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ABSTRACT: pH-induced conformational change of i-motif
DNA has been studied by analytical ultracentrifugation. As pH
increases, the hydrodynamic radius of individual DNA chains
in aqueous solutions prepared by being heat-treated suddenly
increases while the molar mass is constant, indicating that the
conformation changes from an i-motif to a random coil. When
DNA concentrations are higher than 1.0 yM, relatively stable
dimers are formed as pH sharply decreases from 7.5 to 4.5.
Moreover, the weight percentage of the dimers increases with
the initial DNA concentration. The study can help to
understand the functions of the telomeres containing repeated
cytosine-rich sequences and to develop DNA-based devices.

B INTRODUCTION

Since Gehring et al. reported a tetrameric DNA structure
formed by d[TC;] via cytosine and protonated cytosine base
pairs (C-CH") on the basis of NMR spectroscopy, which was
later confirmed by crystallographic study,"” the cytosine-rich
oligodeoxynucleotides and polynucleotides have attracted much
attention in the past two decades. This is not only because of
their biological relevance due to the identification of several
nuclear proteins binding specifically to cytosine-rich strands®~®
but also because of their role in the development of DNA-based
devices.”~** Intramolecular i-motif structures at acidic pH were
reported for several cytosine-rich sequences, for example,
[CCCCAA], and [CCTAA],CCC.>*"*® With the help of
several nuclear proteins recognized by Marsich and co-workers
and Lacroix et al, i-motif structure might be stable at neutral
pH and play an important role in gene expression
regulation.‘*_6 At pH > ~6.5, the cytosines are deprotonated
and the conformation changes from an i-motif structure to a
random coil. Thus, various DNA nanomachines have been
constructed using the pH responsiveness of structures. For
instance, Liu and Balasubramanian designed a DNA nano-
machine which produces reversibly nanoscale motions on the
basis of two strands of DNA, one of which can undergo pH-
induced structural change.” Recently, other stimuli like UV light
and electricity in noncontact mode were used to change the pH
value and to control the conformation of DNA.'**” The pH-
induced structural change of DNA has been studied by several
techniques, including nuclear magnetic resonance (NMR),*
fluorescence resonance energy transfer (FRET),IZ’ZS’29 circular
dichroism (CD),>***' UV—vis spectroscopy,”® fluorescence
correlation spectroscopy (FCS),* synchrotron small-angle X-
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ray scattering (SSAXS) technique,®® and quartz crystal
microbalance with dissipation (QCM-D).*® However, it is
hard to observe the conformational change of individual DNA
chains because most of the measurements were conducted at a
relatively high concentration. Jin et al. used an SSAXS
technique to study the pH-induced structural change of an
oligonucleotide derivative [H,NC4H,-5'-CCC TAA CCC
TAA CCC TAA CCC-3'-C¢H,,(CH,OH)NH,].** Because
the DNA concentration (C = 2.51 + 0.09 mg/mL) used is not
low enough, monomers, dimers, and multimers might coexist.?
Recently, Choi et al. used a combination of FRET and FCS to
investigate the detailed conformation dynamics of DNA with a
similar sequence of Alexa594-C;;-5'-CCC TAA CCC TAA
CCC TAA CCC-3'-C¢-Alexad488. FCS is sensitive enough to
detect the conformational change of DNA in aqueous solutions
at a concentration of 1.0 nM, and so what they observed should
be the individual chain behavior. Yet, the DNA has to be
functionalized with extrinsic dyes as it is nonfluorescent.
Considering that the weight average molar mass (M,,) of the
DNA is only several thousand, attachment of one or two dyes
with M,, of several hundred should have nonignorable impact
on the thermodynamics of the conformational change.*®
Possibly because of this reason, the diffusion coefficient was
reported to decrease gradually with the increase in pH.”> DNA
chains often dimerize or form higher order aggregates, which
has influence on their functions and properties of DNA related
devices.**
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To investigate the conformational change of individual DNA
chains, a method with high sensitivity and resolution but
without labeling DNA is needed. Analytical ultracentrifugation
(AUC) is a good candidate for this purpose, as the
hydrodynamic and thermodynamic parameters in solutions
can be characterized with a relatively high resolution after the
recent development in the data analysis software like SEDFIT
program.***® In this study, we have investigated the DNA
behavior in aqueous solutions by use of AUC. Our study reveals
that the hydrodynamic radius of individual DNA chains in
aqueous solutions suddenly increases with pH, indicating that
the change of conformation from an i-motif to a random coil is
discontinuous. Relatively stable dimers can form as the pH
changes from 7.5 to 4.5 when DNA concentrations are higher
than 1.0 uM. Moreover, our studies demonstrate that the DNA
unimer with an intramolecular i-motif structure is more stable
than the dimers at room temperature.

B EXPERIMENTAL SECTION

Materials. A 21-mer oligonucleotide and a control DNA
with sequences of 5'-CCC TAA CCC TAA CCC TAA CCC-3’
and §’-TCT ATG CTG TTA CTC TGA CTC-3' from Sangon
Biological Engineering (Shanghai) were purified by High
Performance Liquid Chromatography (HPLC) prior to use.
Na,HPO, 12H,0 (99%) and KH,PO, (99.5%) from Sino-
pharm were used as received. Ultrapure Milli-Q water with a
resistivity of 18.2 MQ-cm used in all experiments was purified
by filtration through a Millipore Gradient system after
distillation. Phosphate-buffered saline (PBS) solutions with a
constant ionic strength of 100 mM at different pH values were
prepared by dissolving Na,HPO,-12H,0 and KH,PO, in
water.

Sample Preparation. DNA buffer solutions were prepared
by four different procedures: (1) DNA was directly dissolved in
PBS without further treatment. (2) DNA was first dissolved in
Na,HPO, solution at pH 7.5, and then KH,PO, solution was
introduced into the above DNA solutions under vortexing. All
solutions prepared by this procedure have pH 4.5 and ionic
strength of 100 mM but different DNA concentrations. (3)
Instead of vortexing, the same volumes of DNA Na,HPO,
solution and KH,PO, solution were mixed by using a Bio-Logic
SFEM300/S stopped-flow instrument to achieve efficient mixing.
(4) All DNA solutions prepared by one of the above-
mentioned three procedures were heated to 95 °C for 5 min
and were cooled to room temperature over 2 h to form the
desired structure.*>>"373%

Analytical Ultracentrifugation (AUC). Sedimentation
velocity (SV) experiments were conducted on a Proteomelab
XL-A analytical ultracentrifuge (Beckman Coulter Instruments)
at 20 °C, and the detector was UV—vis absorption optics with a
wavelength range of 190—800 nm which could monitor the
time-dependent radial concentration of DNA. A two-sector,
charcoal-filled Epon centerpiece with quartz windows was used
for all experiments. Four hundred microliters of DNA solution
prepared by different procedures was added as the sample with
410 uL of PBS as the reference. Three cells and a
counterbalance were loaded into an An-60 Ti 4-hole rotor.
Before the angular velocity increased to the final rotational
speed of 60 000 rpm, DNA solution was thermostatted at 20 °C
and at 0 rpm for at least 2 h. About 200 scans of data for every
DNA solution were acquired at a time interval of 3 min at a
wavelength range of 260—300 nm to ensure that the
absorbance was lower than 1 to satisfy the Lambert—Beer
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Law. Data were collected using the software provided with the
instrument and were analyzed by using software SEDFIT.*
The sedimentation and diffusion processes of molecules during
centrifugation can be described by the Lamm equation

2 = li[ng - wzrzsc]

ot r or or (1)

where ¢, r, t, W, s, and D are the concentration of the solute, the
radial distance from the axis of rotation, the sedimentation time,
the angular velocity, the sedimentation coeflicient, and the
diffusion coeflicient, respectively. The sedimentation coefficient
is defined as s = u/w*r with the sedimentation velocity u of the
solute. The continuous distribution ¢(s) implemented in
SEDFIT was used to fit the absorbance profiles with the
Lamm equation solutions using the maximum entropy
regularization which followed the CONTIN method provided
by Provencher.*”*° The confidence level was set to p = 0.95 in
our study. Assuming that all species in solution have the same
weight-average frictional ratio, because c(s) model in SEDFIT
program could distinguish boundary spreading due to size
heterogeneity from diffusion, molar mass and diffusion
coefficient can be evaluated with a combination of the Svedberg
equation and the Stokes—Einstein equation:

_ sky Ny T
D-(1-10-p) )
p= kel _ kT
f 67nR,, 3)

with molar mass M, the Boltzmann constant kg, the Avogadro’s
number N, the absolute temperature T, the solvent density p,,
the partial specific volume of the solute D, the frictional
coefficient f, the solvent viscosity #, and the hydrodynamic
radius Ry. The partial specific volume of DNA is 0.55 mL-g™"
according to Cohen and Eisenberg*" and Durchschlag.**

B RESULTS AND DISCUSSION

The high-resolution sedimentation coeflicient distribution can
be achieved in one experiment via sedimentation velocity
experiment with the help of SEDFIT program developed by
Schuck.>>* We first investigated the effect of the preparation
procedure on the structure of DNA. Figure 1 clearly shows that
the DNA buffer solution with a directly dissolving procedure is
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Figure 1. Sedimentation coeflicient distribution of i-motif DNA with
and without being heat-treated at pH 4.5 and T = 20 °C.
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heterogeneous with a concentration of 15.0 uM at pH 4.5.
Assuming that all species have a similar frictional ratio, the
molar masses of the two main species are 6.1 X 10° and 1.32 X
10* g/mol, respectively, indicating that they are monomers and
dimers. Then, another procedure was used to prepare DNA
buffer solutions as we mentioned in Sample Preparation, that is,
DNA solutions were heated to 95 °C for 5 min and were
cooled to room temperature over 2 h to form the desired
structure. The same or similar procedures were used to obtain
monomeric DNA i-motif.>**"*7* Especially, only a single band
corresponding to monomeric DNA at pH S with a DNA
concentration of 210 uM was reported by using native gel
electrophoresis.*® Actually, both the size and conformation of
DNA can affect the migration rate of DNA in a gel; it is hard to
draw a conclusion.

Figure 1 shows that only one species with a molar mass of
6090 g/mol exists, indicating that the species is monomeric
DNA. As the temperature increases above the melting
temperature of the DNA,*”** it adopts a random coil
conformation. The increase in the flexibility of the DNA
chain can help to find the most favorable structure with the
lowest free energy during the cooling process, that is, the
monomeric i-motif. Our studies also revealed that there was
only one peak with a narrow distribution at pH 8.0 by DNA
buffer solution procedures 1 and 4 (not shown). This is
because all cytosines are unprotonated and because there are
strong electrostatic repulsive forces between nucleotides in the
same or different DNA chains.

pH-Induced Conformational Change. After eliminating
the heterogeneity of the DNA solutions by heat treatment, we
investigated the structural change of i-motif DNA in
comparison with control DNA at different pH values. Figure
2 shows the sedimentation coeflicient distribution of i-motif
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Figure 2. Sedimentation coefficient distribution of (a) i-motif DNA
and (b) control DNA at four pH values, where the concentration of
the DNA was kept at 3.0 yM.

DNA and control DNA as a function of pH, where the DNA
concentration is 3.0 uM. As seen below, such a low
concentration makes observation of the individual DNA chain
behavior by AUC possible. As we know, DNA concentration
was much higher in the previous SSAXS studies;”” it is difficult
to observe the conformational change of individual DNA

chains. On the other hand, labeling with extrinsic fluorophores
might slightly change the structure of DNA at different pHs.*
Alberti and Mergny reported that the attachment of fluorescein
and rhodamine groups at both ends of the oligonucleotide with
a sequence of d(GGGTTA);GGG slightly changed the stability
of the quadruplex.** Mergny also mentioned that the
attachment of fluorescein or tetramethylrhodamine led to
imperfect superimgosition of the melting profiles measured by
UV spectroscopy.”® In the present study, the DNA behavior
can be directly characterized by AUC without any labeling.

Figure 2 also shows that the samples have narrow
distribution at different pH values. The sedimentation
coefficient (s) of either i-motif DNA or control DNA increases
as pH decreases. This is because the effective charge increases
with pH due to the unprotonation of cytosine or adenine.
However, the change in s for i-motif DNA is larger than that for
control DNA because of the additional conformational change
of i-motif DNA.

Figure 3 shows the change in s of DNA as a function of pH.
For i-motif DNA, at pH < 6, s slightly decreases as pH
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1.6} (£0.042+0.003) O control DNA
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Figure 3. pH dependence of the sedimentation coefficient of i-motif
DNA (O) and control DNA (O), where the concentration of both
DNA was kept at 3.0 uM.

increases. At pH > 6, s decreases dramatically as pH increases to
~7, indicating the conformational change from an i-motif to a
random coil in the range of pH 6—7 because of the
unprotonation of the cytosine. Figure 3 shows that for i-motif
DNA, the data can be fitted by a sigmoidal curve with a
midpoint at pH ~ 6.4, which is in agreement with the results
reported by Kaushik et al.*” and Manzini et al.* Then, s slightly
decreases as pH increases from 7 to 8. For control DNA, s
slightly changes in the range of pH 4.5—8. Figure 3 also shows
that the slope of the decrease in s of i-motif DNA in the range
pH < 6 is similar to that of control DNA in the range 4.5 < pH
< 8, indicating that the reason for the change in s in these pH
ranges is similar to what we mentioned previously, namely, the
effective charge in DNA increases because of the unprotonation
of cytosine or adenine.

Figure 4 shows the pH dependence of Ry, and D for i-motif
DNA and control DNA. At pH < 6, Ry, is nearly a constant,
indicating that the DNA adopts an i-motif conformation with a
smaller Ry, of ~1.33 nm. The sudden increase in Ry, in the range
of pH 6—7 reflects the conformational change of DNA from an
i-motif to a random coil. Then, R; levels oft at pH > 7. For
control DNA, we only observed that R; gradually increases with
increasing pH. From Figure 4, we know that D of i-motif DNA
at pH 5.07 is ~1% m*s7", slightly higher than the value
D =157 X 107 m*s™" at similar pH 5.2 reported by Choi et
al. and measured by FCS technique, possibly because of the
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Figure 4. pH dependence of (a) the hydrodynamic radius (R,) and
(b) the diffusion coefficient (D) of i-motif DNA ((0) and control DNA
(O), where the concentration of both DNA was kept at 3.0 uM.

decrease in molar mass without labeling with extrinsic
fluorophores. Furthermore, D decreases dramatically when
pH is in the range of pH 6—7.* Choi et al. found that the
diffusion coefficient of the i-motif DNA labeled with Alexa488
and Alexa594 at 3’ and S’ ends gradually decreased with the
increase in pH, further indicating the non-negligible influence
of the extrinsic dyes on the dynamics of the i-motif DNA.”**’
Both CD and UV—vis spectroscopy have been used to study
the pH-induced conformational change of i-motif DNA.
However, it is difficult to distinguish species with similar
physical properties by these methods, as mentioned by Dailey
et al,*” for example, these methods might not be able to
distinguish whether a species is a folded monomer, dimer, or
multimer.

Figure S shows the pH dependence of the molar mass (M,,)
of i-motif DNA and control DNA, where the DNA

O control DNA
O i-motif DNA
6.4
g ° Q Bu °
= ful —)
o S6f ° -
o
o
~
§3 4.8
4.0 T T T T
4 5 6 7 8

pH

Figure S. pH dependence of the molecular weight (M,,) of i-motif
DNA (O) and control DNA (O), where the concentration of both
DNA was kept at 3.0 uM.

concentration was kept at 3.0 uM. The molar masses of i-
motif DNA and control DNA are nearly a constant at different
pH values. The average measured M,, of i-motif and control
DNA are 5800 g/mol and 6000 g/mol, respectively, close to
the real values of monomeric DNA within the experimental
errors, clearly indicating that we observed the intramolecular
conformational change of individual DNA chains and that no
dimers and multimers exist in our system. Jin et al. investigated

the structure of i-motif DNA with a similar sequence at
different pH values by the use of SSAXS technique.** The pH-
dependence of the radius of gyration can be calculated from the
full scattering curve. However, probably because of the small
molecular weight of DNA, a relatively high concentration (C =
251 + 0.09 mg/mL) was used during the study. Thus,
monomers, dimers, and multimers might coexist in their system
which may complicate the system.>

Dimerization. The DNA molecules can form dimers on
certain conditions. Figure 6 shows the sedimentation coefficient
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Figure 6. Sedimentation coefficient distribution of i-motif DNA
prepared by being heat-treated (95 °C for S min) and by a pH-jump
method under vortexing, where the final pH = 4.5 and the
concentration of the DNA was kept at 2.0 uM.

distribution of i-motif DNA prepared by being heat-treated and
by a pH-jump method from pH 7.5 to 4.5 under vortexing. A
new peak was observed with a sedimentation coefficient of 2.87
S corresponding to a molar mass of 1.37 X 10* g/mol,
indicating the formation of dimers. Each DNA starts to fold
from a random coil to an i-motif after the pH suddenly changes
from 7.5 to 4.5. During the folding process, intermediates
collide with each other. Some of the collisions will lead to the
formation of dimers if the relative orientation of the
intermediates is right. We are able to estimate the mean
collision time (f.) between two DNA chains in the buffer
solution

t. ~x*/2D (4)

where % is the mean distance between two neighboring DNA
chains which is related to the DNA concentration (2.0 #M),
and D is the average translational diffusion coefficient of DNA
chains, which has been accurately measured by sedimentation
velocity as shown in Figure 4. The value of estimated ¢ is ~0.03
ms. The stopped-flow circular dichroism measurements show
that the folding process of i-motif DNA with the same sequence
finishes in ~300 ms,>" clearly indicating that only a very small
portion of the collision is effective for the formation of dimers;
otherwise, most of the DNA chains should form dimers.
Moreover, Figure 6 shows that the weight percentage of the
dimer obtained by integration of the sedimentation coeflicient
distribution is 18%.

The formation of dimers requires that two DNA single
chains collide with each other, and no collision takes place
before the completion of the folding of a single DNA chain if
the DNA concentration is low enough. Furthermore, the
frequency of collision will increase with the initial DNA
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concentration. As a result, the weight percentage of the unimer
concentration will decrease. Figure 7 shows that almost all of
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—/\— present calculation
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Figure 7. The initial concentration of i-motif DNA dependence of the
weight percentage of the unimer (x,,me;) prepared by vortexing ()
and by use of stopped-flow technique (O), respectively, where T = 20
°C. The present calculation of the Xme, for k; = 8 s™' and k, = 6 X
10° M5! is also plotted (A).

the DNA chains fold into an intramolecular i-motif structure
with a DNA concentration of 1.0 yuM and that the weight
percentage of the unimer (wyyme) decreases with DNA
concentration from 1.0 yuM to 10.0 uM. For the same DNA
concentration, Xymer prepared by use of the stopped-flow
technique is a little bit larger than that prepared under
vortexing, indicating that the method by stopped-flow
technique is more effective to mix two solutions. We assume
that the folding process is irreversible at low pH values and that
the formation of the intramolecular i-motif and the dimers is
two parallel reactions. One is a first-order process and the other
is a second-order process, respectively:

k
DNArandom coil _1> DNAi»motif (5)
ky
2‘D]:\erandom coil ™ (DNA)Z (6)

where kj, k, are the rate constants for eqs S and 6, respectively.
If the concentrations of DNA, . and (DNA), are x(t) and
y(t) at time t respectively, and if the initiall DNA molar
concentration is C, the differential forms of the rate law are

dx(t) _ o

e k(C—x —2y) )
dy(t) _ 2
T TRETE) ®

The initial conditions are that x = 0 and y = 0 when ¢ = 0.
According to Chen et al, the estimated folding rate when the
pH jumped from 8.01 to 4.5 was ~8 s™' if the formation of
dimers does not affect the circular dichroism signal too much.*!
Moreover, as mentioned above, when the DNA concentration
is 2.0 uM, the mean collision time t, is 0.03 ms and the folding
of i-motif DNA finishes in ~300 ms; thus, we reasonably set a
steric factor P as 1 X 10*, which means that one dimer will form
after 1 X 10* times of collision. For diffusion-controlled
reactions, the rate constant ky = (8kzT/37)N,10° M~ s7" with
kg, T, n, and N, being the Boltzmann constant, the absolute
temperature, the viscosity of the solution, and the Avogadro’s
number. Therefore, kg ~ 6 X 10° M™'s™" at 20 °C in aqueous

solution. Thus, the second-order rate constant k, ~ P X kg ~ 6
X 10° M~ s7. On the basis of the k; and k, values and the
initial conditions, we can estimate the final weight percentage of
the unimer by MATLAB program (Figure 7). Clearly, it is
consistent with our experimental data.

Figure 8 shows the time dependence of the weight
percentage of the unimer. x increases in the first 15

‘unimer
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Figure 8. Time dependence of the weight percentage of the unimer
(Xnimer) Of i-motif DNA with different concentrations of 5.0 uM and
7.0 uM at 20 °C.

days. After 15 days, the %, no longer changes with time. The
facts indicate that the DNA unimer with an intramolecular i-
motif structure is more stable than the dimer at room
temperature. The dimers are relatively stable in several days
which ensure the reliability of the results from sedimentation
velocity experiments. Figure 8 also shows that the change in
Xonimer iNCreased as the initial DNA concentration decreases,
indicating that the dimers formed at higher initial DNA
concentration is more stable than that formed at lower initial
DNA concentration. The possible reason is that the frequency
of the collision is higher at higher initial DNA concentration,
which means that some dimers with strong interactions may
replace the dimers with weak interactions during the collision.
Figure 9 schematically summarizes the pH-induced folding

pH=75 —_— pH=45
low concentration @}
— >
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—_— + or
® = cytosine or other dimers

Figure 9. Schematic illustration of the initial concentration depend-
ence of the pH-induced folding pathway of the i-motif DNA.

pathway of the i-motif DNA at different concentrations. When
the DNA concentration is low, only intramolecular DNA i-
motif forms. When the DNA concentration is high, DNA
unimer with intramolecular i-motif structure and dimers coexist.

Understanding the conformational change of individual DNA
chains and their dimerization is significant for designing DNA-
based devices. Yurke et al. designed molecular tweezers made

dx.doi.org/10.1021/jp405561f | J. Phys. Chem. B 2013, 117, 11541-11547



The Journal of Physical Chemistry B

from three oligonucleotide strands which were different from
the DNA i-motif used in our current study.>* It was found that
the formation of dimers can cause the properties of the device
to decrease. They proposed that formation of the dimers could
be avoided by tethering the tweezers to a solid substrate to
prevent the interaction with each other. Alternatively, the
dimers could be avoided by lowering the DNA concentration.”

The dimerization during the folding is important for the
study of pH-induced folding kinetics. To investigate the folding
kinetics of individual DNA i-motif chains, the concentration of
DNA i-motif in aqueous solutions should be smaller than 1.0
UM to avoid the formation of dimers. As this DNA is a
fragment of the vertebrate telomere, the formation of the
monomeric and dimeric i-motif structures for this C-rich DNA
might be biologically relevant and might bring two homologous
chromatids together durin% meiosis possibly with the help of
several nuclear proteins.*>***

H CONCLUSION

In conclusion, we have investigated the pH-induced conforma-
tional change of individual i-motif DNA chains by sedimenta-
tion velocity analytical ultracentrifugation. At pH < 6, Ry, is
nearly a constant, indicating that the DNA adopts an i-motif
conformation with a smaller R, of ~1.33 nm. The sudden
increase in Ry, in the pH range 6—7 reflects the conformational
change from an i-motif to a random coil. Then, R;, levels off at
pH > 7. Moreover, our results show that relatively stable dimers
can form as the pH jumped from 7.5 to 4.5. The weight
percentage of the dimers increases with the increase in the
initial DNA concentration. We believe that the pH-induced
conformational change of individual i-motif DNA chains and
that the formation of dimers are significant for the development
of related DNA-based devices and for understanding the
functions of the telomeres containing repeated cytosine-rich
sequences.
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