCCTCCTTCTCCCCG 54 SS
HIF-1a CGCGCTCCCGCCCCCTCTCCCCTCCCCGLCGC 31 22,27
BCL2 CAGCCCCGCTCCCGCCCCCTTCCTCCCGCGCCCGLCCCCT 39 23,28, 56
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Figure 10. Thermal and pH stabilities of i-DNAs corresponding to regions of human promoters. (A) T, and (B) average pH (vertical dotted line is
centered at pH 7.0 in panel A and at 37 °C in panel B); (C) thermal hysteresis and (D) pH hysteresis.

which was never quantified before, is weakly sequence-
dependent (maximal and minimal values are —0.038 and
—0.043 pH unit, respectively).

These linear correlations between pHy and temperature, as
well as between T, and pH, are very useful, as they allow the
prediction of stability at pH within a large range, including for
physiologically relevant i-DNAs. An impressive finding is that
these linear correlations are valid in a wide and physiologically
relevant pH range, between 5.0 and 8.0. Below pH S, the
behavior is no longer linear, and a discussion of this
phenomenon is presented in ref 5: at pH > pKa, the single
strand is >99% deprotonated, and there is a net uptake of n
protons when forming n C-C* base pairs. This protonation,
which is exothermic, becomes harder and harder at higher pH, as
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reflected by a more and more negative AS°. One can thus
decompose the folding process into three main contributions:
cytosine protonation, buffer deprotonation, and proper i-DNA
formation.

Sixth, stability was negatively affected by ionic strength, as
previously reported.” This is in contrast with most other nucleic
acid structures studied so far.”®

Seventh, the effects of molecular crowding depended on the
nature of the compound used to mimic crowding. Whereas PEG
induced a significant increase in melting temperature, a nonionic
synthetic polymer of sucrose, Ficoll, did not have a notable
effect. No consensus has been reached regarding the effect of
crowding on i-DNA stability.”® Several groups have noted that
PEG may not be appropriate for analysis of the effects of
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Figure 11. Thermal stability and thermodynamics of i-DNAs in human promoter genes under neutral pH (7.0) and crowding environments. The
crowders added are indicated in colors of white (0%, without crowder), light blue (20 wt % Ficoll70), blue (40 wt % Ficoll70), light red (20 wt %
PEG200), and red (40 wt % PEG200). (A) T,; (B) Ty, changes induced by the crowders, where AT,, = T, rowder — Timo%; (C) thermal hysteresis; (D)
AH®; (E) AS% (F) AG® at 37 °C (the negative AG® values are labeled with asterisks).

Table 3. Thermal and pH Stability under Near Physiological Condition: pHy at 37 °C, T, (°C) at pH 7.0, AG® (kJ-mol ") at pH
7.0 and 20 or 37 °C in the Absence or Presence of 40 wt % Crowding Agents®

T, atpH 7.0 AG® at 20 °C and pH 7.0 AG°at 37 °C and pH 7.0
name pHrat 37 °C 0wt % Ficoll70 PEG200 0wt % Ficoll70 PEG200 0wt % Ficoll70 PEG200
DAP 6.6 26.5 28.2 38.7 =71 -8.0 —11.1 11.8 8.6 -0.6
PDGF-A 6.5 25.8 28.8 41.0 —6.1 —8.7 —15.2 12.5 8.1 -2.0
KRAS 6.2 21.8 24.7 34.0 -0.7 -2.3 —6.5 12.1 5.4 LS
HIF-1a 6.3 22.6 24.8 34.8 -3.0 —2.1 —-10.4 16.5 5.8 17
BCL2 6.0 13.5 17.6 29.5 S.5 1.7 —8.7 20.3 14.7 6.8

“pHys at 37 °C deduced from the linear fitting of pHy as a function of temperature; AG°®s from Table S8.

molecular crowding on quadruplex DNAs as its binds to nucleic and salt vary from one organism to another, and conditions vary
acid structures.’”®*~"° Hysteresis may also complicate the in individual cellular organelles and compartments.””~"" In
analysis, as crowding mimics such as PEG and Ficoll accelerate addition, the environment is dynamic and fluctuates over
kinetics at neutral pH. A detailed analysis of their effects time.”>’® Considering that an i-motif-forming sequence may
therefore requires the analysis of both melting and cooling exist in the genomes of many organisms and that the i-motif has
processes. The observation that Ficoll only weakly affected i- potential for use in nanodevices applied in different subcellular
DNA stability is in line with a previous finding that i-DNA and compartments,”*~"" the 4{DUVMA method described here may
the corresponding unfolded single strand have similar become a universal approach to evaluate the stability of any
volumes.>® specific i-DNA-forming sequences.

Based on the 4DUVMA approach, we now have the means to
compare results obtained under a wide variety of experimental B CONCLUSIONS

conditions, in terms of pH, temperature, cation nature and The comprehensive 4DUVMA approach was developed to
concentration, and crowding. This should facilitate the analysis analyze the formation of i-DNA structures by 20 model
of published data and allow the design of reliable tools to predict sequences and 5 human promoter-derived sequences under a
i-DNA stability under a given set of conditions. Intracellular variety of conditions. We observed excellent linear correlations
environments are much more complex than that in tube buffer between thermal stability and pH and between pH stability and
solutions. Previous work has indicated that i-DNA is slightly temperature, allowing us to draw general conclusions on i-DNA
more stable in cells than in vitro.””*” Our results indicate that pH and temperature dependencies. Analysis of the data revealed
factors such as differences in hydration or dielectric constant or differences in stability for the i-DNAs with odd and even
interactions with proteins®®”'~"* or small metabolites may numbers of C-C* base pairs and between the 53E and 3SE
account for this difference. The intracellular pH, temperature, motifs. Crowding was found to facilitate the formation of i-
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DNAs not only from a thermodynamic point of view but also by
accelerating kinetics under near physiological conditions. The
4DUVMA approach will facilitate study of natural i-DNA-
forming sequences and should help in designing pH-sensitive
nanodevices.

B MATERIALS AND METHODS

Oligonucleotides and Buffers. All oligonucleotides were
purchased from Integrated DNA Technologies. Oligonucleotides
were desalted and used without further purification. Sequence
information is provided in Tables 1 and 2. Buffers containing 40 mM
cacodylate were adjusted to the desired pH in the range of 5.0 to 8.0
using KOH (>99%) or HCI (37 wt % in H,0) at room temperature.
Cacodylate buffer was chosen, as its pK, is nearly independent of
temperature,”>**% which is critical for the thermal analysis of pH-
sensitive structures such as the i-DNA. The final potassium
concentration in all buffers was adjusted to 100 mM with KCl. For
the cacodylate potassium buffers with molecular crowding agents, pH
was further adjusted after the addition of all agents. Unless otherwise
stated, these cacodylate potassium buffers were used for all experiments.
Samples of 1.0 uM oligonucleotide in buffer were heated at 95 °C for 5
min, then slowly (2—3 h) cooled to room temperature and stored at 4
°C. Data were processed and analyzed by the software MATLAB
2020Rb (The MathWorks, Inc.) and OriginPro 2015 (OriginLab
Corp.).

Size-Exclusion High-Performance Liquid Chromatography.
SE-HPLC experiments were performed as previously described®' on a
Dionex UltiMate 3000 UHPLC system (Thermo Fisher Scientific)
equipped with an autosampler, a Thermo Acclaim SEC-300 column
(4.6 X 300 mm; S um hydrophilic polymethacrylate resin spherical
particles with 300 A pore size), and a diode array detector. Unless
otherwise stated, a solution containing 40 mM cacodylate buffer, pH 6,
with 100 mM potassium was used as an elution buffer and to dissolve
oligonucleotides. A 30 uL aliquot of oligonucleotide solution was
injected onto the column (0.15 mL/min elution flow rate at 20 °C), and
elution was monitored by measuring absorbance. Chromatograms were
obtained by plotting the normalized absorbance at 260 nm as a function
of relative elution volume V,/V_, where V, is the elution volume
calculated using the retention time and flow rate and V is dead volume
of the system. The structure index of a given species, which is equal to
(V./V,) X logy, (molecular weight of strand, g:-mol™"), was used to
discriminate the molecularity of i-DNAs.>" Fractions corresponding to
higher-order and monomer species were determined by integration of
their corresponding peaks.

Four-Dimensional UV Melting and Annealing Experiments.
UV absorbance spectra were recorded in the 220—330 nm wavelength
range with a 1.0 nm bandwidth on a Uvikon XL Secomam UV—visible
double-beam spectrophotometer (AQUALABO ANALYZE) equipped
with a thermostatable 12-cell holder and a high-performance Julabo
temperature controller (Seelbach). Samples were prepared in 40 mM
cacodylate buffers. Spectra were acquired every 6.0 min for each cell in
the 5—90 °C temperature range using a fixed temperature gradient of
0.2 °C/min during both heating and cooling processes. Stable dry air
was constantly blown through the cell holder during the whole
acquiring process to minimize water condensation at low temperature.
Spectra were recorded at a 1000 nm/s scanning rate, and the
temperature of a buffer solution in the reference cell was recorded at
the same time. Cells were capped tightly to minimize the water
evaporation at high temperature. Each oligonucleotide was added at 1.0
#M strand concentration. In order to minimize the error introduced by
the possible subtle difference of strand concentration in different wells,
the sample concentration in each cell was calibrated with the Beer—
Lambert law using the absorbance at 260 nm measured at the highest
recorded temperature (i-DNAs were completely unfolded at such a
high temperature) and the molar extinction coefficient of the
oligonucleotide provided by the manufacturer.

Determination of pH-Dependent T,,, or T, Values. Unless
otherwise stated, the folded fraction (6) was determined from the molar
absorbance at 295 nm. @ varies between 0 and 1, corresponding to fully
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unfolded and fully folded species, respectively. By assuming that the
transition equilibrium involves only two species (folded and unfolded),
the midtransition temperature (T, 6 = 0.5) was fitted with a
Boltzmann sigmoidal equation to determine the fraction folded as a
function of temperature at a given pH. When the heating and cooling
profiles are superimposable (T 2heating ~ T1 /2,cooling)ﬁ the folding and
unfolding process are reversible, and the melting temperature (T,,) is
equal to T/, from either the heating or cooling process. When a
hysteresis between heating and cooling profiles is present (T, /2 heating 7
T, /zlcoohng), both folding and unfolding process are relatively slow, and
we used the average value between T/, from heating and cooling
processes as an approximation for the equilibrium melting temperature,
T "% This averaging method actually gives an excellent estimate of
the real T, as illustrated in ref 10.

Determination of Temperature-Dependent pH;. From
absorbances at different pHs (5.0—8.0 range) and temperatures
(5.0-90.0 °C range), one can extract the pH-dependent formation
fraction at a specific temperature. The pH of midtransition (pHr, 6 =
0.5) was determined using a Boltzmann sigmoidal equation to fit the
plot of formation fraction as a function of pH in the 5.0—8.0 range at a
specific temperature. When the heating and cooling profiles were
superimposable (pH-l-ylmting ~ pHTycoohng), the average pHy is equal to
the pHy from either the heating or cooling process; when a hysteresis
between them is present (PHT,heating # pHTywohng), the average pH is
equal to the average value of pHp from the heating and cooling
processes.

Circular Dichroism Measurements. Experiments were con-
ducted on a J-1500 CD spectrophotometer (JASCO) in the 220—330
nm wavelength range with a 1.0 nm bandwidth at 20 °C. The samples
used for UV absorbance were used. The corresponding buffer scan was
subtracted from each sample scan before data processing. CD profiles
were also calibrated by the measured DNA concentration. The signal
changes at 288 nm for CD ellipticity were used to calculate the pHy of
the structure switching from a stable i-DNA to a random coil, and pHy
was obtained by fitting the signals versus pH values with a Boltzmann
sigmoidal function.
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