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Cold denaturation is a phenomenon common to many proteins,! but it has not previously
been observed directly for nucleic acids.? It results from a difference in the heat capacities
(ACp) of the folded and unfolded states, and correlates with the change in accessible surface
area between the two species.3 Incorporation of a AC,, for (un)folding into the Gibbs free
energy results in a modified form of the Gibbs equation (egs 1 and 2), where T* is an
arbitrary reference temperature, and AH* and AS* are the enthalpy and entropy,
respectively, at that temperature. Large AC,, terms result in curvature of the free energy
profile such that a temperature of maximum stability exists, flanked by hot and cold melting
temperatures (Tp,'s).

dAH _dAS
o= T ar (1)

T
AGuntag=AH" — TAS"+AC, ((T 7 - Tln(—))

T* (2)

The ACp, for nucleic acid folding has been commonly assumed to be approximately zero. 46
However, several recent studies reported significant ACy's for DNA duplex formation’—9
and RNA tertiary folding,10-13 leading to predicitions of cold unfolding. Here, we report
spectroscopic evidence that the hammerhead ribozyme (Figure 1), a small self-cleaving
RNA,* undergoes cold denaturation, the first direct observation of this phenomenon for a
nucleic acid.

Recent cryoenzymological studies on hammerhead ribozyme 16 (HH16) demonstrated that a
40% (v/v) methanol in water cryosolvent system only minimally perturbed the ribozyme,
maintaining 80% of the rate observed in aqueous solution, with no loss in total extent of
cleavage.15 The cryosolvent allowed kinetic measurements of activity at temperatures down
to —33 °C. A dramatic reduction in cleavage rate occurred below —27 °C, yielding
significant curvature in the Eyring plot. Among the possible explanations for these data was
a cold denaturation transition inactivating the ribozyme.

The low-temperature structure of HH16 was therefore investigated, using circular dichroism
(CD) spectroscopy.18 CD is an effective probe of nucleic acid secondary and tertiary
structure.17:18 For example, by monitoring the CD signal of HH16 at 264 and 209 nm during
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titration with Mg2*, we obtain Ky values for ion-dependent folding of the ribozyme core in
good agreement with published values obtained by native gel electrophoresis,19:20 FRET 21
and calorimetry!! (data not shown). At 20 °C, addition of 40% methanol to folded samples
of HH16 causes no significant change in the CD spectrum. Upon cooling, however, a
dramatic change occurs between —10 and —30 °C under conditions similar to those used for
cryoenzymology, indicative of a near total loss of secondary and tertiary structure (Figure
2). Under these conditions, data monitored at either 264 or 209 nm do not fit a two-state
model, but qualitatively resemble two overlapping transitions possibly corresponding to
sequential loss of tertiary and secondary structures. Control experiments employing
radiolabeled HH16 provide no evidence of precipitation down to —30 °C, the lowest
temperature at which we could assay for precipitate by centrifugation.

Optimization of the pH and ion concentrations yielded conditions under which the structural
transitions are reversible and fit nicely to a two-state model.22 In 10 mM Mg?2* at pH 5.0, a
transition with a T,, of —20 °C is observed (see Figure S1).

The amplitude of this structural change, in comparison to the Mg?2™ titration data and high-
temperature melting experiments, indicates a loss of only tertiary structure. In contrast,
Figure 3 shows the high- and low-temperature melting curves of a sample at pH 6.6 in 500
mM NacCl. The spectroscopic data under these conditions were fit by least-squares
minimization to a double-baseline model (eq 3), where m and b are the baseline slopes and
intercepts, and R is the fraction of folded ribozyme. The parameter o is related to K by a
two-state model for a nonself-complementary bimolecular system?3 (eq 4) in which Ct is
the total strand concentration.

Ae=(mT+b;) (1 — )+ (msT+bs) ®

2a 4 (AHO ( 1 1))
K=————=—-exp — =
(1-a)C, C, R \T, T (4)

The fits yield Tpy's at 53 and —1 °C and AH's of 378 + 77 and 193 + 20 kJ mol 1,
respectively. The magnitude of the cold transition is comparable to that of the high-
temperature melt, indicating a significant loss of secondary structure. Previous work has
shown that high (=1 M) monovalent ion concentrations can substitute for divalent ions
normally required for hammerhead activity.?4-26 At 500 mM NaCl, however, the ribozyme
is somewhat destabilized and only modestly active. The central monotonic region of Figure
3 therefore likely corresponds to a shifting ensemble of tertiary conformers. Using the van't
Hoff fitting parameters and eq 1, we determined AC,, for the folding transition under these
conditions with the estimate that AC, ) (AHMt — AHCOId)/(T hot _T, cold) This
approximation of AC,, benefits from the wide temperature range separating the two
transitions. Parameters obtained from the fits yield a van't Hoff AC, for secondary structure
formation of 3.4 + 0.9 kJ K~ mol~1 under the 500 mM NaCl conditions. This value
corresponds to a ACp, of g0.18 kJ K~1 (mol base pair)~1, where the limit indicates that our
data cannot conclusively show that all secondary structure is lost during the cold
denaturation transition. These values fall within the range of calorimetric ACy's (0.17—-0.84
k] K™1 (mol base pair) 1) recently reported for DNA duplex formation.”"® AC,'s calculated
from the imposition of a two-state model onto optical melting data must be treated with
caution, however.2” “Denatured” end-states are usually more aptly described as complex
ensembles with varying degrees of residual stacking.? Even data that fit beautifully to a two-
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state model may yield misleading thermodynamic values due to the temperature dependence
of these ensembles and their coupled equilibria with other solution components.
Furthermore, the solution parameters that affect AC, for nucleic acid folding are poorly
understood since few studies have focused on this parameter.® Additional calorimetric
experiments currently underway could validate the utility of a two-state model in nucleic
acid folding and the energetic importance of the ACp, term.

The observation of RNA cold denaturation belies the assumption of a negligible AC, of
folding implicit in most algorithms currently used for RNA (or DNA) structure prediction.
Although this approach might be adequate for routine secondary structure prediction, it may
prove insufficient when applied to more complex problems such as tertiary folding and
multibranch junctions.10

In conclusion, we have provided the first direct evidence for cold denaturation of a nucleic
acid. From hot and cold transitions of the same sample, we calculate a van't Hoff AC, of
secondary structure formation that compares favorably with calorimetric data for DNA
duplexes. Our observations contradict a common assumption that the AC,, of nucleic acid
folding is near zero and highlight the need to use thermodynamic models of RNA folding
that include AC,, terms.
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Diagram of HH186, the two-strand, 55-nucleotide (nt) hammerhead construct used in this
study. Strands of 38 nts (solid) and 17 nts (outline) anneal to form the complete ribozyme.

The arrow marks the cleavage site in the active ribozyme. All samples used for CD

employed dC at this site to prevent cleavage.
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Figure 2.

Overlaid CD spectra of 7 uM HH16 in 40% MeOH, 50 mM Tris pH 8.0, 10 mM Mg?2*.
Arrows highlight the observed intensity changes at 264 and 209 nm as temperature descends
from 20 to —27 °C. These peaks report on the extent of global structure in the construct.
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Figure 3.

Hot and cold unfolding transitions of the same sample: 10 xM HH16 in 40% MeOH, 50 mM
cacodylate pH 6.6, 500 mM NaCl. The sample was denatured by heating to 348 K and then
ramped to 283 K at 1 °C/min (O) by using a Peltier device. After transfer to a jacketed
circulation cell at 288 K, the sample was ramped down to 248 K at 7.5 °C/h (A). Solid lines
are two-state fits of the CD data at 264 nm.
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