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Cold denaturation of DNA origami nanostructures

Cold denaturation signifies the loss of native protein

structure upon cooling under mildly denaturing conditions.

This is shown to be also true for DNA origami. However,
these larger structures amplify cold-induced strain into
observable nanoscopic damage at predisposed sites.
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The coupling of structural transitions to heat capacity changes
leads to destabilization of macromolecules at both elevated and
lowered temperatures. DNA origami not only exhibit this property
but also provide a nanoscopic observable of cold denaturation
processes by directing intramolecular strain to the most sensitive
elements within their hierarchical architecture.

Cold denaturation, i.e., the partial loss of structure in macro-
molecules upon a drop in temperature, is a well-known phe-
nomenon observed for many proteins. It results from a positive
change in heat capacity Ac, upon protein unfolding, whereby
the denatured state becomes enthalpically favored at lower
temperature.” Here, the aqueous exposure of hydrophobic
molecular surfaces raises the heat capacity of interfacial water.
As a consequence, native and partially unfolded states are
equally populated at two temperatures T, (“cold”) and T
“warm”). Few proteins undergo cold denaturation above
0 °C** but the majority do so in the presence of denaturants,
e.g., guanidinium chloride (GdmCl), which raises T, by struc-
tural destabilization.”>” For nucleic acids, reports of cold
denaturation are conspicuously rare, but it has been observed
for the hammerhead ribozyme in methanol-containing solu-
tions at temperatures below 0 °C.%°

In this communication, we demonstrate for the first time
the cold denaturation of double-stranded (ds) DNA in GdmCl-
containing solution at temperatures above 0 °C. Principle
component analysis (PCA) of temperature-dependent circular
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dichroism (CD) spectra and thermodynamic modelling allowed
determining Ac,, which is causative for the cold denaturation of
a DNA origami nanostructure.'® DNA origami triangles amplify
small conformational changes by their accumulation over the
large number of linked dsDNA segments. Thereby, nanostruc-
tural changes are observable long before global heat denatura-
tion in the presence of various concentrations of Gdm salts."*
For 4 M GdmCl, ie., in the concentration range used for
studying cold denaturation of proteins, DNA origami stability
was maximal at 25 °C to 30 °C. Surprisingly, stability decreased
not only by heating, but also by cooling, whereas DNA origami
are not cold-sensitive in the absence of the denaturant."” The
non-monotonic temperature dependence of stability led us to
suggest that Gdm and its counter anions modulate Ac, which
accompanies the thermally induced damage of DNA. In order
to test this hypothesis, we explore here by CD spectroscopy
the DNA origami nanostructure in the previously not covered
temperature range between 20 °C and 1 °C performing closely
spaced temperature sampling of the spectra. Thus, changes in
the dsDNA upon altered base stacking interactions are
detected. Fig. 1a shows the temperature-dependent CD spectra
of DNA origami triangles in 4 M GdmCl. Stacking changes upon
cooling from 35 °C to 1 °C are evident from the broadening and
increase in CD amplitude at the main spectral features around
280 nm (positive) and at 245 nm (negative), respectively, as
visualized in the contour plot in Fig. 1b. The “derivative-like”
temperature sensitivity of the CD spectra is shown in Fig. 1c.
It was calculated from the raw data by spectral correlation using
a sliding window correlation analysis as described earlier."" The
red colored region above 28 °C marks the decrease of the
negative CD at 245 nm with the onset of heat denaturation.
The blue colored region reflects the decrease of the positive CD
amplitude upon cold denaturation. Between 15 °C and 30 °C,
the spectral response to temperature is maximal throughout
the entire wavelength range indicating cold-induced structural
transitions. These were further evaluated by principal compo-
nent analysis (PCA). Thus obtained spectral components can-
not be correlated directly with physically distinct structures.
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Fig.1 (a) Temperature-dependent CD-spectra of DNA origami. (b)
Contour plot of the same data. (c) Temperature sensitivity color-coded
from low (blue) to high (red) sensitivity. (d) Temperature dependence of two
principal CD-spectral components from the same experiments (dots and
dashes). DNA structures between 16 °C and 28 °C (green and blue dots, two
independent experiments) decrease upon cooling. The concomitant rise
of the second component (dashes) falls in the temperature range of cold-
induced DNA origami damage. A cold-warm-cold cycle renders DNA
origami more temperature sensitive towards warming but preserves cold
denaturation (red). Solid orange lines according to egn (1) with (top to
bottom) AH/kJ: 220, 110, 55 and Acp/kJ K™1:2, 1, 0.5, respectively.

However, abstract components with maximal variance along the
temperature axis have been determined, which resolve the general
temperature sensitivity of chirality in the DNA origami as a whole.
Approximating the CD spectra by only two structural populations
leads to mirror-imaged curves of such abstract components as
shown in Fig. 1d for three independent experiments. The first two
experiments (green and blue traces) reveal the existence of a
spectral phenotype that is maximally populated at ~27 °C in
the ensemble of DNA origami nanostructures. Remarkably, this
spectral phenotype becomes depopulated by both, heating and
cooling of the sample, typical of structural transitions that
are accompanied by a Ac,. At 1 °C, its spectral weight vanishes.
The underlying structural transitions do not follow the classical
sigmoidal behavior of temperature-dependent equilibria because
Ac, renders enthalpy and entropy themselves temperature-
sensitive, instead of representing constant standard values.
Whereas the shape of the obtained temperature sensitivity is an
unambiguous result of the PCA, the location of the intersection
between the two curves depends on additional information on the
relative state populations. In a previous study, we showed that
“intact” and “damaged” DNA origami in 4 M GdmCl are equally
present at ~37 °C."" Fixing a crossing point at this temperature,
leads to a second intersection of the obtained PCA traces at
~16 °C, where “intact” and ‘“damaged” states are again equally
frequent (inclusion of a third component altered this result only
marginally, Fig. S1, ESIt). Thus, a spectral phenotype of “intact”
triangles dominates between 16 °C and 37 °C, whereas it becomes
depopulated above 37 °C and by cooling below 16 °C. The shaded
areas in Fig. 3d visualize the population difference between the
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two spectral phenotypes for the two experiments. In a third
experiment (red traces in Fig. 3d), the sample was cooled down
from 37 °C to 1 °C, re-heated to 37 °C and again cooled down. In
the second cooling process, the cold denaturation was still visible,
demonstrating that it is a largely reversible process. However, the
onset of heat denaturation in this sample became lowered to
25 °C, indicative of a structural destabilization during repeated
temperature scans.

A structural interpretation of the CD-spectral change itself
based on dsDNA model sequences would be highly speculative.
However, the data do allow estimating the thermodynamic
parameters of cold- and heat-inducible damage. We have simu-
lated the thermal equilibrium between two states with
temperature-dependent enthalpic and entropic terms to express
the Gibbs free energy change of the structural transition as:

AGo(T) = AHy(—AT/Ty) + Acy[AT — TIn(T/T,)] (1)

This equation takes into account a Ac, upon structural transi-
tions of the DNA origami from “intact” to cold-induced
“damaged” in addition to a standard enthalpy change of AH,
(defined here for a temperature of T, = 38 °C, where “intact”
and ‘“damaged” triangles are equally populated). The solid
lines in Fig. 3d show the two populations predicted for equili-
brium states according to eqn (1). The curves were obtained
with the AH, and Ac, values given in the legend to Fig. 3d. The
maximum and minimum state populations depend on the
absolute value of AH,. However, the crossing points of equally
populated states are unaffected as long as Ac;, stays in constant
proportion to AH,. The experimental results were best repro-
duced with the ratio Ac,/AH, of 0.09 which results in “cold” (T)
and “warm” (T,) denaturation temperatures of 16.5 °C and
38.0 °C, respectively. The data show that similar to proteins
under denaturing conditions,"*'* also DNA origami exhibit
cold denaturation in the presence of GdmCl. Cold-denatured
structures, however, need not correspond to their heat-
denatured unfolded states. Cold-denatured proteins appear to
be rather compact but water-invaded states."”

Having shown the nanoscopic response of DNA origami
triangles to the accumulation of small base stacking changes
long before heat denaturation, we looked for possible nano-
structural changes that may accompany cold denaturation.
Fig. 2 compares representative AFM images of DNA origami
triangles between 20 °C and 5 °C, in which intact triangles coexist
with partially damaged structures exhibiting dissociated vertices
or collapsed shapes. The images were analyzed in detail by
determining the occurrence of specific damages, such as disso-
ciated vertices (dv), collapsed triangles (ct), and broken trapezoids
(bt). The statistical analysis shows that the cold-induced increase
of damaged DNA origami triangles (Fig. 3a) is predominantly
caused by a growing number of dissociated vertices (Fig. 3b and
¢). Their population is doubled at 5 °C versus 20 °C, whereas other
damage types are mostly unaffected. These data indicate that the
denaturant may preferentially destabilize the vertices. On the
other hand, the ct and bt damage types together make up 30-
40% of the total number of triangles in line with the general
destabilizing effect of GAMCI on the trapezoids as well.'" It is the
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Fig. 2 AFMimages (1 x 1 um?) of DNA origami triangles after incubation at 20 °C, 10 °C, and 5 °C, respectively. The colored circles indicate intact (green)
and damaged triangles according to Fig. 3c (dv, violet; ct, yellow; bt, red). Height scales are 3.2 nm.

=

a) 09— . .
084 —>——

°
[«>]
L

0.5
0.4
0.3

—
A

©

ion damaged

fracti
fraction damage type

© o
- N
Ll

o
=)

20°C 10°C
c)
intact

Fig. 3 (a) Total fraction of damaged DNA origami triangles after incuba-
tion at 20 °C, 10 °C, and 5 °C taken from 890, 949 and 844 DNA origami,
respectively. (b) Fractions of different damage types (dv — dissociated
vertices, ct — collapsed triangles, bt — broken trapezoids) observed after
incubation at 20 °C, 10 °C, and 5 °C. (c) AFM images (0.179 x 0.179 pm?)
showing examples of intact and damaged DNA origami triangles. Height
scales are 2.5 to 2.7 nm (intact, dv, ct, bt) and 3.7 nm (melted), respectively.
Note that the melted DNA origami was obtained for an incubation
temperature of 37 °C. This type of damage is not observed at lower
temperatures. Statistical significances (two-tailed distribution, homosce-
dastic) are indicated as * (p < 0.05), ** (p < 0.01), and *** (p < 0.001).

sensitivity to cold denaturation, not to GdmCl per se, which
distinguishes the vertices from the trapezoids. This suggests that
cold-induced structural changes at the trapezoids lead to the
accumulation of strain, which is then directed to the vertices,
thereby, reducing further cold-induced damage in the trapezoids
(beyond the basal damage induced by GdmCl itself). This agrees
with the occurrence of triangles with dissociated vertices but
mostly intact trapezoids, whereas triangles with broken trapezoids
almost always show dissociated vertices.

5592 | Chem. Commun., 2024, 60, 5590-5593

Cold denaturation of proteins is well-known and has been
thermodynamically analyzed in seminal studies particularly by
the Privalov group' and is typically monitored by CD or NMR
spectroscopy.®'*'*'” However, only few proteins exhibit cold
denaturation at ambient temperatures.* Denaturants such as
urea or GdmCl rise T, and have been used in protein cold-
induced unfolding.'®*° For DNA origami, cold-denaturation
under these conditions has not yet been investigated at all.
Our study shows that it is spectroscopically detectable as a global
change in chirality, which is accompanied by rather local nano-
scopic structural transitions. The ‘visibility’” of cold-induced
damage at specific sites of the supramolecular assembly is
remarkable and not paralleled in scale by cold-denatured pro-
teins. It indicates that temperature-dependent structural strain
in the entire DNA assembly appears to be unevenly partitioned.
Strain in base pairing and stacking is likely to accumulate along
the repetitive structural elements of the DNA origami architec-
ture and eventually concentrates at predisposed structural hot-
spots (whereas heat denaturation unfolds the entire structure").
Here, the accumulated cold-induced forces exceed local mole-
cular interaction forces. CD spectroscopy picks up the global
stacking changes at a molecular level, enabling the quantifica-
tion of Ac, underlying cold denaturation. AFM imaging visua-
lizes the nanoscopic consequences at particularly susceptible
sites to the degree they can be resolved, whereas CD spectro-
scopy responds to the entirety of structural changes thus
enabling thermodynamic modelling.

The non-monotonic temperature dependence of DNA origami
damages modelled in Fig. 1d originates in a positive Ac, during
the “intact” to “damaged” transition. In fact, DNA melting
involves a positive Ac,, between 134 and 420 J K ' mol-bp™* and
scales with the increased of solvent-accessible apolar surface.”*
Typically, Ac, is by 2-4 larger than AS, (105 J K~ ' mol-bp ').** At
the reference temperature of 38 °C and the three examples of cold
denaturation curves in Fig. 3d, the AS, of the DNA origami
transition (obtained as AS, = AH,/(311 K)) equals 708, 354 and
177 J K, respectively. The corresponding Ac,, values given in the

This journal is © The Royal Society of Chemistry 2024
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caption of Fig. 3d are indeed within the reported proportion. This
suggests that GAmCI increased the 7, above 0 °C, as it does for cold
denaturation of proteins, without affecting the fundamental rela-
tion between AS, and Ac, of dsSDNA melting. Above 40 °C, the
denaturant and its counterions are involved in more complex
processes during melting of DNA origami.'"** The AH of base pair
melting is about 19 kJ mol " at 25 °C.>" The simulation of cold-
induced DNA origami damage with a AH, of 200-300 KJ results in
an acceptable approximation of our PCA data, suggesting that 10—
15 base pairs break cooperatively. The number of such cooperative
units cannot be deduced, but their estimated number of base pairs
is comparable to the lengths of the bridging staples at the vertices
(11 base pairs).>* The consistency of spectroscopically inferred
thermodynamic data and nanostructural damage suggests that
the vertices are the predominant source of cold-induced exposure
of hydrophobic surface of both, DNA bases and released Gdm"
ions. Thus, dsDNA melting at the structurally most dynamic
vertices>® probably contributes to the global Ac, derived from CD
spectroscopy. Adsorption of the originally twisted DNA origami®**®
on mica induces strain in the entire nanostructure. The cold-
induced concave appearance of the trapezoids seen in some dv
states, is likely to be the consequence of released in-plane strain
once the vertices no longer connect the individual trapezoids. In
fact, damage at the vertices decreased and cold-denaturation was
absent when global strain was released by disrupting the linkage
between the two half sides in one of the three trapezoids (see ESIt).

In summary, our data show that DNA origami exhibit cold
denaturation above 0 °C in the presence of GdmCl, similar to
proteins. In contrast to the latter, DNA origami triangles show a
response at the nm scale as cold-induced strain affects predis-
posed architectural motifs to rupture, allowing more relaxation
at other sites of the nanostructure. Future DNA origami design
may either exploit or prevent such effects.
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