DNA intro
There is a famous quip by Jacques Monod that “what is true for E.colis is also true for
elephants, only more so”. The same thing can be said about proteins and nucleic acids.
Since nucleic acids are molecules just like proteins are molecules, the same principles
that govern the properties and structure of proteins also shape the properties and structure
of nucleic acids. However, as we will see, different forces dominate protein structure and
nucleic acid structure.
So lets have a look at DNA and contrast what we see with what we know about proteins.
Lets look at the backbone first:

Two things should immediately strike you:
1) The backbone of nucleic acids is charged:
The backbone contains one phosphate per residue. The pKa of the hydroxy group on
this phosphate is somewhere between 1 and 2; under any physiologically relevant
condition all of these phosphates will be negatively charged.
The charge density is so great that an effect called ion condensation occurs.
Essentially the electrostatic potential of the DNA is so great that it overcomes the
entropic cost of localizing the ions on the DNA. This entropic cost is minimized by
maintaining the cations in a cloud of highly mobile ions instead of in tightly localized
salt-like interactions.
2) The backbone is a lot more complicated:
First of all there are many more bonds per residue. In proteins there are only three
different bonds. And one of these bonds, the peptide bond, cannot rotate. In DNA we

have 6 bonds per residue. In addition the backbone contains the sugar rings. All of
these bonds can rotate (even though rotation of the bonds in the sugar ring are
restricted to small-scale puckering motions) Say goodbye to a simple two
dimensional plot a la Ramachandran for identifing sterically allowed conformations
or to categorize the “secondary” structure of DNA.
3) There are no hydrophobic groups in the backbone:
About half of the amino acids in a protein are hydrophobic and the formation of a
hydrophobic core is central to the stability of many proteins. Nucleic acids on the
other hand are virtually devoid of hydrophobic groups. The entire backbone is
charged and very hydrophilic. All five bases are also studded with hydrogen bond
acceptors and donors.
The Bases

Two things should immediately strike you about the structure of nucleic acid bases. First,
the bases are completely flat and, second, the edges of these flat bases are studded with
hydrogen bond donor and acceptors.
Base stacking
The flatness of these bases and the fact that they form conjugated pi-electron systems
means that bases will be able to derive a lot of interaction energy from van der Waals
forces. Remember that the distance dependence of the van der Waals forces was 1/r6; the
flatness of the bases allows the bases to stack very neatly, thus achieving the closest
possible contact over the larges possible area. The conjugation of the bases’ electronic
systems also means that the individual atoms are quite polarizable – the second factor that
contributes to the strength of van der Waals interactions. These two factors, polarizability
and packability, together result in very strong van der Waals interactions that favor base

stacking by several kcal/mol. Depending on the solution conditions and the local
geometry of the DNA these energies can be as high as 6-9 kcal/mol per base pair.
A great example of how VDW energy depends on the highest possible degree of surface
contact is the difference in stacking energy of a 5’GC3’*5’GC3’ “helix” which is almost
twice as high as the stacking energy in a 5’CG3’*5’CG3’ helix. If you build a model, of
such a helix, you will be able to see that you get nice stacking in one but not in the other.
It is a subtle structural difference, but because of the 1/r6 difference dependence this
subtle difference has large energetic consequences.
Hydrogen bonding
Base-to-base hydrogen bonds are a major determinant of nucleic acid structure.
You should be a bit surprised by this statement. When talked about proteins we said that
hydrogen bonding makes, at best, a negligible contribution to protein stability. The
argument was that during folding process we simply replace water-to-protein hydrogen
bonds with protein-to-protein hydrogen bonds. What is different about the hydrogen
bonds involved in base pairing that makes them energetically so much more favorable
than hydrogen bonds in water or, for that matter, those in proteins?
The answer is that there are three components that contribute to the extraordinary
strength of hydrogen bonds between bases:
1) Each base pair forms a pair of mutually stabilizing hydrogen bonds. In other
words forming one hydrogen bond induces a dipole that stabilizes the other
hydrogen bond. (See the illustration below). Such mutually reinforcing hydrogen
bonds are significantly more stable than regular hydrogen bonds.

2) The bases form multiple hydrogen bonds between them. Stacking interactions
have already pre-oriented the bases to restrict the entropic penalty we pay when
making a hydrogen bond. Also once we pay the conformational price for forming
the first hydrogen bond we can form the second hydrogen bond even easier and
the third hydrogen bond in GC base pairs carries no entropic penalty at all. We get
this hydrogen bond for free.
3) The context of the double helix is a somewhat lower dielectric environment than
aqueous solution. (Mainly because of the rigidity of the environment-> no
adaptive reorientation of charged groups because of stacked and rigid bases)

Since the nature of the hydrogen bond is a charge-charge interaction a low
dielectric stabilizes it.
As a result formation of the hydrogen bonds the different base pairs is approximately
GC=6 kcal/mol
AT=4.5 kcal/mol
One little-appreciated fact about hydrogen bonding by nucleic acid bases is the large
number of different combinations of hydrogen bonds through which nucleic acid bases
can interact. Many of these possible arrangements, 28 to be precise, result in exactly the
same kind of mutually stabilizing hydrogen bonds we see for the classic Watson-Crick
base pairs GC and AT with similar energetic effects. So the dominance of Watson-Crick
style base pairing in nucleic acid structure is not just the result of the strength of the
hydrogen bonds themselves but also a result of the favorable backbone geometry and the
favorable base stacking with which the Watson-Crick base pairs are compatible.

.

DNA Structure
In one sense the chemical structure of DNA is a lot more varied than that of proteins, we
have phosphates and sugars and bases etc., but then again all 5 bases are very similar in
their properties. Each is flat, rigid and studded with hydrogen bonds. Perhaps as a result,
the number of ways these units can interact to form secondary and tertiary structure is
relatively small. While proteins usually reflect a very fine balance of energetic trade-offs,
DNA structure follows relatively straight-forward principles.
1) The backbones have to be separated as far as possible and be solvent exposed to
minimize electrostatic penalties.
2) The bases want to form mutually stabilizing hydrogen bonds.
3) The bases want to be stacked to maximize van der Waals interactions.
As long as we fulfill these three criteria, nucleic acids seem to be quite content. What is a
bit surprising is just how many different ways there are to fulfill these three requirements
and how relatively subtle changes in the base sequence or solution conditions will be able
to distort nucleic acid structure. These distortions can either be relatively subtle or quite
dramatic.
One nice example is the structural comparison between B-DNA, A-DNA and Z-DNA. Aand B-DNA are very similar, displaying only subtle changes in local geometry to make
the whole helix a little larger in diameter and changing the relative size of the major and
minor groove. Z-DNA on the other hand has a drastically different local geometry – for
one thing its helix is left-handed – but still the DNA fulfills the three criteria of having
the backbones well-separated and solvent exposed, the bases hydrogen bonded and
stacked neatly on top of one another – same principles, but a completely different overall
structure.
Another nice example of how these three principles control nucleic acid structure is the
type 1 self-splicing intron from tetrahymena. When we look at the structure of this
ribozyme, we can immediately notice that the structure does not display the type of tight
packing displayed by virtually all protein structures. Since we cannot form a hydrophobic
core, there is no reason for the exclusion of solvent from the interior of the structure.
Equally important, we have a the highly charged backbone and bringing those backbones
close together would require the displacement of the cloud of cations that helps stabilize
the electrostatic charge of the backbone. You will also notice that the vast majority of the
bases are neatly stacked on top of one another and form nice sets of mutually stabilizing
hydrogen bonds. If you look closely, you will be able to spot a few examples of nonWatson-Crick base pairs.

