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Cold denaturation is a phenomenon common to many proteins, Control experiments employing radiolabeled HH16 provide no
but it has not previously been observed directly for nucleic atids. evidence of precipitation down te30 °C, the lowest temperature

It results from a difference in the heat capaciti®€§) of the folded at which we could assay for precipitate by centrifugation.
and unfolded states, and correlates with the change in accessible AA Ac1 oo p5
surface area between the two speéigscorporation of aAC,, for G—C \\CG
(un)folding into the Gibbs free energy results in a modified form Stem 2 ‘é:g \\\
of the Gibbs equation (eqs 1 and 2), whareis an arbitrary &= é”\\fl/ Stem 1
reference temperature, amtH* and AS* are the enthalpy and ﬁiIZIIIG Ly
entropy, respectively, at that temperature. Lafg&, terms result A AGu
in curvature of the free energy profile such that a temperature of U—a
maximum stability exists, flanked by hot and cold melting tem- ‘8‘:Zéx Stem 3
peratures Tn's). é—
ps’
dAH dAS Figure 1. Diagram of HH16, the two-strand, 55-nucleotide (nt) ham-
de = W = Tﬁ 0} merhead construct used in this study. Strands of 38 nts (solid) and 17 nts
(outline) anneal to form the complete ribozyme. The arrow marks the

. " T cleavage site in the active ribozyme. All samples used for CD employed
AGypoq = AH* — TAS" + AC, T-T)-T |n(ﬁ)) 2 dC at this site to prevent cleavage.

The AC, for nucleic acid folding has been commonly assumed “:
to be approximately zert.® However, several recent studies re- = 6
ported significantAC,'s for DNA duplex formatiori—® and RNA '7-0- 4
tertiary folding®-13leading to predicitions of cold unfolding. Here, E 2
we report spectroscopic evidence that the hammerhead ribozyme E
(Figure 1), a small self-cleaving RN&,undergoes cold denatura-  « 0
tion, the first direct observation of this phenomenon for a nucleic E 2
acid. T 4
Recent cryoenzymological studies on hammerhead ribozyme 16 w
(HH16) demonstrated that a 40% (v/v) methanol in water cryosol- < -6} | | | |

vent system only minimally perturbed the ribozyme, maintaining 200 220 240 260 280 300
80% of the rate observed in aqueous solution, with no loss in total

extent of cleavag® The cryosolvent allowed kinetic measurements Wavelength (nm)

of activity at temperatures down t633 °C. A dramatic reduction ~ Figure 2. Overlaid CD spectra of ZM HH16 in 40% MeOH, 50 mM

: o s s _ Tris pH 8.0, 10 mM M@*. Arrows highlight the observed intensity changes
in cleavage rate occurred belov27 °C, yielding significant curva at 264 and 209 nm as temperature descends from 202°C. These

ture in the Eyring plot. Among the possible explanations for these peaks report on the extent of global structure in the construct.
data was a cold denaturation transition inactivating the ribozyme.
The low-temperature structure of HH16 was therefore investi-
gated, using circular dichroism (CD) spectroscépy¥D is an
effective probe of nucleic acid secondary and tertiary strucftie.
For example, by monitoring the CD signal of HH16 at 264 and
209 nm during titration with Mg, we obtainKy values for ion-
dependent folding of the ribozyme core in good agreement with
published values obtained by native gel electrophot&3¥&RET2
and calorimetri* (data not shown). At 20C, addition of 40%
methanol to folded samples of HH16 causes no significant change
in the CD spectrum. Upon cooling, however, a dramatic change
occurs betweer-10 and—30 °C under conditions similar to those
used for cryoenzymology, indicative of a near total loss of secondary 40 260 280 300 320 340 360
and tertiary structure (Figure 2). Under these conditions, data Temperature (K)

. . - ~ Figure 3. Hot and cold unfolding transitions of the same sample;ulVD
monitored at either 264 or 209 nm do not fit a two-state model, HH16 in 40% MeOH, 50 mM cacodylate pH 6.6, 500 mM NaCl. The

but qualitatively resemble two overlapping transitions possibly sample was denatured by heating to 348 K and then ramped to 283 K at 1
corresponding to sequential loss of tertiary and secondary structures2C/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°’CTh ().

* Address correspondence to this author. E-mail:afeig@indiana.edu. Solid lines are two-state fits of the CD data at 264 nm.
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Optimization of the pH and ion concentrations yielded conditions same sample, we calculate a van't HAIC, of secondary structure
under which the structural transitions are reversible and fit nicely formation that compares favorably with calorimetric data for DNA
to a two-state modék In 10 mM Mg?" at pH 5.0, a transition duplexes. Our observations contradict a common assumption that
with a T, of —20 °C is observed (see Figure S1). the AC, of nucleic acid folding is near zero and highlight the need

The amplitude of this structural change, in comparison to the to use thermodynamic models of RNA folding that includ€,

Mg?" titration data and high-temperature melting experiments, terms.

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 NaCl. The spectroscopic data under these conditions
were fit by least-squares minimization to a double-baseline model
(eq 3), wheram andb are the baseline slopes and intercepts, and
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a is the fraction of folded ribozyme. The parameteis related to Supporting Information Available: Derivation of the fitting
K by a two-state model for a nonself-complementary bimolecular equation andAeg?®* vs. T plot for the 10 mM Mg, pH 5.5 sample
systen® (eq 4) in whichCs is the total strand concentration. (PDF). This material is available free of charge via the Internet at http://
pubs.acs.org.
Aeg=(MT+ b)(1 — o) + (MT + b)a 3
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