Lecture 2. 2022
Nucleic Acid Duplex Stability
why do we care?

Proteins Care about DNA Duplexes

miRNAs care about duplex RNA stability

Factors affecting duplex nucleic acid stability
1. Base composition (GC content) and sequence (for oligonucleotides)
2. Molecular weight
3. Monovalent cation concentration
4. Multivalent cation concentration
5. Temperature
6. pH
7. Tertiary structure
8. Non-aqueous solvents
9. Proteins and other ligands that bind preferentially to either duplex or single strand
10.Anions at > 1M concentrations

Duplex nucleic acid stability. The Helix-Coil transition.

Nomenclature: duplex = double strand.
Duplex
single-strand transition is a helix
coil transition, keeping in
mind that
B
DNA
a) Single-stranded nucleic acids form helices and
b) Most single strands are not random coils

Z

A

Experimentally, at 37° C in 0.2 M KCl, duplex B-form DNA is stabilized
relative to single-strands by ~ 1 kcal/mol base pairs.
The simplest variable to use to denature duplex nucleic acids is
(Melt)
temperature.
The transition is broadly
characterized by an enthalpy
(ΔH°) of +6-11 kcal/mol bp,
which reflects the unstacking
of bases.
The entropy (ΔS°) of
denaturation is ~25 eu per
base pair.

Mw = 78,000 = 118 bp
Mw = 48,000 = 72 bp
Mw = 40,000 = 60 bp
Mw = 30,000 = 45 bp

What is the relative absorbance of duplex B-form DNA and A-form RNA?

A word about base stacking.
•
•
•
•

Stacking occurs through electronic interactions between bases.
Stacking is enthalpically driven (∆H° < 0)
Entropy of stacking is unfavorable.
If stacking were hydrophobic, then it would be accompanied by a release of
water and an increase in entropy, which is not observed. Stacking is not
hydrophobic.

Base stacking is the driving force for nucleic acid folding/duplex formation

Melting of large duplex DNAs is not
two-state, as illustrated here by the
first derivative of a slow melt (6.75
°C/hr) of phage λ DNA (~30,000 bp).
Each trace corresponds to a different
[Na+] in 5 mM sodium cacodylate,
0.2 mM EDTA, pH 6.85.
The TM (tm) was defined as the
temperature where the absorbance
was 50% of the total integrated
absorbance change.

Monovalent ion concentrations
• Below 1 M MX, there is no effect of anions.
• For Cations, there is a strong effect on duplex stability, since the cations
electrostatically interact with the phosphates
• Experimentally for DNA duplexes, the relation is dTM/d(log[M+]) = 19° C (pH
7)

4. Multivalent ions
• Bind with high affinity to DNA and RNA, and affect the TM at lower
concentrations than do monovalent cations.
• For DNA duplexes, the most important multivalent cations are
spermidine, spermine, and putrescine.
• For RNAs, the most important ion is Mg2+.
Spermidine NH3+CH2CH2NH2+CH2CH2CH2CH2NH3+
Spermine NH3+CH2CH2CH2NH2+CH2CH2CH2NH2+CH2CH2CH2NH3+
Polyelectrolyte properties of DNA (RNA)
•
•
•
•

Highly charged polyanion
One negative charge per phosphate (its pKa ~ 2)
Associates with cations in solution
In a solution of duplex DNA + KCl, about 75% of the phosphate charge
is neutralized by K+ ‘bound’ to phosphate backbone. This is NOT sitespecific binding; the cation retains its water of hydration.

Brief comment on the electrostatic problem
Duplex DNA, assuming B form and 10.4 bp/turn, has 2 PO4¯/3.4 Å.
Duplex RNA is A-form, and 11-12 bp/turn, has 2 PO4¯/2.5 Å
The B-form duplex has ~10 bp/turn, and 34 Å/turn. Thus base pairs stack 3.4 Å apart.
The A-form duplex has ~11-12 bp/turn, and 28 Å/turn. Thus base pairs stack ~2.5 Å apart.
Thermodynamically, there is not a 1:1 ratio of phosphate to M+ ion. Instead, there are
0.88 M+ bound per phosphate.
And ‘bound’ does not mean stable electrostatic binding, for these ions are loosely
associated with the nucleic acid and float around it.
Single strand DNA has 1 phosphate per 3.4 Å, but there are only 0.70 M+ ‘bound’ to each
phosphate (thermodynamically).
Therefore:
duplex ↔ single strand + xM+
where ions are released upon melting of the duplex. For DNA, x = 0.88 – 0.70 = 0.18 M+ per
phosphate.
Increasing the monovalent ion concentration favors the duplex (by Le Chatelier’s principle of
mass action), and so the TM increases.

CAN YOU PREDICT THE THERMODYNAMIC STABILITY OF A DNA DUPLEX?

YES
For example, how do you design DNA oligonucleotides for PCR, site-directed mutagenesis, or
sequencing?
There are tables of “Nearest Neighbor” energies that are used by software packages from IDT (for
example).
How do they work?

The experimental observation was that thermodynamic stability of a given base pair depends on its
sequence and the flanking base pairs (hence the nearest neighbor).
So: Synthesize DNA and RNA oligos, and measure their thermodynamic stability. [How many oligos?]

Measure their enthalpy and calculate the entropy and free energy. Use 1 M NaCl. pH 7.0

AN RNA EXAMPLE
Strands are self-complementary

Strands are non self-complementary

EXERCISE for Oct 20 Discussion Section
Replace U’s with T’s and do these calculations for DNA. Use the data from the table,
and compare it with results from the IDT website. Be prepared to explain your
results.

Biological RNAs have
duplexes, but they are
short.

Tandem
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Internal
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RNA experimental thermodynamic parameters for
calculations of Nearest-Neighbor Duplex stabilities
Sequence

5′AA3′
3′UU5′
5′AU3′
3′UA5′
5′UA3′
3′AU5′
5′CU3′
3′GA5′
5′CA3′
3′GU5′
5′GU3′
3′CA5′
5′GA3′
3′CU5′
5′CG3′
3′GC5′
5′GG3′
3′CC5′
5′GC3′
3′CG5′
initiationc
Per Terminal
AUd
Symmetry

ΔGº37
(kcal/mol)
-0.93 (0.03)

ΔHº (kcal/mol)

ΔSº b(eu)

-6.82 (0.79)

-19.0 (2.5)

-1.10 (0.08)

-9.38 (1.68)

-26.7 (5.2)

-1.33 (0.09)

-7.69 (2.02)

-20.5 (6.3)

-2.08 (0.06)

-10.48 (1.24)

-27.1 (3.8)

-2.11 (0.07)

-10.44 (1.28)

-26.9 (3.9)

-2.24 (0.06)

-10.40 (1.23)

-29.5 (3.9)

-2.35 (0.06)

-12.44 (1.20)

-32.5 (3.7)

-2.36 (0.09)

-10.64 (1.65)

-26.7 (5.0)

-3.26 (0.07)

-13.39 (1.24)

-32.7 (3.8)

-3.42 (0.08)

-14.88 (1.58)

-36.9 (4.9)

+4.09 (0.22)
+0.45 (0.04)

+3.61 (4.12)
+3.72 (0.83)

-1.5 (12.7)
+10.5 (2.6)

+0.43

0

-1.4

0

0

0

(selfcomplementary)

Symmetry
(Non-selfcomplementary)

X

Y

A
C
G
U
G
U

U
G
C
A
U
G

XG
YU
(-0.5)
-1.5
-1.3
-0.7
(-0.5)
-0.6

XU
YG
-0.7
-1.5
-1.9
(-0.5)
(-0.5)
(-0.5)

Numbers in parentheses are uncertainties from
experimental data in 1 M NaCl, pH 7.
b The entropy is calculated from the experimental
∆G°37 and ∆H° data.
c Initiation of duplex formation is entropically
unfavorable. This term includes potential terminal
GC effects.
d The thermodynamic penalty for each terminal
AU pair13.

Experimental parameters for duplex regions are robust, and can be applied to
predict stability of folded regions in algorithms such as Viennafold, unifold, or
RNAFOLD.
The problem is the contribution of loops to the folding free energy, because
those experimental values are soft:

Note that all the free energies of
loops are positive and unfavorable

Calculating hairpin loop folding free energies includes the ∆G° (stem) and ∆G°(loop)
based on its number of nucleotides, plus a free energy term from the mismatch
flanking the loop-closing base pair, and an extra energy term if that first mismatch is a
GA or UU.
These are empirical terms, not theoretical.
.

Using thermodynamic basis sets, we can predict the structures of any
RNA sequence and compare their free energies. There are several
software packages that incorporate the current data bases. (in pubmed,
search for RNA folding programs; in Google, try RNA secondary
structure prediction). RNAFOLD, Vienna package.
I recommend RNASTRUCTURE from Dave Mathews’ lab.

These parameters have been shown to successfully predict about 80%
of the correct structures. BUT: which 80%?
AND: How do you validate the predictions?

ASSIGNMENT For Discussion section Oct 20
• Could you use UV absorbance to distinguish between RNA and
DNA in solution? Why or why not?
• Draw a CD spectrum of a single-stranded DNA.
• Draw a CD spectrum of a single-stranded RNA.
• How do you interpret the CD spectra of the ribo/deoxy
nucleotides?
• Compare a typical absorbance spectrum of a purified protein
(choose your favorite) with that of a dsDNA oligo from 350-200 nm.
Assume 10 µM of each.
• Sketch the UV absorption spectra and the CD spectra of a native
and denatured α/β sandwich protein (analogous to the DNA
absorbance spectrum).
• Comment on your answers to explain your reasoning.

