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Changes in the structural dynamics of double stranded (ds)DNA upon ligand binding have been linked to
the mechanism of allostery without conformational change, but direct experimental evidence remains
elusive. To address this, a combination of steady state infrared (IR) absorption spectroscopy and ultrafast
temperature jump IR absorption measurements has been used to quantify the extent of fast (~100 ns)
fluctuations in (ds)DNA-Hoechst 33258 complexes at a range of temperatures. Exploiting the direct link
between vibrational band intensities and base stacking shows that the absolute magnitude of the change
in absorbance caused by fast structural fluctuations following the temperature jump is only weakly
dependent on the starting temperature of the sample. The observed fast dynamics are some two orders
of magnitude faster than strand separation and associated with all points along the 10-base pair duplex
d(GCATATATCC). Binding the Hoechst 33258 ligand causes a small but consistent reduction in the
extent of these fast fluctuations of base pairs located outside of the ligand binding region. These
observations point to a ligand-induced reduction in the flexibility of the dsDNA near the binding site,
consistent with an estimated allosteric propagation length of 15 A, about 5 base pairs, which agrees well
with both molecular simulation and coarse-grained statistical mechanics models of allostery leading to

rsc.li/pccp cooperative ligand binding.

Introduction

The role that structural dynamics have in influencing biomolecular
interactions is complex and multifaceted. This is particularly true
when considering large species such as proteins or sequences of
nucleic acids that exhibit dynamics in solution covering a wide
range of time and length scales. An open question relates to the
way that fast local dynamics, for example emanating from
hydrogen bond motion or solvent exchange, influence those
occurring over larger spatial scales and at much slower rates,
such as domain reorganization or strand separation.
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Here, we investigate the fast structural fluctuations of
double-stranded (ds)DNA, inspired by the suggestion that
changes in the structural dynamics of the DNA duplex upon
ligand binding can dictate the cooperative binding of a second
ligand to a remote point on the dsDNA sequence.’” Instances
where it has not been possible to attribute such cooperative
binding to changes in structure of the DNA or to ligand-ligand
interactions, so-called allostery without conformational
change, have led to the concept of allosteric effects being
mediated by ligand-induced changes in the dynamics of the
DNA.? Such allosteric effects are widespread in biological
systems involving local binding to proteins as well as DNA®
while allosteric control of the binding of small molecules to
specific DNA sequences has been implicated in gene therapy
applications inter alia.®™*®

Experimental detection of ligand-induced changes in the
type of thermally-activated dynamics that might underpin
allosteric phenomena is challenging,">*° but an opportunity
presents itself in the case of short oligodeoxynucleotide (ODN)
sequences because the full range of structural dynamics leading
up to the melting transition of dsDNA can be captured in a single
experiment using time-resolved temperature jump (T-jump)
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spectroscopy methods.”’® Such experiments employ a short
duration laser pulse tuned to an absorption band of the solvent
to induce a sudden temperature rise, followed by a time delayed
probe, which follows the response of the ODN to the change in
temperature over timescales from nanoseconds to milliseconds.
Use of infrared (IR) wavelength probes provides a level of base
specific insight by allowing observation of separate signals from
AT and GC base pairs.****”?8 Furthermore, the temperature
rise that can be induced by the T-jump is typically limited to
<15 °C, giving the opportunity to examine the response of the
DNA over a range of starting temperatures with varying proximity
to the melting transition.

T-jump methods have been applied to observe the base-
specific melting dynamics of short strands of dsDNA showing
that melting takes place in tens of microseconds with fast
dynamics occurring on 100 ns timescales that have been
assigned to end fraying.>'"***”~*" Temperature jump studies
of the binding of the archetypal minor groove binding ligand
Hoechst 33258 (H33258) to dsDNA sequences featuring a
central AT-rich binding site (Fig. S1, ESIt) with GC-rich end
sections showed that melting of the whole strand was slowed by
more than an order of magnitude in time upon ligand binding
to the central region.?”*® A marked suppression of the extent of
the fast dynamic motion in the central binding site accompanied
this change while the timescales of these dynamics decreased
slightly upon ligand binding.>”*®

The precise impact that the ligand has on the dynamics of
bases remote from the binding site, as would be implicated in
allosteric models, remains unclear however, as both a suppression
of the dynamic behavior”” and a destabilization of the bases near
to the binding site by the ligand have been reported.”® Previous
work applying NMR spectroscopy and molecular dynamics
simulations point to H33258 binding inducing a more rigid, less
dynamic dsDNA structure with evidence that this restriction in
dynamics extends beyond the specific binding region.*?*3*

Here, we attempt to clarify the allosteric impact of H33258
on the fast structural dynamics of dsDNA. We extend our recent
work on the melting behavior of DNA-H33258 complexes®” by
combining fast temperature-jump IR absorption spectroscopy
measurements with temperature-dependent steady state IR
absorption measurements in a quantitative fashion. The
intensities of bands in the IR absorption spectrum of dsDNA
respond sensitively to changes in base stacking®® and so allow
for base-pair specific interrogation of DNA dynamics via a
metric that is common to both T-jump IR and steady state
measurements. We demonstrate that by using changes in
absorbance under equilibrium conditions as a benchmark for
time resolved non-equilibrium measurements, the relative
contributions of pre-melting and melting dynamics can be
ascertained as a function of starting temperature (7,). We show
that fast pre-melting dynamics (100 ns) contribute a change in
absorbance that is only weakly dependent on T,. This is in stark
contrast to the signal due to strand melting (10 ps), which
increases significantly as the melting temperature (Ty,) of
the dsDNA is approached. The result is that, although the
fraction of the T-jump signal due to fast processes is strongly
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To-dependent, its absolute contribution is small and near-
constant.

From our experiments, we show that binding of H33258 to
AT-rich dsDNA leads to a small but consistent restriction in fast
structural fluctuations of bases located outside of the binding
region. By considering our experimental results in the context
of both molecular simulation and coarse-grained statistical
mechanics models, we show that the experimental measurements
are in agreement with accepted models of allostery without
conformational change.**

Experimental
DNA

DNA oligomer 5-GCATATATCC-3’ and its complementary
sequence (ODN1) were purchased as salt free, lyophilised solids
from Eurogentec. All other chemicals were purchased from
Sigma-Aldrich and used without further purification. In all
cases, the dsDNA concentration was 10 mM in a deuterated
Tris buffer (100 mM Tris, 100 mM NaCl, pD 7.0). Solutions
containing H33258 were prepared by annealing the dsDNA with
the ligand in equimolar ratio. The high affinities shown by
H33258 for this sequence means that there is no appreciable
amount of free DNA.?® It is noted that, at the concentrations
studied there is no contribution from the ligand to the spectra
reported.

IR absorption spectroscopy

Measurements of dsDNA melting were performed on a Nicolet
iS10 Spectrometer (Thermo Fisher Scientific) at a frequency
resolution of 4 cm™'. The sample temperature was adjusted by
a temperature-controlled liquid cell with resistive heating
accurate to +1 °C. For all infrared spectroscopy experiments,
including T-jump measurements, the sample was held between
two, 2 mm thick CaF, windows separated by a 6 um thick
spacer.

T-jump spectroscopy

The T-jump pump, mid-IR probe spectrometer used for DNA
melting experiments has been described previously along with
T-jump calibration methods and identical procedures were
followed.>”*” T-jump excitation pulses were produced at a
repetition rate of 1 kHz using a home-built Nd:YAG-pumped
optical parametric oscillator (OPO). The ~ 4 ns-duration pulses
produced had a maximum energy of 70 pJ at 2660 cm !,
resonant with the high frequency wing of the OD stretching
vibration of D,0, enabling a T-jump of ~9 °C while avoiding
complete absorption of the pump radiation by the solvent.
The T-jump pulse train was optically chopped to give a repetition
rate of 0.5 kHz. Mid-IR probe pulses were generated by an
amplified Ti:sapphire laser system pumping an optical para-
metric amplifier equipped with difference frequency mixing of
the signal and idler outputs. The pulse duration and center
frequency of the mid-IR pulses were 50 fs and 1630 ¢cm ™"
respectively; the latter was coincident with the characteristic
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base vibrational modes of dsDNA. The difference between the
10 kHz repetition rate of the Ti:sapphire laser and the 0.5 kHz
repetition rate of the T-jump pump pulses, combined with the
use of an electronic delay to control the relative pulse timings of
the pump and probe laser systems, enabled collection of T-jump
pump-IR probe spectra at time delays (,p,) from 1 ns to 2 ms.”’

Results and discussion

Previous studies have determined a T, value for ODN1 of 60 °C,
while addition of the H33258 ligand causes Ty, to rise by 15 °C.>”
This change in T;,, upon ligand binding means that the spectral
effects of strand melting will be observed at different temperatures
for the two samples. This also means that, for Tjump measurements
producing a ~9 °C increase in temperature, experiments with
the same value of T, will capture different extents of melting for
ODN1 and ODN1-H33258. It is important that this is allowed
for in any subsequent analysis and so we present data as a
function of T, — Ty, where T, indicates the starting temperature of
the sample for a T-jump measurement (ie. prior to the Tjump
pulse) or the steady state temperature of the spectral measurement
in IR absorption spectroscopy respectively.

IR absorption spectroscopy

Infrared absorption spectra of ODN1 and ODN1-H33258 samples
as a function of T, — T, (Fig. 1(a) and Fig. S2, ESIt) show clear
changes in both the intensity and position of the absorption
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bands. The spectra and their response to increases in tempera-
ture have been widely studied, identifying the effects of strand
separation at elevated temperature.*® Fig. 1(b) reports the results
as difference spectra relative to T, — T;,, = —25 °C and we focus
on the behavior of the modes near 1575 and 1622 cm ™" (gold
and purple boxes in Fig. 1 and Fig. S1, ESI}), both undergoing
increases in amplitude as the temperature rises. The 1575 cm ™"
band is assignable to a ring vibration mode of guanine, while the
1622 em™ "' band arises from a similar mode of adenine.***
The increase in amplitude of the bands is caused by the loss of
base stacking during melting or disruption of the double helix
structure, meaning that these two bands provide base specific
markers of structural changes for GC (1575 ecm™') and AT
(1622 cm™") base pairs respectively.’® Use of a narrow spectral
window for analysis also allows separation of the rising AT-band
(Fig. 1(a) purple box) from the impact of broadening of the large
1660 cm™ " band, containing multiple contributions, which
occurs with increased temperature, which can be seen in the
difference spectra (Fig. 1(b), purple/blue). The behavior of the AT
and GC marker modes is consistent with the reported melting
temperatures of ODN1 and ODN1-H33258, displaying sigmoidal
temperature dependence with mid-points at 7, — T;, = 0 °C in
both cases (Fig. 1(c), and Fig. S2, ESI¥).

T-jump IR spectroscopy - direct comparisons with equilibrium data

Fast T-jump IR spectra of ODN1 (Fig. 1(d) and 2) and ODN1-
H33258 (Fig. S2 and S3, ESIt) have been reported previously.””
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Fig. 1

(@) IR absorption spectrum of ODNL1 as a function of temperature. Colored arrow shows temperature range of measurements, represented as To — T, (See

text). (b) Difference spectroscopy reference relative to To — T,,, = —25 °C. (c) Variation in amplitude of the GC and AT marker bands as a function of To — T, (d) T-
jump IR spectra of ODN1at To — T,,, = —5 °C obtained at a range of T-jump-probe delay times (see arrow). N.B. T,,, for ODN1 = 60 °C; T,,, for ODN1-H33258 = 75 °C.
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The data obtained for ODN1 at T, — Ty, = —5 °C (Fig. 1(d))
showed clear increases in IR absorbance at the wavenumber
positions of the GC and AT marker modes following the T-jump
pulse, peaking at time delays between 10 and 50 ps (Fig. 1(d),
green), which closely mirror those observed in the IR
absorption difference spectra (Fig. 1(b)). These were assigned
previously to the effects of strand melting and have been shown
to follow stretched-exponential rising dynamics with timescales
of 20-30 ps.?” Similar spectra were obtained for ODN1-H33258
(Fig. S2, ESIt) where it was observed that the melting dynamics
were slowed down by up to two orders of magnitude, in
agreement with other recent studies.”®

In this article, we extend previous reports of the melting
dynamics of DNAligand complexes by using equilibrium, or
steady state IR absorption spectra (Fig. 1 and Fig. S2, ESI) as a
quantitative benchmark for the changes in absorbance
obtained from non-equilibrium T-jump IR measurements
(Fig. 2 and Fig. S3, ESIT). We begin with a detailed discussion
of the approach with reference to dsDNA (ODN1) before applying
it to understand the dynamic impact of ligand binding.

Examining T-jump IR spectra obtained as a function of T,
for ODN1 shows that the magnitude of the maximum change in
absorbance of the AT and GC marker modes varies strongly
with T,. For example, the maximum change in absorbance
observed for the AT marker mode of ODN1 (AADbS,y, Fig. 2)
increases from ~2 mOD when T, — Ty, = —35 °C (Fig. 2(a)) to
~12 mOD when T, — T, = —5 °C (Fig. 2(d)); note for the T, —
Tm = —5 °C measurement the T-jump pulse provides a sufficient
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increase to raise the temperature above the DNA melting
temperature.

Subtracting equilibrium IR absorption spectra at a temperature,
T,, from that obtained at T, + 10 °C (equivalent to the T-jump
achieved by the non-equilibrium experiment*’?’) provides a
measurement of the change in absorbance of each marker mode
of the dsDNA sample that occurs if the sample is allowed to
re-equilibrate at the higher temperature. As all steady state and
T-jump IR data were recorded under the same sample conditions
(path length and concentration), this is equal to the maximum
absorbance change that could be measured in the non-equilibrium
experiment. The ability to perform such a comparison arises
from the fact that both the equilibrium and non-equilibrium
experiments measure changes in DNA absorbance.

Fig. 3(a and b) plot the change in absorbance of the two
marker modes (AT, Fig. 3(a); GC, Fig. 3(b)) obtained via IR
absorption (Fig. 3(a and b), crosses) and T-jump IR spectra
(Fig. 3(a and b), diamonds) as a function of T, — Tp,. A T-jump-
probe delay time of 10 ps, close to the peak intensity of the
signals in the non-equilibrium experiment, was used for
consistency. The relative change of the peaks in the T-jump
IR experiment (Fig. 3(a and b), diamonds) follow the same
trend with T, — Ty, as the equilibrium absorbance changes
(crosses), peaking at T, — Ty, = —5 °C. The result being
consistent with the previous assignment of changes in
absorbance on 10 ps timescales to the melting of the dsDNA
in response to the T-jump. The change in absorbance increases
in size as T, is approached as would be expected from the rate
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Fig. 2 T-jump IR spectra of ODN1 obtained as a function of T-jump-probe delay time from 10 ns to 250 us. Spectra were obtained at initial
temperatures (To — T, of (@) =35 °C, (b) —25 °C, (c) —15 °C and (d) —5 °C. Equilibrium difference IR absorption data at corresponding temperatures from

Fig. 1(b) are shown using grey dashed lines.
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Fig. 3 Plots showing variations in amplitude of AT (1622 cm™) and GC (1575 cm™) marker modes in T jump IR and IR absorption experiments as a
function of T — T,,,. Comparisons of (a) AT and (b) GC mode amplitudes at for ODN1 at pump—probe time delays of 1 ns, 100 ns and 10 ps with those
obtained from IR absorption measurements (Egm). (c) Comparison of rises in AT and GC signals for ODN1 in T jump IR experiments between 1-100 ns
and 100 ns-10 ps. (d) Impact of ligand binding on the T-jump IR signal amplitude for AT and GC bands of ODN1 and equivalent bands, AT-H and GC-H of
ODN1-H.-N.B. data points for AT-H and GC-H at T — T,, = =5 °C overlap.

of change of the sigmoidal function which describes dsDNA
melting (Fig. 1(c)).

Although the changes in absorbance of the T-jump IR spectra
at 10 ps and the steady state IR absorption measurements have
the same dependence on T, — Ty, the two signals are not of equal
magnitude. The discrepancy is due to the competing effects of
DNA melting and cooling occurring in the T-jump measurement,
which occur on similar timescales.””*” For example; at Ty — Ty, =
—5 °C, the non-equilibrium T-jump measurement captures
around 40% of the full change in absorbance observed in both
AT and GC marker modes when measured under equilibrium
conditions at this temperature (Fig. 3(a and b)). If the rise in
temperature brought about by the T-jump was sustained for a
longer period and homogeneous across the cell, the absolute size
of the melting signal would be expected to increase, however this
is not the case here because, as stated, the timescales of melting
and recovery have been shown to be comparable.”’***” This
reduction in observed spectral change in the Tjump measurement
also explains why the magnitude of the maximum T-jump IR
signals obtained for ODN1-H33258 (Fig. S3, ESIt), although
the same spectral shape as those of ODN1, are much smaller.
The delayed melting caused by binding of the ligand moves
more of the increase in absorbance due to strand
melting outside of the accessible temporal window of the
non-equilibrium T-jump experiment.*”

We note that for large negative values of T, — T}, (Fig. 3(a and b)),
when T is far from the melting temperature, the magnitude of

15356 | Phys. Chem. Chem. Phys., 2021, 23, 15352-15363

the 10 ps T-jump signal (diamonds) is significantly reduced,
correlating with the lesser degree of melting induced by the
temperature jump of ~10 °C. At temperatures where Ty — Ty, =
—25 °C the magnitude of the 10 us T-jump signal is,
within error, equal to that expected from the equilibrium
measurements (Fig. 3(a and b)). Furthermore, examination of
the T-jump spectra far from T, (Fig. 2(a and b)) shows that,
although the band pattern observed is similar to that near T,
the responses of the AT and GC marker modes are significantly
smaller. This is because the spectral signature of strand
melting becomes less dominant and we conclude the spectral
pattern that arises at lower Tp — T, is not from melting but
from the impact that the temperature increase has on the DNA
modes. These signatures are present at early T-jump-probe
delay times and we term these fast pre-melting fluctuations.

Fast pre-melting fluctuations

Having identified the spectral contributions due to melting in
the T-jump data, we now turn to scrutinize the temperature
dependence of the dynamics of ODN1 at much earlier T-jump-
probe delay times. On these timescales, any contribution
from duplex melting, which occurs on tens of microsecond
timescales, is absent from the spectra (Fig. 4(a and b)). Despite
this lack of melting, T-jump spectra of ODN1 obtained at
pump-probe time delays below 10 ns (Fig. 4(a and b), blue)
contain changes. These arise from what is effectively an instan-
taneous response of the vibrational modes of DNA to the rapid
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Fig. 4 T-jump IR spectra of ODN1 (a and b) and ODN1-H33258 (c and d) obtained as a function of T-jump-probe delay time from 5 ns to 500 ns, to
exemplify the short time dynamics. Spectra were obtained at initial temperatures (To — T,,) of (@ and ¢) —35 °C and (b and d) —5 °C. The suppression of the
AT marker mode upon H33258 binding and the consistency of the GC response before and after ligand binding are both observed.

heating of the solvent caused by T-jump pulse. The origin is
likely to relate to rapid changes in solvation of the DNA as the
water temperature increases. The spectral pattern contained
in these datasets is remarkably constant in terms of both
amplitude and position of the peaks as T, varies, although it
has been shown to vary slightly with Ty — Ty, in accordance with
the concentration ratio of single-stranded to double stranded
DNA present in the sample at a given T,. The latter is simply a
consequence of differences in the spectra of ss and dsDNA and
has been discussed elsewhere.*”

As the T-jump-probe time delay increases towards 100 ns
(Fig. 4(a and b), green), the spectra undergo changes in
amplitude at the positions of the marker bands for AT and
GC base pairs. The GC mode shows an instantaneous increase
in amplitude relative to the baseline but then continues to
increase in amplitude, relative to the baseline, towards 100 ns
and beyond. In the case of the AT marker mode, the initial
impact of the temperature jump is to decrease absorbance at
this frequency before the signal rises during the first 100 ns
following the T-jump. The rising feature is visible as a growing
shoulder in Fig. 4(a) and is somewhat more prominent
in Fig. 4(b), which was obtained at higher T, (vide infra). The
change in the AT marker band amplitude is further exemplified
by a time trace of the AT band intensity in Fig. S4 (ESI{). The
increase in amplitude of the GC and AT marker bands on fast
timescales implies that changes that have the same spectral
impact as melting, namely reduction in base stacking
leading to increases in amplitude of the GC and AT marker
modes, are occurring within 100 ns of the T-jump, but it is
important to re-iterate that the DNA has not melted on these

This journal is © the Owner Societies 2021

timescales. These observations are consistent with previous
reports.”’

To analyze these fast dynamics in more detail, we quantify
the magnitude of the changes in absorbance due to fast motion
as a function of T, via the magnitude of the GC and AT marker
modes at T-jump-probe time delays of 1 ns (Fig. 3(a and b),
triangles) and 100 ns (circles). In each case, the effect of the
changing baseline, which arises from thermal effects in the
solvent and is of comparable magnitude to the peak heights in
some regions of the spectrum, has been accounted for. In the
case of both the GC and AT modes, the rise in signal by 100 ns
relative to the baseline is on the order of 1-2 mOD. It is
important to note that, although small, this is larger than
would be expected if it were a contribution from the rising
melting signal, which arrives some two orders of magnitude
later in time. The changes in intensity of the bands across the
time window from 1 ns to 50 pus are consistent with the fact that
fitting the time-dependence of the melting signal requires
bi-exponential functions and include a term with dynamics
occurring on 100 ns timescales.?*?*27

These fast (100 ns) dynamics have been assigned to end
fraying processes,”*>*” though it is hard to be definitive,
because the origin of the signals is the same spectroscopic
signature as is assigned to melting (Fig. 2, 4 and Fig. S3, ESI{),
namely an increase in band intensity, which is generally
assigned to a disruption of base stacking.>**° The fact that
both the central AT bases of ODN1, as well as the terminal GC
bases have similar 100 ns dynamics indicates that the rise in
absorbance must be assigned to fast structural dynamics
occurring both at the ends and in the center of the strand.
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Thus, the similarities suggest that they relate to perturbations
of the whole double helix that impact on base stacking.

Further insight can be obtained by comparing the magnitude
of the 100 ns component of the T-jump data to equilibrium IR
measurements. In principle, the IR absorption change for a
given increase in temperature obtained at equilibrium is equal
to the maximum rise in absorbance obtained following the
T-jump. As discussed above, this is not the case here because
the full extent of the melting signal is not accessible, however the
cooling of the sample post-T-jump over the first 100 ns in this
experiment is less than 20% and so the amplitude measured at
100 ns is not appreciably affected by this cooling.>”*” Moreover,
comparing the 100 ns change in absorbance from the T-jump
experiment directly to the steady state IR absorption
measurement provides a more robust form of analysis by
removing any systematic errors caused by referencing to the
To-dependent non-equilibrium signal. As we have shown above,
the maximum size of the T-jump signal is strongly influenced by
melting and changes significantly with 7, and so provides a
potentially unreliable benchmark for fast dynamics. The ability
to compare T-jump and IR absorption data in this way arises
from the fact that both the equilibrium and non-equilibrium
experiments measure the same absolute changes in DNA
absorbance.

Fig. 3(c) shows a comparison of the rises in the AT and GC
signals over two time-windows, from 1-100 ns and 100 ns-10 ps.
Inspection of Fig. 3(c) shows that the magnitude of the rise in
absorbance over the first 100 ns following the T-jump is only
weakly dependent upon T, — Tj,. Although in the case of both
the AT and the GC bands there is an increase as T, nears T, the
increase is significantly less than what is observed in the 100 ns-
10 ps melting signal. This is also visible by comparing Fig. 4(a
and b), where the response of the two marker modes on 100 ns
timescales is larger at Ty — Ty,, = —5 °C than at —35 °C, but still
within the few mOD range, whereas melting induces a change of
>20 mOD.

This finding shows once again that the changes in the IR
absorbance of both GC and AT marker bands under equilibrium
conditions is dominated near the melting temperature by
changes caused by melting. At more negative values of T, —
Tm the contribution due to melting falls significantly but the
1-100 ns signal stays largely constant in terms of absolute size.
When Ty — Ty, = —25 °C the rise in signal between 1-100 ns
accounts for 70% of the equilibrium change in absorbance of the
AT marker mode and 60% of that of the GC mode (Fig. 3(c)).
When T, — T, = —5 °C this falls to 16 and 10% respectively,
despite the fact that the absolute magnitude of the 1-100 ns rise
has increased slightly from ~1 to ~2 mOD (Fig. 3(c)). Crucially,
this shows that 100 ns fluctuations of the DNA structure are
present even in the absence of any later melting behavior.

The conclusion that the rise in absorbance due to 100 ns
timescale dynamics is only weakly dependent upon T, — Ty, is
an important result. Our data shows that the impact of
temperature on the magnitude of the signal due to fast
(100 ns) structural fluctuations is small and that it comprises
an absolute contribution to the change in absorbance as T, is
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approached, irrespective of whether the measurement is
performed under equilibrium or non-equilibrium conditions.
Given that the magnitude of the changes in absorbance
measured are in the few mOD range, while the melting of the
full dsDNA molecule (as opposed to the signal change in a 10 °C
step) leads to a change of ~20 and 40 mOD for GC and AT
modes respectively (Fig. 1(a-c)), it must be concluded that a
small fraction of bases within the ensemble are perturbed at a
given time. This is consistent with a model proposed by
molecular dynamics simulations in which rapid transient
perturbations of the duplex structure on significantly faster
timescales than melting will cycle from non-perturbed to
perturbed and back many times before a melting event
occurs.*! Based on the change in absorbance that we have
measured here, the average is clearly a situation with a small
amount of perturbation. The observation of a relative lack of T,
dependence is also consistent with reports of barrierless end
fraying in very short sequences and a clear separation between
fast structural dynamics and melting.>*

It is also instructive to compare the relative magnitudes of
the 1-100 ns rise in absorbance for the AT and GC modes (Fig. 3
and 4). Although there are fewer GC base pairs than AT in the
ODN1 sequence and the overall change in the GC mode
amplitude upon full melting is smaller than that of the AT
mode (Fig. 1), in both equilibrium and non-equilibrium
measurements, the 1-100 ns rise in absorbance in the T-jump
IR data is consistently proportionately larger for GC than for the
AT band (Fig. 3(c)). This suggests that fast perturbations of the
GC base pairs are occurring to a greater extent, ie. that they
involve a greater proportion of the available GC base pairs, than
for AT base pairs. This is perhaps to be expected, given that the
GC base pairs appear at the ends of the ODN1 sequence and the
AT base pairs in the center, indicating greater perturbation at
the ends of the strand. This result is consistent with some
contribution from end fraying to the general assignment of fast
perturbation discussed above. This result also suggests that
bubble formation in the AT-rich region of these short strands is
not significant.

Quantifying the impact of ligand binding on fast dynamics

Having discussed the fast dynamics observed for the ODN1
sample in comparison with equilibrium IR measurements, we
compare those for DNA with those for DNA-H33258 complex.
It was described above that the microsecond changes in
absorbance due to melting are suppressed in the ODN1-H33258
Tjump spectra, due to the change in melting timescales.
However, a direct comparison of the behavior on 100 ns time-
scales is well within the reach of the T-jump experiments
performed here. Indeed, it has been shown by separate studies
that the faster pre-melting dynamics are slightly accelerated
when dsDNA is bound to H33258.2”*® The comparison of the
magnitudes of the 1-100 ns rising signal for AT and GC modes for
ODN1 and ODN1-H33258 samples are shown in Fig. 3(d) and the
relevant spectral data is shown in Fig. 4(c and d). The impact of
the ligand is most striking for the AT band, which shows a
significant reduction (~60% at T, — Ty, = —5 °C, Fig. 3(d)) in
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the amplitude of the 100 ns signal upon ligand binding
(¢f Fig. 4(a and b) with Fig. 4(c and d)). Indeed, its contribution
to the T-jump spectrum becomes hard to resolve. This is consistent
with previous studies showing a suppression of these dynamics
by ligand binding and indicates that the ligand has a strong
effect on bases directly in the binding region as would be
expected.”” Once again, it is important to stress that any
spectrally observed effect of H33258 binding is too large to be
attributable to the slowing down in melting that has been
reported for ODN1-H33258 complexes.

The 100 ns rise of the GC marker band in the ODN1-H33258
complex, which relates to any allosteric effect of the ligand, also
shows a reduction in amplitude (Fig. 3(d) and 4(c, d)). However,
the effect is much smaller than that observed for the AT band
(~35% at Ty — Tm = —5 °C, Fig. 4(d)). A more detailed
comparison of GC band behavior between 5 and 100 ns is
shown in Fig. S5 and S6 (ESIT) alongside a comparison of the
melting curves for the ODN1 and ODN1-H33258 sequences.
In particular the latter shows that the slight flattening of the
melting curve for ODN1-H33258 relative to ODN1 should make
these samples more responsive to the temperature jump when
T, is far from Ty,, whereas the reverse is observed. Repeated
measurements showed that the signal is small and approaches
the uncertainty of the experiment, but the suppression is
observed consistently and in more than one DNA sequence.””
Based on this, we conclude that there is likely to be a small
reduction in the magnitude of these fast perturbations of the
DNA structure when bound to H33258, but that the impact is
small outside of the binding region of the ligand.

A fluctuation-transmission interpretation of DNA allostery

The allosteric effects of ligand binding (see e.g. Fig. 4 and 3(c)
comparing the relative 100 ns perturbations of AT and GC
marker bands) are consistent with both molecular simulation
and coarse-grained statistical mechanics models of allostery
without conformational change. Under this mechanism by
which local binding on DNA affects the amplitude of structural
fluctuations distant from the binding site, the non-locality is
generated via thermally activated normal modes of the
biopolymer.'***> A similar mechanism has been identified for
proteins.”

If the decrease in the change of absorbance (AAbs) on ligand
binding, between the AT and CG pairs, is taken to be due to a
finite propagation length of allosteric binding along DNA
(consistent with modelling, as below), then this length, &, can
be estimated from the data assuming

AAbs(x) = AAbs(0)e~*1/¢ (1

where x indicates distance along the strand. The reduction in
AAbs over the short strand of ODN1 observed in the experiments
is consistent with an estimated allosteric propagation length of
15 A, or about 5 b.p.s. This is based upon an observed 35%
reduction in AAbs at a distance of 5 base pairs from the centre of
the binding site. The most common coarse-grained length-scale
of DNA is the persistence length, Z,, which is about 160 b.p.s. for
double-stranded DNA.*> At first glance, this suggests that the
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experimental value obtained is unfeasibly short. However,
the allosteric propagation length of a stiff polymer is not its
persistence length. Furthermore, it has been shown that a
polymer actually requires more internal, local, structure than a
simple stiffness to display allostery at all."

The simplest structure of a coarse-grained Hamiltonian
consistent with down-chain allostery contains both local elasticity
(first term in eqn (2)) as well as stiffness (second term in eqn (2)):*

H= kBTTJ [K(V(/))z + V(Vzd))z]dx )

where the field, ¢, is a measure of lateral displacement of the
chain. For this model, the allosteric persistence length depends
on both local elasticity k and bending stiffness y:

Y 1
é=\/;=1p\/; ©)

In these units, y is simply the persistence length. The corres-
ponding dimension in the units of (3) of the elastic modulus « is
similarly the inverse of length, so the magnitude of x would be
expected to correspond to local atomistic distances. In the units of
b.p.s. we therefore estimate x =~ 5 inverse b.p.s. The calculated
allosteric screening length at this simple level of coarse-graining is
therefore of the order of 5 b.p.s. — consistent with these
measurements.

A slightly more sophisticated model of DNA allostery
recognized that the helical structure induces the dynamical
mode of groove-width breathing, as well as down-chain bending
and stretching.*® So two fields of displacement should be
present in a model at the level of (2), but which additionally
respects this new, internal mode.

Fig. 5 represents an elastic network model (discrete)
representation of such a model, in which the two strands
support down-chain elasticity &, and inter-strand elasticity A.
This may be transformed into a continuous model of the type of
(2), now interpreted in terms of two fields, f(x) the inter-strand
separation, and g(x) the mean strand displacement:**

n=" [’g{(vﬁﬂw)z} n Afz} & @)

In this model the same exponential decay of allosteric inter-
action along the double helix arises, with the expression for the
propagation length, analogous to (3):

(5)

To illustrate the spatial structure of allostery in this model, it
was used to address quantitatively the experimental®® and
simulated” allosteric calorimetry, of the binding of two Hoechst
33258 binders to different sites on the same short DNA strand
(Fig. 6), where the allosteric free energy is plotted for a range of
elastic parameterization of the DNA, and for different values of
the binder length a and intra-binder distance d. These results
illustrate that with only a weak dependence on the sequence-
length L, and the binder length a, the cooperativity at a distance
d from the binder is essentially determined by the ratio of d to
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becomes more cooperative. Red arrows in (a) mark the decay length &/L.

the correlation length &. It might be objected that such coarse-
grained models, capturing large-wavelength breathing modes
of the minor groove, cannot address smaller structures such as
the individual base-pair distances measured by spectroscopy.
However, both simulation and calorimetry support straight-
forward coupling between long-wavelength allosteric modes and
local bond fluctuations, also consistent with the observations
reported here.**

Finally, these experimental observations and coarse-grained
models are also consistent with atomistic simulations of allosteric
correlations of structural fluctuations in DNA.>* This work care-
fully investigated the form of allosteric interaction of binders at
varying separations on simulations of duplex DNA of up to
260000 atoms, and recorded the correlation of dynamics as a
function of separation, which is itself the cause of fluctuation-
allostery. Rather than the monotonic correlation function of the
coarse-grained models discussed above, they found, in detail, a
damped-oscillatory form, but an exponential-decay length of
propagation of allosteric interaction of comparable magnitude
to the value of 5 b.p. derived from this work (the reported value of
ref. 34 was ~10 b.p.), especially when compared to the much
longer persistence length.

Taken together, the results of the analysis of experimental data
alongside the outcomes of a range of different computational
methods point to ligand-induced suppression of dynamic motion
of the double helix being a viable mechanism for allosteric
communication. The examination of Tjump IR measurements

15360 | Phys. Chem. Chem. Phys., 2021, 23, 15352-15363

in the context of steady state IR absorption data, provides a means
to separate melting dynamics from faster thermally-activated
motions as well as providing base specific insight. This
combination could therefore provide a useful means for testing
these results and theories further, such as, for example probing
the base specific dynamics in systems featuring two cooperatively
bound ligands.

Conclusions

Overall, the comparison of non-equilibrium measurements
with steady state IR absorption data shows that the fast
pre-melting fluctuations of dsDNA are small but somewhat
more prevalent at the ends of the sequence. The major impact
of the ligand is felt in the binding region with bases outside of
this region showing moderately suppressed dynamic behavior
on 100 ns timescales.

The findings reported here are consistent with our previous
measurements,>” with results from NMR experiments” and from
MD simulations,”> where it was concluded that rigidification of
the DNA structure caused by ligand binding extends outside of the
binding region and provides a means of allosteric communication
that, in another example of the same effect, promotes cooperative
binding of a second H33258 molecule nearby."*> Our
experimental results are also consistent with the findings of a
number of coarse-grained and atomistic models of allosteric
propagation in DNA,**3%44
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The conclusions drawn from this work contrast with recent
reports of a strong destabilization of GC bases adjacent to the
site of H33258 binding to a similar dsDNA sequence.”® It is
therefore important to consider the benefits of comparing
T-jump spectroscopy to equilibrium data as we do here.
For example, we have demonstrated that measuring non-
equilibrium, time resolved measurements at a range of T, values
leads to significant changes in the nature of the data obtained.
For example, when T, — T, is small and negative (i.e. close to
Tm) the spectral changes on 10 ps timescales due to melting are
significantly larger than those on 100 ns timescales, which we
termed fast pre-melting fluctuations. In contrast, when T, — Ty,
is large and negative (ie. far below T,) the melting signal
reduces in magnitude dramatically, while the signal from fast
dynamics remains largely constant. As can be seen in Fig. 3(c), at
To — Tm = —25 °C, the change in absorbance of the GC and AT
marker modes in the T-jump experiment is comprised nearly
entirely of the 100 ns contribution. In other words, the peak
T-jump signal is almost present by 100 ns. Crucially, this does
not indicate an increase in pre-melting perturbation, because, as
we show here, the absolute magnitude of the 100 ns signal is
almost the same as it is near to Ty, so the fraction of DNA bases
involved in the pre-melting fluctuations must also be similar.
Rather, the fact that the signal changes induced by melting at
this temperature are small compared to the changes observed
at early Tjump-probe times, mean that the fast dynamics
dominate. This means that any analysis of DNA melting that
compares magnitudes of fast perturbations needs to be carried
out in a way that is independent of the size of the melting signal,
either by maintaining a constant T, — Ty, if full melting is
reached, or by comparing absolute magnitudes. This is a parti-
cularly problematic issue when considering ligand binding
because the ligand increases the stability of the DNA duplex.
Comparing measurements obtained at the same T, will lead to a
reduced signal due to melting being observed in the more
thermally-stable sample (the DNA-ligand complex) and we show
that this could lead to the appearance of an increase in pre-
melting dynamics upon ligand binding, but not an actual
increase.”® Using quantitative comparisons of T-jump IR with
equilibrium spectroscopy data however, we have shown that the
pre-melting perturbations of ODN1-H33258 are small, nearly
temperature independent and suppressed in the binding region.
In the case of base pairs adjacent to the binding region the
impact is small but favors moderate suppression of the extent of
the perturbation, albeit with a slight acceleration of the rate,
consistent with existing models of allosteric communication.
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