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in single-stranded DNA.
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Helicases
Helicases are motor proteins that use the energy of nucleoside
triphosphates to unwind DNA.

Single-Stranded DNA Binding Proteins
Single-stranded DNA binding proteins (SSB) stabilize single-
stranded DNA.
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Covalently closed circular DNA molecules can form supercoils.

Bacterial DNA usually exists as a covalently closed circle.

4.8

49

Plasmid DNA molecules are used to study the properties of
circular DNA in vitro.

Circular DNA molecules often have superhelical structures.
Supercoiled DNA results from under- or overwinding circular DNA.
Superhelices can have single-stranded regions.

Topoisomerases catalyze the conversion of one topoisomer into
another.

Enzymes belonging to the topoisomerase | family can be divided
into three subfamilies.

Type Il topoisomerases require ATP to convert one topoisomer
into another.

Non-B DNA Conformations
A-DNA is a right-handed double helix with a deep major groove
and very shallow minor groove.

Z-DNA has a left-handed conformation.
DNA conformational changes result from rotation about single bonds.

Several other kinds of non-B DNA structures appear to exist in
nature.

RNA Structure

RNA performs a wide variety of functions in the cell.
RNA secondary structure is dominated by Watson-Crick base pairs.

RNA tertiary structures are stabilized by interactions between
two or more secondary structure elements.

4.10 The RNA World Hypothesis

The earliest forms of life on earth may have used RNA as both the
genetic material and the biological catalysts needed to maintain life.
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Chapter 1 about B-DNA structure. More specifically, it explores

DNA size, fragility, grooves, bending, denaturation, renatur-
ation, and superhelicity. This new information, together with infor-
mation provided in Chapters 2 and 3 about proteins and enzymes, is
applied to study enzymes that unwind double-stranded DNA, proteins
that stabilize single-stranded DNA, and enzymes that catalyze changes
in superhelical structures. Although B-DNA is the predominant DNA
conformation inside the cell, other conformations also exist. Some of
these conformations and their possible physiological significance are
discussed.

The second part of the chapter examines RNA structure. As
described in Chapter 1, ribonucleotide building blocks are linked by
5’—3’ phosphodiester bonds to form linear polyribonucleotide chains.
Cells make many different kinds of RNA chains; each kind has a
unique nucleotide sequence (primary structure) and size. Some RNA
molecules can perform their functions as unstructured single strands.
Many others, however, have distinct secondary and tertiary structures
that must be formed for the molecule to perform its function. Although
RNA chains lack the flexibility of polypeptide chains and their com-
ponent nucleotides lack the variety of functional groups present in
amino acid side chains, some RNA molecules fold into structures
that bind specific substrates and catalyze chemical reactions. RNA
molecules also interact with proteins to form stable ribonucleoprotein
complexes. This chapter introduces some important aspects of RNA
structure. More detailed information about particular RNA molecules
and ribonucleoprotein complexes is presented in later chapters in
which RNA functions are examined.

The first part of this chapter builds on information provided in

.1 bNA size and Fragility

DNA molecules vary in size and base composition.

DNA molecules exist in a wide range of sizes and base compositions
in viruses, bacteria, archaea, and eukaryotes. In most prokaryotes, the
total DNA content is usually included in a single DNA molecule. In
eukaryotes, including the unicellular organisms such as algae, yeast,
and protozoa, the DNA is partitioned into a number of chromosomes.
The long DNA molecule in each chromosome winds around protein
complexes made of basic proteins called histones. Exact sizes and
sequences are known for many viral, bacterial, and eukaryotic DNA
molecules. Table 4.1 lists the lengths of individual DNA molecules from
various sources. Sizes vary greatly among viral DNA molecules but
much less so for bacterial DNA molecules. The length of the duplex
DNA molecules can be calculated from the 0.34 nm distance between
base pairs (bp). Therefore, the DNA molecules listed in Table 4.1 range
from approximately 1.7 um to 83,500 mm (8.3 cm!). The width of a
DNA molecule is 2.0 nm. In general, more complex organisms require
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‘ Sizes of Various DNA Molecules ‘

Source of DNA Size in Base Pairs (bp)

Plasmid pBR322* 4,361

Simian virus 40 (SV40) 5,200

Phage T7* 39,987

Phage A* 48,502

F plasmid* 99,159

Vaccinia virus strain WR 194,711

Fowlpox virus 266,145

Mycoplasma genitalium 580,073

Yeast chromosome IV 1,531,929

Escherichia coli 4,639,221

Human chromosome 1 245,522,847

Note: Phages (viruses that infect bacteria) and plasmids marked with an asterisk have
E. coli as a host. Mycoplasma genitalium is the smallest known free-living bacterium. For
yeast and humans the molecular mass of the largest DNA molecule in the organism is
given.

much more DNA than simpler organisms (though the cells of both the
toad and the South American lungfish have considerably more DNA
than human cells).

DNA molecules are fragile.

The great lengths of DNA molecules make them extremely susceptible
to breakage by the hydrodynamic shear forces resulting from such
ordinary operations as pipetting, pouring, and mixing. Unbroken DNA
molecules shorter than about 300,000 bp usually can be isolated from
viruses. Unless great care is taken, larger DNA molecules are almost
always broken during isolation so that the average length of isolated
DNA is usually about 40,000 bp. Bacterial DNA, for instance, is frag-
mented into about 50 to 100 pieces. The fact that the DNA of bacteria
and of higher organisms is invariably fragmented by manipulation has
important experimental consequences.

Recol\%nltlon Patterns in the Major
and Minor Grooves

FIGURE 4.1 Major and minor grooves in

B-DNA. B-DNA is shown as a spacefilling E . ifi tt tthe ed fth .
structure with the bases in light blue and the nzymes can recognize speciric patterns at the edges or the major

rest of the molecule in standard CPK element and minor grooves.

coloring. (Structure from Protein Data Bank R . ! .
1BNA. ,‘c_’, RV b B aNEA e St DNA’s length and fragility presents a challenge when investigators

USA 78 [1981]: 2179-2183. Prepared by B. E. wish to study DNA in vitro. This challenge is technical, however,
Tropp.) and does not influence our basic concept of how DNA works. A
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FIGURE 4.2 Base pair recognition from the edges in the major and minor grooves. (a—d) The four types of base pairs are
shown. Hydrogen bonds between base pairs are shown as a series of short red lines. Potential hydrogen bond donors are
shown in blue and potential hydrogen bond acceptors in orange. Nonpolar methyl groups in thymine are yellow and hydro-
gen atoms that are attached to carbon atoms and, therefore, unable to form hydrogen bonds are white. (Modified from

C. Branden and J. Tooze. Introduction to Protein Structure, First edition. Garland Science, 1999. Used with permission of
John Tooze, The Rockefeller University.)

more fundamental problem results from the fact that base pairs are
located within the helix. It, therefore, was initially difficult to see how
enzymes recognize and interact with specific base sequences. One
possible solution to the problem is for DNA to unwind. Although
DNA does unwind (see below), many enzymes appear to be able to
recognize base sequences in the helical structure. Examination of the
space filling structure shown in FIGURE 4.1 reveals that the edges of
the major and minor grooves are accessible to enzymes. These grooves
arise because deoxyribofuranose groups are attached to base pairs
in an asymmetric fashion. That is, the sugar rings lie closer to one
side of the base pair than to the other. The grooves’ edges are lined
with hydrogen bond donors, hydrogen bond acceptors, nonpolar
methyl groups, and hydrogen atoms (FIGURE 4.2). Each of the four
base pairs projects a unique pattern at the edge of the major groove,
but TeA and AeT base pairs project the same pattern at the edge
of the minor groove as do CeG and GeC base pairs (FIGURE 4.3).
These patterns permit the enzymes to read the sequence from outside

the helix.
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(a) (b)

Major groove Minor groove

O H-bond acceptor

0 H-bond donor

Q Hydrogen atom

O Methyl group

FIGURE 4.3 DNA recognition code. Distinct patterns of hydrogen bond
donors, hydrogen bond acceptors, methyl groups, and hydrogen atoms are
observed when looking directly at the edges of the base pairs in the major (a)
or minor (b) grooves. Each of the four base pairs projects a unique pattern of
hydrogen bond donors, hydrogen bond acceptors, methyl groups, and hydro-
gen atoms at the edge of the major groove. However, the patterns are similar
at the edge of the minor groove for TeA and AeT as well as for CeG and GeC.
(Modified from C. Branden and J. Tooze. Introduction to Protein Structure,
First edition. Garland Science, 1999. Used with permission of John Tooze,
The Rockefeller University.)

4 3 DNA Bending

Some base sequences cause DNA to bend.

An immense variety of base sequences have been observed in DNA.
Although most sequences do not have any special features that cause
them to influence DNA structure, some do. For instance, tracts con-
sisting of 4 to 6 adjacent adenine residues, called A-tracts, cause DNA
to bend. Each A-tract contributes 17° to 22.5° of curvature. When
A-tracts are in phase within a DNA molecule so that they are repeated
at 10 or 11 bp intervals, their contributions are additive and the DNA
molecule bends back on itself. Other sequences such as 5’-RGCY-3’,
where R is a purine and Y is a pyrimidine, can also cause bending.
The local structure of B-DNA, thus, may differ slightly from the clas-
sic linear helix.

44 DNA Denaturation and Renaturation
DNA can bhe denatured.

When the Watson-Crick Model was first proposed, many investiga-
tors thought that the long DNA strands would not be able to unwind
and therefore complete strand separation would be impossible. In
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an attempt to dispel this concern, biophysical chemists tried to show
that the unwinding process can also take place in the test tube. The
approach was to treat DNA with a physical or chemical agent that
would disrupt the weak non-covalent interactions (see below) that hold
base pairs together without disrupting covalent bonds. Early efforts by
Paul Doty and coworkers in the late 1950s showed that DNA solutions
undergo a striking drop in viscosity when heated. This observation was
interpreted to mean that the double helical structure collapses when
heated. This collapse was also accompanied by a change in the DNA’s
ability to rotate plane-polarized light, resulting from the loss of the
right-handed helical structure. It seemed probable that the change in
the secondary structure observed when the DNA solution was heated
represented a conversion of the linear double helical structure into
separate single strands. Several different kinds of experiments helped
to establish that the two strands do in fact unwind to form separate
strands when a DNA solution is heated. For instance, the mass/length
ratio of DNA before heating is twice that of DNA after heating and
a deoxyribonuclease specific for single-stranded DNA was shown
to digest DNA after heating but not before. The transition from the
double helical structure (the native state) to randomly coiled single
strands (the denatured state) is called denaturation.

The simplest way to detect DNA denaturation is to monitor the
ability of DNA in a solution to absorb ultraviolet light at a wave-
length of 260 nm, A, . The nucleic acid purine and pyrimidine bases
absorb 260 nm light strongly. The absorbance at 260 nm, A, , is
proportional to concentration. The A, value for double-stranded
DNA at a concentration of 50 ug - mL~! is 1.00 unit. Furthermore,
the amount of light absorbed by nucleic acids depends on the struc-
ture of the molecule. The more ordered the structure, the less light
that is absorbed. Therefore, double-stranded DNA absorbs less light
than the single-stranded chains that form it, and these chains in
turn absorb less light than nucleotides released by hydrolysis. For
example, three solutions of double-stranded DNA, single-stranded
DNA, and free nucleotides, each at 50 pug - mL™!, have the following
A, values:

Double-stranded DNA: A, = 1.00
Single-stranded DNA: Ao = 1.37
Free nucleotides: A, = 1.60

This relationship is often described by stating double-stranded
DNA is hypochromic or free nucleotides are hyperchromic.

If a DNA in a solution that is about 0.15 M sodium chloride is
slowly heated and the A, is measured at various temperatures, a
melting curve such as that shown in FIGURE 4.4 is obtained. The fol-
lowing features of this curve should be noted:

1. The A, , remains constant up to temperatures well above those
encountered by most living cells in nature.

2. The rise in A, occurs over a range of 6° to 8°C.

3. The maximum A, , is about 37% higher than the starting
value.

260
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FIGURE 4.5 Effect of G-C content on DNA
melting temperature. T _ increases with
increasing percent of G + C. The DNA solution
contained 0.15 M sodium chloride and 0.015 M
sodium citrate.
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FIGURE 4.4 DNA melting curve. A melting curve of DNA showing T, (the

melting temperature) and possible molecular conformations for various
degrees of melting.

The state of a DNA molecule in different regions of the melting
curve is also shown in Figure 4.4. Before the A, rise begins, the
molecule is fully double-stranded. In the rise region, non-covalent
interactions between base pairs in various segments of the molecule
are disrupted; the extent of the disruption increases with temperature.
In the initial part of the upper plateau a few non-covalent interactions
remain to hold the two strands together until a critical temperature
is reached at which the last remaining non-covalent interactions are
disrupted and the strands separate completely.

A convenient parameter to characterize a melting transition is the
temperature at which the rise in A, is half-complete. This temperature
is called the melting temperature and it is designated T .

In the course of studying strand separation, another important fact
emerged. If a DNA solution is heated to a temperature at which most
but not all non-covalent interactions are disrupted and then cooled
to room temperature, A, drops immediately to the initial undena-
tured value. Additional experiments show that the native structure is
restored. Therefore, if strand separation is not complete and denatur-
ing conditions are removed, the helix rewinds. Thus, if two separated
strands were to come in contact and form even a single base pair at
the correct position in the molecule, the native DNA molecule should
re-form. We will encounter this phenomenon again when renaturation
is described.

Hydrogen bonds stabilize double-stranded DNA.

In 1962, Julius Marmur and Paul Doty isolated DNA from vari-
ous bacterial species in which the base compositions vary from 20%
G+Ct080% G+ C. T, values from many such DNA molecules are
plotted versus percent G + C in FIGURE 4.5. Note that T increases with
increasing percent G + C. This relationship is explained by proposing
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that hydrogen bonds are at least partially responsible for stabilizing
the double-stranded structure. It requires more energy to disrupt the
three hydrogen bonds in a GeC base pair than to disrupt the two
hydrogen bonds in an AT base pair.

A decrease of T_ values in the presence of a denaturing agent
such as urea (NH,CONH,) or formamide (HCONH,), which can
form hydrogen bonds with DNA bases, supports the role of hydrogen
bonds in stabilizing the double-stranded structure. Hydrogen bonds
between base pairs have very low energies and so are easily broken.
However, hydrogen bonds are also able to rapidly re-form (see below).
Denaturing agents shift this equilibrium by forming hydrogen bonds
with an unpaired base on one strand and thereby prevent the base
from re-forming hydrogen bonds with the complementary unpaired
base on the other strand. Denaturing agents, therefore, can maintain
the unpaired state at a temperature at which complementary unpaired
bases would normally be expected to pair again. Melting of a section
of paired bases, therefore, requires less input of thermal energy and
T is reduced.

Base stacking also stabilizes double-stranded DNA.

The planar bases in the double helix are stacked so that the pi electron
ring systems in neighboring base pairs are in direct contact. The forces
that stabilize stacking in the double helix include electrostatic interac-
tions of interacting dipoles, van der Waals forces, and hydrophobic
effects. We do not know the precise contribution that each of these weak
interactions makes to the helical stability because it is difficult to modify
the structure of DNA so that just one kind of interaction is altered.

Both base stacking and hydrogen bonds are weak non-covalent
interactions and as such are easily disrupted by thermal motion. Stack-
ing is enhanced if the bases are unable to tilt or swing out from a stacked
array. Similarly, maximum hydrogen bonding occurs when all bases
are pointing in the right direction. Clearly, the two weak interactions
reinforce each other. Stacked bases are more easily hydrogen bonded
and correspondingly, hydrogen-bonded bases, which are oriented by
the bonding, stack more easily. If one of the interactions is eliminated,
the other is weakened, explaining why T drops so markedly after the
addition of an agent that destroys either type of interaction.

Base stacking is a cooperative interaction.

In a sequence of stacked bases, for example, ABCDEFGHI]J, it would
be very unlikely for base E to swing out of the stacked array because
the plane of the base tends to be parallel to the planes of both D
and F. The tendency to conform to an orderly stacked array is not
so great at the ends of the molecule, however. Only a single base,
B, stabilizes the orientation of base A. Therefore, a rapidly moving
solvent molecule might crash into A and cause it to rotate out of the
stack more easily than a collision with E would cause disorientation
of E. Because A has a lower probability of being stacked than B, then
of course B must also be more easily disoriented than is C.

CHAPTER 4 Nucleic Acid Structure
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FIGURE 4.6 Several effects of cooperativity
of base-stacking. Each shaded area indicates
base pairs that would be broken at room tem-
perature. However, if these tracts contained
more than fifteen base pairs they would be
stable.

This slight tendency toward instability, which is also present in
a double-stranded molecule, is most noticeable in the value of T
for double-stranded polynucleotides containing fewer than 20 base
pairs (oligonucleotides). For example, if a molecule having 10’ base
pairs is broken down to fragments having 10° base pairs, there is no
detectable change in T_. However, under conditions in which T _for a
large DNA molecule is 90°C, T for a double-stranded hexanucleotide
(six nucleotides per strand) can be as low as 30°C. The exact value
depends on the base composition and sequence. This effect has the
following consequences:

1. The ends of a linear double-stranded DNA molecule are usu-
ally not hydrogen-bonded, but are frayed (FIGURE 4.6), with
about seven base pairs broken. However, some base sequences
stack better than others and are even stacked at an end of a
molecule.

2. Short double-stranded oligonucleotides, having fewer than
15 base pairs per molecule, have particularly low T _ values.
A double-stranded trinucleotide (3 bases per strand) is not
stable at room temperature.

3. Molecules in which the paired regions are very short and are
flanked by unpaired regions (such as the two lower ones in
Figure 4.6) cannot maintain the conformation shown at physi-
ological temperatures.

lonic strength influences DNA structure.

In addition to the cooperative attractive interactions between adjacent
DNA bases and between the two strands, there is an interstrand elec-
trostatic repulsion between the negatively charged phosphates. (There
is also an intrastrand repulsion, which is probably not important for
duplex structure.) This strong force would drive the two strands apart
if the charges were not neutralized. Examining the variation of T _ as
a function of the ionic concentration of the buffer solution, reveals
that T decreases sharply as salt concentration decreases. Indeed, in
distilled water, DNA denatures at room temperature.

The explanation for the effect of ionic strength on DNA structure
is as follows. In the absence of salt, the strands repel one another. As
salt is added, positively charged ions such as Na* form “clouds” of
charge around the negatively charged phosphates and effectively shield
the phosphates from one another. Ultimately, all of the phosphates
are shielded and repulsion ceases; this shielding occurs near the physi-
ological salt concentration of about 0.2 M. However, T_ continues to
rise as the sodium chloride concentration increases because purine and
pyrimidine solubility decreases, increasing hydrophobic interactions.

The DNA molecule is in a dynamic state.

An important structural feature of the DNA molecule becomes appar-
ent when DNA is examined in the presence of formaldehyde (HCHO).
Formaldehyde can react with the NH, groups of the bases and thus
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eliminate their ability to hydrogen bond. Adding formaldehyde, there-
fore, causes slow and irreversible DNA denaturation. Because the
amino groups must be available to formaldehyde for the reaction to
take place, bases must continually unpair and pair (i.e., hydrogen
bonds must break and re-form).

A related phenomenon is observed when DNA is dissolved in
tritiated water ([*H]JH,O). There is a rapid exchange between the
hydrogen-bonded protons of the bases and the H* ions in the water.
These two observations indicate that DNA is a dynamic structure in
which double-stranded regions frequently open to become single-
stranded bubbles and then close again. This transient localized melt-
ing is called DNA “breathing.” Because a G®C base pair has three
hydrogen bonds and an AeT base pair has only two, transient melting
occurs more often in regions rich in A®T pairs than in regions rich
in GoC pairs.

Distant short patches of complementary sequences can base pair
in single-stranded DNA.

To obtain the data for the melting curves of the sort that have been
shown, A, is measured at various temperatures that are plotted on the
x-axis. Denaturation is usually complete at a temperature above 90°C.
In most experiments, there is a total increase in A, . of about 37% and
the solution consists entirely of single strands with unstacked bases.

If the solution is rapidly cooled to room temperature and the salt
concentration is above 0.05 M, however, the value of A, reached at the
maximum temperature drops significantly but not totally (FIGURE 4.7).
The reason is that in the absence of disrupting thermal motion, random
intrastrand hydrogen bonds form between distant short tracts of bases
with sufficiently complementary sequences. Typically, the value of A, |
drops to 1.12 times the initial value for the native DNA, suggesting that,
after cooling, about two thirds of the bases are either hydrogen-bonded
or in such close proximity that stacking is restored. The molecule will
be very compact (Figure 4.7).

The situation is quite different if the salt concentration is 0.01 M or
less. In this case, the electrostatic repulsion due to negative phosphate
groups keeps the single strands sufficiently extended that the bases
cannot approach one another. Thus, after cooling no hydrogen bonds
are formed and base-stacking remains at a minimum.

Alkali denatures DNA without breaking phosphodiester bonds.

Heat can be used to prepare denatured DNA, which is often an essen-
tial step in many experimental protocols. High temperature may break
phosphodiester bonds, however, so the product of heat denaturation
often is a collection of broken single strands. The degradation problem
is avoided by using another method to denature DNA. Addition of a
base such as sodium hydroxide to the DNA solution removes protons
from the ring nitrogen atoms of guanine and thymine. This depro-
tonation, which occurs above pH 11.3, disrupts the hydrogen-bonded

CHAPTER 4 Nucleic Acid Structure
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FIGURE 4.7 The effect of lowering the temperature to 25°C after strand
separation has taken place. DNA molecules in a solution containing a high
salt concentration (blue curve) or low salt concentration (red curve) are
heated to 90°C so that the two strands completely unwind and separate.
Then the solutions are rapidly cooled to 25°C. After cooling, the A, for the
DNA in the solution at high salt concentration is much lower than that for
the DNA in the solution at low salt concentration because the DNA mol-
ecules in the high salt solution form intrastrand base pairs (shown in green)
but those in the low salt solution do not.

double-helical structure and causes DNA to denature. Because DNA is
quite resistant to alkaline hydrolysis, this procedure is the method of
choice for denaturing DNA. Acid also causes denaturation but is sel-
dom used for that purpose because acid also causes purine groups to be
cleaved from the polynucleotide chain, a process known as depurination.

Complementary single strands can anneal to form
double-stranded DNA.

A solution of denatured DNA can be treated in such a way that native
DNA re-forms. The process is called renaturation or reannealing and
the re-formed DNA is called renatured DNA. Renaturation has proved
to be a valuable tool in molecular biology. It can be used to demon-
strate genetic relatedness between different organisms, detect particular
species of RNA, determine whether certain sequences occur more
than once in the DNA of a particular organism, and locate specific
base sequences in a DNA molecule. Two requirements must be met
for renaturation to occur:

1. The salt concentration must be high enough so that electro-
static repulsion between the phosphates in the two strands is
eliminated; usually 0.15 to 0.50 M NaCl is used.

2. The temperature must be high enough to disrupt random,
intrastrand or interstrand hydrogen bonds. The temperature
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cannot be too high, however, or stable interstrand base-pairing

will not occur. The optimal temperature for renaturation is
20° to 25°C below the T value.

Renaturation is a slow process compared to denaturation. The rate-
limiting step is not the actual rewinding of the helix (which occurs in
roughly the same time as unwinding) but the precise collision between
complementary strands such that base pairs are formed at the correct
positions. Because renaturation is a result only of random motion,
it is a concentration-dependent process. At concentrations normally
encountered in the laboratory, renaturation takes several hours.

The molecular details of renaturation can be understood by refer-
ring to the hypothetical molecule shown in FIGURE 4.8, which contains a
sequence that is repeated several times. Assume that each single strand
contains 50,000 bases and that the base sequences are complementary.
Any short sequence of bases (say, 4—6 bases long) will certainly appear
many times in such a molecule and can provide sites for base-pairing.
Random collision between non-complementary sequences such as [A
and II" will be ineffective but a collision between IA and IC” will result
in base-pairing. This pairing will be short-lived, however, because
the bases surrounding these short complementary tracts are not able
to pair and stacking stabilization will not occur. At the temperatures
used for renaturation, these paired regions rapidly become disrupted.
As soon as two sequences such as IB and IB” pair, the adjacent bases
will also rapidly pair and the entire double-stranded DNA molecule
will “zip up” in a few seconds.

It is important to realize that each renatured native DNA molecule
is not formed from its own original single strands. In a solution of
denatured DNA, the single strands freely mix so that during renatur-
ation original partner strands seldom find each other. This mixing
was shown in an experiment using two DNA samples isolated from
E. coli cultured, in one case, in a medium containing '*NH,Cl, and in
the other, "'NH,CI. The two DNA samples were mixed, denatured,
and then renatured. The resulting mixture contained three types of
renatured DNA molecules: 25% contained N in both strands, 50%
contained '*N in one strand and "*N in the other, and 25% contained
SN in both strands. This result indicates random mixing of the strands
during renaturation. Methods for distinguishing the three types of
duplexes are described in Chapter 5.

45 Helicases

Helicases are motor proteins that use the energy of nucleoside
triphosphates to unwind DNA.

Duplex DNA must unwind under physiological conditions during
DNA replication. “Molecular motor” enzymes called helicases cata-
lyze nucleoside triphosphate-dependent unwinding of double-stranded
DNA in cells. Helicases are often part of larger protein complexes and
their activities are influenced by other proteins in the complex.

CHAPTER 4 Nucleic Acid Structure
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that is repeated several times. The roman
numerals on either side of the DNA molecule
refer to segments of the DNA molecule that
are discussed in the text.
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The observation that a cell extract has DNA-dependent nucleoside
triphosphatase activity usually, but not always, indicates a helicase is
present. A more reliable indication is nucleoside triphosphate-depen-
dent unwinding of double-stranded DNA to single strands, which can
be detected by their susceptibility to single strand specific nucleases.
DNA helicases tend to exhibit structural preferences for their DNA
substrates (FIGURE 4.9); some require a forked DNA molecule, others
act on DNA with 3’ or 5’ tails, and still others work on blunt end DNA.

Some DNA helicases move along single-stranded DNA in a 3’—5’
direction while others move in a 5’3" direction. The direction of
movement can be determined by using a substrate in which a single-
stranded DNA molecule (shown in red) has a complementary fragment
at each end (FIGURE 4.10). Assuming that the helicase binds to the long
single-stranded region, release of a fragment at the 3’-end of the single
strand (Fragment A in Figure 4.10) indicates 5°—3” movement along
the single strand, while release of a fragment at the 5’-end (Fragment B
in Figure 4.10) indicates 3’—5” movement. Released short fragments
can be distinguished from starting material and the long single-strand
on the basis of size. Techniques for separating nucleic acids according
to size are described in Chapter 5. Detection is simplified if the released
fragment is made radioactive or tagged with a fluorescent label.

At least 14 different DNA helicases have been isolated from
E. coli, six from bacterial viruses, 15 from yeast, eight from plants, and
24 from human cells. Some helicases are specific for double stranded
regions in RNA. A classification system based on conserved sequence
motifs has been devised that divides known DNA and RNA helicases
into six superfamilies. Some helicases belonging to superfamily 1 and
superfamily 2 function as monomers and others function as dimers.
Superfamily 2 includes the largest number of known helicases. Most
enzymes in this superfamily move in 3'—5’ direction but some move
in the opposite direction.

Although it is not possible to study all the members of superfami-
lies 1 and 2, it is instructive to examine PcrA helicase, one of the best
studied members of these two superfamilies, to see how a helicase
with just one polypeptide subunit works. PcrA helicase, a member of
superfamily 1, is an essential enzyme in gram-positive bacteria. It par-
ticipates in DNA repair and a type of DNA replication known as roll-
ing circle replication. PcrA helicase moves 3’—5” along single-stranded
DNA at a rate of about 50 nucleotides-s™. The enzyme appears to use
one ATP molecule for each nucleotide traversed. Dale B. Wigley and
coworkers have obtained a crystal structure for PcrA helicase bound
to a 3’-tailed double-stranded DNA (FIGURE 4.11). The enzyme con-
tacts both single- and double-stranded regions of its DNA substrate,
distorting the double-stranded region at the junction of the single and
double strands and causing the two strands to begin separation. Based
on the crystal structure and biochemical data, Wigley and coworkers
have proposed an inchworm model like that shown in FIGURE 4.12
to explain how the PcrA helicase moves along the single strand and
unwinds the double strand.

Members of superfamilies 3-6 function as hexameric rings. Two
hexameric helicases belonging to superfamily 4 are of special interest
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FIGURE 4.11 Crystal structure of PcrA heli-

case from the gram-positive bacteria Bacil-
lus stearothermophilus. The helicase (pink)
is bound to a 3’-tailed double-stranded DNA
(white tube form with colored bases) and an
ATP analog (yellow stick form). The helicase
contacts the double stranded DNA and desta-
bilizes it. The double-stranded region nearest
to the single strand/double strand junction is
distorted and the two strands have started to
separate. (Structure from Protein Data Bank
3PJR. S. S. Velankar, et al., Cell 97 [1999]:
75-84. Prepared by B. E. Tropp.)

because they have been extensively studied and play essential roles
in DNA replication. These helicases, the phage T7 (bacterial virus)
helicase and the E. coli DnaB helicase (named for the dnaB gene that
codes for it), bind to forked DNA molecules, encircling one DNA
strand while excluding the other (FIGURE 4.13). They require nucleoside
triphosphates to move in a 5'—3’ direction along the bound single-
strand. The phage T7 helicase prefers dTTP and DnaB helicase prefers
ATP, but each will also use other nucleoside triphosphates. DnaB
helicase’s participation in DNA replication is described in Chapter 9.

46 Single-Stranded DNA Binding Proteins

Single-stranded DNA hinding proteins (SSB) stahilize single-
stranded DNA.

Proteins that bind to single-stranded DNA, single-stranded DNA bind-
ing proteins (SSBs), stabilize the transient single-stranded regions that
are formed by the action of helicases on double-stranded DNA. As
essential participants in DNA metabolism, SSBs are present in all cells.
Some SSBs consist of a single polypeptide, others contain two or more
identical polypeptide subunits, and still others are made of different
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FIGURE 4.12 The inchworm model proposed for PcrA helicase activity.

(1) At the start, the helicase does not have a bound nucleotide. (2) As a
result of binding ATP, the helicase changes conformation, closing a cleft
between two domains. (3) ATP hydrolysis reverses the conformational
change. The resulting domain movements cause the helicase to move in a
3’—5’ direction along one strand and to displace the other strand. (Adapted
from R. L. Eoff and K. D. Raney, Biochem. Soc. Trans. 33 [2005]: 1474-1478.)

FIGURE 4.13 Reconstruction of the three-
dimensional structure of the bacteriophage T7
helicase in action. The hexameric T7 gp4 heli-
case/primase is shown encircling one strand
of DNA, while the second strand is displaced
outside the ring. The helicase domain is repre-
sented by the green ribbon, while the primase
domain is represented by the cyan ribbon.
The helicase activity is generated by the ring
walking along the single strand in the central
channel in a 5" to 3’ direction. (Reprinted from
J. Mol. Biol., vol. 311, M. S. VanLoock, et al.,
The primase active site is on the outside . . .,
pp- 951-956, copyright 2001, with permission
from Elsevier [http://www.sciencedirect.com/
science/journal/00222836]. Photo courtesy of
Edward H. Egelman, University of Virginia.)
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FIGURE 4.14 Proposed model for E. coli
SSBesingle-stranded DNA complexes. Two
types of E. coli SSBesingle-stranded DNA
complexes have been observed. In one,
SSB,,, 33-35 nucleotides bind to SSB and in
the other SSBy;, 65 nucleotides bind to SSB.
(Adapted from P. E. Pestrayakov and O. I.
Lavrik, Biochemistry 73 [2008]: 1388-1404.)

)

70 kDa

OBD | OBD | OBD

FIGURE 4.15 Proposed model for the
RPA-DNA complex based on biochemical
evidence. The 70 kDa, 32 kDa, and 14 kDa sub-
units are yellow, green, and pink, respectively.
The oligonucleotide binding domains (OBDs)
that have been predicted to interact with DNA
are shown as three boxes in the 70 kDa sub-
unit and one box in 32 kDa subunit. (Repro-
duced with kind permission from Springer
Science+Business Media: Biochemistry Mosc.,
Mechanisms of single-stranded DNA-binding
protein. . ., vol. 73, 2008, pp. 1388-1404, P. E.
Pestryakov and O. I. Lavrik, figure 8.)

polypeptide subunits. Despite their structural diversity, all SSBs share
one important property—they bind more tightly to single-stranded
DNA than to double-stranded DNA or RNA.

Bruce Alberts isolated the first SSB, gp32 (a product of the phage
T4 gene 32), from an extract of phage T4 infected E. coli in 1970.
The extract was passed through a column containing denatured
DNA fixed to cellulose. Most proteins passed through the column
but gp32 was retained because of its affinity for the denatured DNA.
The gp32 was released by washing the column with a concentrated salt
solution.

Purified gp32, a stable monomer (molecular mass = 33.5 kDa),
destabilizes double-stranded DNA and lowers its T_ by 40°C or more.
Destabilization involves cooperative binding of gp32 to DNA. The first
gp32 molecule binds to a region of single-stranded DNA produced
by transient melting. A segment of the single-stranded DNA consist-
ing of about ten nucleotides fits into a large cleft in gp32 that is lined
with arginine and lysine residues. Binding is very tight so the gp32
stays in place, freeing bases on the opposite strand to bind additional
gp32 molecules and destabilizing adjacent base pairs on the same
strand.

Destabilization results from the fact that paired bases adjacent
to unpaired bases cease to be optimally stacked and their hydrogen
bonds become less stable. Each succeeding gp32 tends to bind next to
one that is already bound, breaking still other base pairs and enabling
still other gp32 molecules to bind. The highly cooperative process
continues, with individual gp32 molecules lining up next to each other
along a single strand, until the duplex is totally denatured. Alberts’
purification method has also been used to purify SSBs from other
organisms. Other types of SSB also destabilize double-stranded DNA
by shifting the melting equilibrium toward the single-stranded state.

Alberts isolated a second type of SSB, a homotetramer (molecu-
lar mass = 75 kDa), from uninfected E. coli. Each subunit has one
oligonucleotide binding domain (OBD). A bacterial cell has about
800 copies of the SSB tetramers. Although bacterial SSB also binds
to single-stranded DNA in a cooperative fashion, the method of
interaction is somewhat different from that of gp32. Two kinds
of E. coli SSBesingle-stranded DNA complexes, SSB,; and SSB,
have been observed (FIGURE 4.14). In SSB,., 33-35 nucleotides bind
to the SSB tetramer and the single-stranded DNA only makes con-
tact with OBDs in two subunits. In SSB,, 65 nucleotides bind to
the SSB tetramer and the DNA makes contact with OBDs in all four
subunits.

Still another type of SSB, replication protein A or RPA, has been
isolated from eukaryotes as different as yeast and humans. RPA is
a heterotrimer, consisting of subunits of about 70, 30, and 14 kDa.
Based on sequence analysis, RPA has six potential OBDs. Four of these
are present in the 70 kDa subunit and one each in the 30 and 14 kDa
subunits. A model for the RPA*DNA complex has been proposed
based on biochemical data (FIGURE 4.15). According to this model,
three OBDs in the 70 kDa subunit interact with single-stranded DNA
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on the 5’-side of the junction of the single and double strands. The
OBD in the 32 kDa subunit interacts with DNA at the junction of the
single- and double-strands. Structural confirmation of this model and
further details await the determination of the crystal structure for the
RPADNA complex.

47 Topoisomers and Topoisomerases

Covalently closed circular DNA molecules can form supercoils.

Linear double-stranded DNA molecules are free to unwind and com-
pletely separate. Complete separation cannot take place, however, if
the ends of the chain are joined by a phosphodiester bond to form
a closed covalent circular structure. As used here, circular means a
continuous or unbroken DNA chain, rather than a geometric circle.
The mathematical discipline of topology helps to understand the
properties of closed covalent circular DNA. A topological property is
one that remains unchanged, when the object of interest (covalently
closed, circular double-stranded DNA) is distorted but not torn or
broken. The two DNA strands in a covalently closed circular double
stranded DNA circle are said to be topologically linked. Complete
strand separation cannot take place unless one strand is nicked.
Introduction of a nick would alter the DNA molecule’s topological
properties, however.

In a linear duplex, a base pair can be distorted without influenc-
ing the structure further along the molecule. In contrast, distorting
a base pair when the strands are topologically linked influences the
rest of the molecule’s structure. Furthermore, topological constraints
may force the DNA double helix to form a supercoil. There are
two general forms of supercoil (FIGURE 4.16). In the first, the DNA
axis repeatedly crosses over and under itself to form an interwound
supercoil (Figure 4.16a). In the second, the DNA coils in a series of
spirals around a ring to form a toroidal supercoil (Figure 4.16b).
The circular DNA molecules described in this chapter all form inter-
wound superhelicies. Chapter 6 describes how eukaryotic DNA
wraps around a protein complex to form a toroidal structure. A
double-stranded DNA does not have to form a closed covalent circle
for the two strands to be topologically linked. Topological linkage
also takes place when a double-stranded DNA loop is held together
at its two ends by a protein complex.

Bacterial DNA usually exists as a covalently closed circle.

The existence of circular DNA molecules was not noticed for many
years because, as mentioned earlier, large DNA molecules usually
break during isolation. John Cairns was the first to detect circular
DNA molecules in bacteria. The experiment that he performed in 1963
was designed to obtain an image of an intact bacterial DNA molecule.
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(a) (b)
FIGURE 4.16 Two forms of supercoiled DNA.
A double-stranded DNA molecule, shown for
simplicity as a single line, is arranged in two
different supercoiled forms. (a) The DNA axis
repeatedly crosses over and under itself to
form an interwound supercoil. (b) The DNA
is arranged in a series of spirals around an
imaginary ring (shown in magenta) to form a
toroidal supercoil. (Modified from C. R. Calla-
dine, et al. Understanding DNA: The Molecule
and How it Works, Third edition. Elsevier Aca-
demic Press, 2004. Copyright Elsevier 2004.)
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(a) Closed covalent circle

FIGURE 4.17 Closed covalent and nicked
circles. Arrows point to the nicked site(s).
(a) Closed covalent circle. (b) Singly-nicked
circle. (c) Multiply-nicked circle.

He hoped that the experiment would reveal whether bacteria have a
single large chromosome or many smaller ones. Previous attempts by
other investigators to obtain this information had failed because DNA
is such a fragile molecule. Cairns knew that he required a very gentle
method to avoid breaking the DNA. He decided to take advantage
of the fact that tritium labeled DNA emits B-particles, which upon
striking a photographic emulsion produce an image of the DNA. This
technique of using a radioactively labeled substance to produce an
image on a photographic emulsion is called autoradiography. Cairns
cultured E. coli in a medium containing [*H|thymidine, a specific
precursor for DNA, and then gently released labeled DNA from the
bacteria by treating the cells with a combination of lysozyme (an egg
white enzyme) to digest the bacterial cell wall and detergent to disrupt
the cell membrane. After collecting the released DNA on a dialysis
membrane, he coated the dried membrane with a photographic emul-
sion and stored the preparation in the dark for two months to allow
sufficient time for the B-particles to produce an image. Analysis of the
array of dark spots, which appeared after developing the emulsion,
revealed that E. coli DNA is a double-stranded circular molecule with
a contour length of approximately 1.5 mm, or about 1000 times longer
than the bacteria itself.

Plasmid DNA molecules are used to study the properties
of circular DNA in vitro.

Intact bacterial DNA is too long to be studied conveniently iz vitro.
Fortunately, there are readily available substitutes that allow us to
study the properties of closed covalent circular DNA molecules in the
laboratory. Many bacteria carry copies of an autonomously replicating
small circular DNA molecule, called a plasmid, in addition to their
large chromosomal DNA molecule. Plasmids, which range in size from
0.1 to 5% of the chromosome, replicate more or less independently
of chromosomal DNA replication, and hence are transmitted from
one generation to the next. We examine plasmids in more detail in
later chapters. For now, we need only be concerned with the fact
that plasmids are autonomously replicating double-stranded circular
DNA molecules that are small enough to remain intact when pipetted
or otherwise manipulated in the laboratory. They are therefore ideal
subjects for studying circular DNA molecules.

Circular DNA molecules often have superhelical structures.

A circular DNA molecule may be a covalently closed circle with two
unbroken complementary single strands, or it may be a nicked circle with
one or more interruptions (nicks) in one or both strands (FIGURE 4.17).
By convention, a closed covalent circular DNA molecule is called RFI
(RF = replicating form) and a circular DNA molecule with a single
nick is called RFIL

With few exceptions, the axis of a closed covalent circle crosses
itself or writhes, as shown in Figure 4.16a. Such a circle is said to
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be a superhelix or a supercoil. Two double-stranded circular DNA
molecules with identical base pair sequences but different degrees of
supercoiling are said to be topological isomers or topoisomers. We
will first examine the properties of topoisomers and then enzymes,
called topoisomerases, which convert one topoisomer into another.
Physical techniques used to recognize and separate topoisomers are
described in Chapter 5.

Supercoiled DNA results from under- or overwinding
circular DNA.

The two ends of a linear DNA helix can be brought together and joined
in such a way that each strand is continuous. If, in so doing, one of
the ends is untwisted 360° with respect to the other, some unwinding
of the double helix will occur. When the ends are joined, the resulting
covalent circle will, if the hydrogen bonds re-form, resemble a figure 8
with one crossover point or node. If the linear duplex is instead
untwisted 720° prior to joining, the resulting superhelical molecule
will have two nodes (FIGURE 4.18).

The reason for the superhelicity is as follows. In the case of a
720° unwinding of the helix, about 20 bp must be broken (because
the linear molecule has 10.5 bp per turn of the helix). A DNA mol-
ecule has such a propensity for maintaining a right-handed (positive)
helical structure, however, with about 10.5 bp per turn that it will
deform itself to form a negative superhelix (Figure 4.18). If instead
the initial rotation produces overwinding, the joined circle will writhe
in the opposite sense to form a positive superhelix. The structures of
a relaxed circle and two topoisomers (one that is a negative supercoil
and another that is a positive supercoil) are shown in FIGURE 4.19.

Most bacterial DNA molecules are underwound and hence form
negative superhelices. Overwinding exists in hyperthermophilic
archaea and plasmid DNA molecules isolated from such organisms
are positively supercoiled. Positive supercoiling is probably required
to ensure that double-stranded DNA does not unwind at the high
temperature required for optimum archaeal growth.

In bacteria, underwinding of superhelical DNA is not a result of
unwinding prior to end-joining but is instead introduced into preexist-
ing circles by an enzyme called DNA gyrase, which is described below.
In eukaryotes, underwinding is due to the formation of a structure
called a nucleosome in which about two turns of DNA are wound
around a protein complex (see Chapter 6).

Topology provides a quantitative method for characterizing super-
coils. One topological property, the linking number (Lk), is particu-
larly useful for describing the topological forms that covalently closed,
circular double-stranded DNA molecules assume. The Lk is closely
related to the number of times that the two sugar phosphate backbones
wrap around, or are “linked with” each other. It indicates how often
two DNA strands twist about each other to form the helix or how
often the helix axis writhes about itself to form the superhelix.

As a topological property, the Lk for a covalently closed DNA does
not change unless a DNA strand breaks. Furthermore, the Lk must
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FIGURE 4.18 Relations among the linking number (Lk), twisting number
(Tw), and writhing number (Wr) of circular DNA revealed schematically.

(a) Linear double-stranded DNA is joined end to end to produce (b), a relaxed
circle. (c) The same linear double-stranded DNA is unwound by two right-
handed turns to produce (d), an unwound circle that then changes shape to
form (e), a negative superhelix. Linking number (Lk), twisting number (Tw),
and writhing number (Wr) are defined in the text. (Adapted from J. M. Berg,
et al. Biochemistry, Fifth edition. W. H. Freeman and Company, 2002.)

(a) Relaxed circle (b) Negative  (c) Positive
superhelix superhelix
FIGURE 4.19 The structure of supercoils.
(a) Relaxed circle—the helix axis does not
cross itself and the DNA circle lies flat on the  be an integer. The linking number is the sum of the twisting number,

plane. (b) Negative superhelix—the frontseg- Ty, and the writhing number, W7, where:
ment of a DNA molecule crosses over the

back segment from right to left. (c) Positive Lk=Tw+ Wr

superhelix—the front segment of a DNA mol- . . .
ecule crosses over the back segment from left The twisting number is determined from the total number of

to right. (Adapted from J. B. Schvartzman and  turns of the double-stranded molecule. For a nicked circle of known
A. Stasiak, EMBO Rep. 5 [2004]: 256-261.) size, the value of Tw is calculated as the total number of base pairs
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divided by the number of base pairs per turn. A nicked double-
stranded circle with 105 bp would have a linking number of 10
(105 bp/10.5 bp). The writhing number (the number of times the
helix axis crosses itself) is zero for a nicked circle. Unlike the link-
ing number, neither the twisting number nor the writhing number
has to be an integer.

For a closed covalent, circular double-stranded DNA con-
strained to lie flat on a surface, Lk is the number of times one strand
revolves around the other. The number is positive for revolutions
in right-handed helical regions and negative for a left-handed helix
or a left-handed segment such as that in Z-DNA (see below). The
linking number enables one to distinguish positive from negative
supercoiling.

When supercoiled DNA molecules are treated with small quanti-
ties of DNase to introduce a single nick into one of their strands, the
molecules uncoil to form relaxed circles (rings that have no superhelical
turns and are unconstrained when they lie flat on a surface).

The linking number cannot be changed without (1) breaking a
strand, (2) rotating one strand about the other, and (3) rejoining. A
change in the linking number (ALk) for a process, therefore, provides
information about the mechanism of change. For example, ALk tells
us something about how enzymes that affect supercoiling do their job.
Changes in the linking number are related to changes in the twisting
and writhing numbers as follows:

ALKk = ATw + AWr

A decrease in Lk corresponds to some combination of underwind-
ing and negative supercoiling, and an increase in Lk reflects some
combination of overwinding and positive supercoiling.

The extent to which a DNA molecule is supercoiled is usually
expressed in terms of supercoiling density (o), which is defined by
the following relationship:

6 = (Lk— Lk;)/Lk,

where Lk, is the linking number of the relaxed circular DNA molecule
and Lk is the linking number of the supercoiled DNA. The supercoiling
density of most bacterial DNA molecules is about —0.05. The negative
sign indicates that the DNA molecule is underwound and therefore a
negative superhelix.

Superhelices can have single-stranded regions.

Two arrangements can be envisioned to explain how DNA coun-
teracts the strain of unwinding (FIGURE 4.20). (1) All of the strain of
underwinding might be taken up by having one or more large single-
stranded regions (Figure 4.20b). (2) All of the strain of underwinding
might be taken up by writhing (Figure 4.20c). The actual situation is
somewhere between these two extremes with approximately 75% of
the underwinding strain being taken up by writhe. The reason that the
strain is not more evenly distributed is that the B-DNA conformation
is very stable.

CHAPTER 4 Nucleic Acid Structure

FIGURE 4.20 Different states of a covalent
circle. (a) A nonsupercoiled or relaxed covalent
circle having 36 turns of the helix. (b) An under-
wound covalent circle having only 32 turns of
the helix. (c) The molecule in part (b) but with

a writhing number of 4 to eliminate the under-
winding. Solution (b) and (c) would be in equi-
librium. The equilibrium would shift toward (b)
with increasing temperature.
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FIGURE 4.21 Catalysis of transient breakage
of DNA by DNA topoisomerases. Transesteri-
fication takes place between a tyrosol residue
on the enzyme and a DNA phosphate group,
leading to cleavage of a DNA phosphodiester
bond and formation of a covalent enzyme-
DNA intermediate. The phosphodiester bond
can be re-formed by a reversal of the reaction
that is shown. A Type IA or Type Il topoisom-
erase catalyzes a reaction in which a 3'-OH

is the leaving group and the tyrosine at the
active site is covalently linked to a 5”-phospho-
ryl group, as shown. A Type IB topoisomerase
catalyzes a reaction in which a 5’-OH is the
leaving group and the tyrosine at the active
site is covalently linked to a 3’-phosphoryl
group (not shown). (Adapted from J. C. Wang,
Nature Rev. Mol. Cell Biol. 3 [2002]: 430-440.)

It is important to recall that a DNA molecule is a dynamic structure
in which hydrogen bonds break and re-form so that bubbles continu-
ously appear and disappear throughout the supercoiled DNA molecule.
At any given instant the fraction of a supercoiled molecule that is single-
stranded is greater than in a nicked circle. The sequences in a supercoil
that are most likely to be unpaired and form bubbles are those that are
more than 90% AeT pairs. As we will see in later chapters, A®T rich
sequences play important roles in processes such as the initiations of
genetic recombination, DNA replication, and messenger RNA synthesis.

Topoisomerases catalyze the conversion of one topoisomer
into another.

DNA molecules encounter various topological challenges during virtu-
ally all stages of their metabolism. Two examples involving bacterial
DNA replication will help to illustrate the point. A bacterial DNA
molecule must unwind during replication, but because it is a closed
covalent circle, unwinding in one region causes overwinding in another
region. The resulting torsional strain must be relieved or replication
will not be possible. Another topological challenge arises after bacterial
DNA synthesis is complete because the two daughter DNA molecules
form interlocking rings known as catenanes. A mechanism is needed
that allows the interlocking rings to separate so that the DNA mol-
ecules can segregate to daughter cells.

Both of these replication problems as well as a variety of other
twisting, writhing, and tangling problems, are solved by transient
cleavage of the DNA backbone. The enzymes that catalyze this tran-
sient cleavage, called topoisomerases, convert one topoisomer into
another. Topoisomerases are essential for cell viability because they
manage DNA topology so that replication, transcription, and other
processes involving DNA can take place. Furthermore, topoisomerases
are of great practical interest because they are targets for a wide variety
of drugs used as antimicrobial and anticancer agents.

Topoisomerases act by cutting DNA molecules and forming tran-
sient adducts in which a tyrosine at the active site attaches to the
nicked DNA by a phosphodiester bond (FIGURE 4.21). The enzymes
are divided into two broad types based on whether they form transient
attachments to one or two strands of DNA. Type I topoisomerases
form transient attachments to one strand, while type II topoisomer-
ases form transient attachments to both strands. Consequently, type I
topoisomerases change linking numbers by one unit at a time, whereas
type II topoisomerases change them by two units. FIGURE 4.22 sum-
marizes the activities of the various topoisomerases. You may wish to
refer to it as we continue to examine these enzymes.

Enzymes belonging to the topoisomerase | family can be divided
into three subfamilies.

Type I topoisomerases can be further divided into three subfami-
lies, type IA, type IB, and type IC. The first member of the type IA
subfamily, E. coli topoisomerase I (molecular mass = 97 kDa) was
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FIGURE 4.22 Summary of the activities of the five DNA topoisomerase families. Each family is represented by a labeled
colored arrow. Arrows pointing from left to center indicate that the topoisomerase relaxes negative supercoils. The arrow
pointing from center to left indicates that DNA gyrase introduces negative supercoils. The arrows that point from right to
center indicate that the topoisomerase relaxes positive supercoils. The arrow that points from center to right indicates that
reverse gyrase introduces positive supercoils. Several of these enzymes also catalyze the decatenation of linked rings. These
enzymes are indicated by arrows that point from catenated ring structures at the top of the figure to the relaxed structure in
the middle of the figure. Specific information about these enzymes is provided in the text. (Reproduced from A. J. Schoeffler
and J. M. Berger, DNA topoisomerases: harnessing and constraining energy . . ., Q. Rev. Biophys., volume 41, issue 1,

pp. 41-101, 2008 © Cambridge Journals, reproduced with permission.)

discovered by James Wang in 1971. This enzyme also has the distinc-
tion of being the first topoisomerase to be discovered. Since Wang’s
discovery, a second type IA topoisomerase, topoisomerase III, has
been isolated from E. coli, and similar enzymes have been isolated and
characterized from other bacteria and eukaryotes. A defining charac-
teristic of type IA topoisomerases is that the active site tyrosine forms
a transient attachment to the 5’-phosphate end of the cleaved DNA
strand (Figure 4.21). In general, type IA topoisomerases relax under-
wound DNA (negatively supercoiled) by first melting a short stretch
of double-stranded DNA and then introducing a transient break in
one of the strands in the melted region. The unbroken strand is then
free to move through the transient break before the nick is resealed.
The type IA enzyme’s ability to melt supercoiled DNA decreases as
the DNA becomes more relaxed, so the enzyme becomes less and less
proficient as the reaction continues. This kinetic property helps type
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Relaxation of supercoil

Topological knots

(&

Circular duplex

Nicked catenanes

FIGURE 4.23 Four types of topological
conversions catalyzed by topoisomerase I.
(Adapted from A. Kornberg and T. A. Baker.
DNA Replication, Fourth edition. W. H. Free-
man & Company, 1991.)

IA topoisomerases maintain the circular DNA in a bacterial cell at its
optimal supercoiling density.

Type IA topoisomerases do not alter overwound (positively super-
coiled) DNA unless the DNA has a pre-existing single-stranded region.
Type IA topoisomerases catalyze four types of topological conver-
sions. (FIGURE 4.23): (1) they partially relax negatively supercoiled
DNA; (2) they knot and unknot single-stranded DNA rings; (3) they
link two complementary single-stranded DNA rings into a double-
stranded DNA ring; and (4) they convert double-stranded circles
with at least one nick into catenanes (interlocking rings). None of
these conversions requires the addition of an outside energy source
such as ATP.

The crystal structure for the N-terminal fragment of E. coli topo-
iomerase I (residues 2—-590) has been determined (FIGURE 4.24). The
structure resembles a padlock. Four domains surround a central hole
with a diameter of about 2.7 nm that is large enough to encircle either
a single- or double-stranded piece of DNA. Domains L, III, and IV sur-
round the bottom half of the hole while domain II forms an arch at
the top. The hole is lined with basic amino acids that have favorable
electrostatic interactions with the negatively charged DNA backbone.
Domains II and III behave as though they are connected to the rest of
the protein by a hinge, allowing the enzyme to have an open and closed
conformation. Tyrosine-319 in domain III, which is part of the active
site, forms a transient phosphodiester bond with the 5’-end of the
broken strand. Based on structural and kinetic information, Wang and
coworkers proposed the mechanism shown in FIGURE 4.25 to explain
how E. coli topoisomerase I and other type IA topoisomerases work.
According to this mechanism, the enzyme acts by forming a transient

Domain |

FIGURE 4.24 Escherichia coli topoisomerase |, a type IA topoisomerase.
(Adapted from J. J. Champoux, Ann. Rev. Biochem. 70 [2001]: 369-413.)
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) (e) (d)
FIGURE 4.25 Proposed mechanism of relaxation by E. coli topoisomerase |. This schematic shows a series of steps that are
proposed to take place during the relaxation of one turn of a negatively supercoiled plasmid DNA. The two strands of the
DNA are shown as blue lines (not to scale). The color code used for the four domains, which are labeled in panel a, is the
same as that used in Figure 4.24. The strand to be cleaved binds to the surface of the topoisomerase near the large cleft and
its polarity is indicated in panel b. For simplicity, the length of the intact strand that passes through the open gate is exag-
gerated. The interaction with Tyr319 at the active site is not shown. The topoisomerase conformation is proposed to oscil-
late between a closed form (panels a, d, and f), and an open conformation (panels b, ¢, and e) that allows the DNA to enter
the central hole. The conformation of the open form was modeled by permitting movement at both the II/lll and 1l/IV hinges
shown in Figure 4.24. The same mechanism could be applied for decatenation (separating linked rings) or knotting by replac-
ing the intact strand in this figure with a DNA segment from another molecule or from another region of the same molecule,
respectively. (Adapted from J. J. Champoux, Ann. Rev. Biochem. 70 [2001]: 369-413.)

gate in a single strand that allows another single strand or a double
strand to pass through. Because the topoisomers that topoisomerase I
acts on are supercoiled, they have more energy than the relaxed form.
This energy difference drives the reaction toward the relaxed form.

Members of the topoisomerase type IB subfamily relax both posi-
tive and negative supercoiled DNA and relaxation goes to comple-
tion. A defining characteristic of type IB topoisomerases is that they
form transient covalent intermediates with DNA in which the active
site tyrosine attaches to the 3’-phosphate end of the cleaved strand.
Human DNA topoisomerase I is the best-studied member of the type
IB subfamily. The DNA segments that flank the transient nick are
free to rotate relative to each other by turning around single bonds
in the intact strand.

Only one member of the topoisomerase type IC family is known
at present. This enzyme called topoisomerase V was isolated from
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Methanopyrus, a member of the archaea domain. It appears to work
in the same way as type IB topoisomerases but is listed as separate type
because its structure differs from that of members of the type IB family.

Type Il topoisomerases require ATP to convert one topoisomer
into another.

Type II topoisomerases catalyze ATP-dependent transport of one intact
double-stranded DNA molecule through another. The type IIA and IIB
subfamilies appear to catalyze similar types of reactions but to have
different structures. Both types act by creating phosphotyrosyl linkages
to the 5" end of DNA. Until 1998, all known type II topoisomerases
belonged to the ITA subfamily, which includes mammalian topoisom-
erase Il and the bacterial enzymes DNA gyrase and topoisomerase IV.
So far type IIB enzymes have only been found in plants, certain algae,
and the archaea. The first type IIB enzyme, topoisomerase VI, was
isolated from an archaeon.

Eukaryotic topoisomerase II enzymes act as molecular clamps
within which active-site tyrosyl residues bind to nicked DNA. ATP
binding and hydrolysis cause the clamp to close and open, respec-
tively. The two-gate mechanism for type Il topoisomerase is shown in
FIGURE 4.26. The enzyme makes staggered transient cuts in both strands
of a double-stranded DNA molecule with the concomitant formation
of a phosphomonoester bond between the active-site tyrosine and
5’-ends of the cut DNA. Then the enzyme undergoes a conformational
change that allows the topoisomerase to pull the two ends of the cut
duplex DNA apart to create an opening in the DNA.

The DNA region that contains the opening is called the gated (or
G-segment) DNA. A second region of duplex DNA from either the
same molecule or a different molecule passes through the open DNA
gate. This second region of DNA is designated the transported or
T-segment.

E. coli has two type IIA topoisomerases, DNA gyrase and topo-
iomerase IV. DNA gyrase has the unique catalytic ability to introduce
negative supercoils into covalently closed, circular DNA in the presence
of ATP. DNA gyrase activity is essential for E. coli viability. Other
bacteria also require DNA gyrase for survival. Bacterial DNA gyrase
works in a similar fashion to human topoisomerase II except that the
DNA strands wrap around the gyrase. Topoisomerase IV catalyzes
the ATP-dependent relaxation of negative and positive supercoils.
Topoisomerase IV is required to decatenate interlocked DNA rings
that are formed during bacterial DNA replication. Several antibiot-
ics used to treat bacterial infections in humans target DNA gyrase,
topoisomerase IV, or both.

Hyperthermic archaea have a remarkable reverse gyrase that intro-
duces positive supercoils into DNA. The enzyme may be needed to
somehow stabilize DNA when replication occurs at high temperatures.

In later chapters we see how the topoisomerases, single-stranded
DNA binding proteins, and helicases participate in DNA replication,
repair, and recombination as well as in transcription.
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DNA duplexes

T segment

Topoisomerase |l

T segment has passed <~
through G segment

FIGURE 4.26 Proposed mechanism for the catalytic cycle of DNA topoisomerase Il. The topoisomerase Il ATPase domains
and core domains are shown in green and light blue, respectively. (Step 1) The catalytic cycle begins when the topoisomer-
ase binds to two double-stranded DNA segments, which are designated the gate segment or G segment (red) and the trans-
ported segment or T segment (dark blue). (Step 2) An ATP molecule binds to each ATPase domain, causing the domains to
associate. (Step 3) The G segment is cleaved. (Step 4) The T segment is passed through the break in the G segment with
concomitant hydrolysis of one ATP molecule. (Step 5) The G segment is rejoined and the remaining ATP molecule is hydro-
lyzed. (Step 6) After the two ADP molecules dissociate, the T segment is transported through the opening of the core domain.
(Step 7) The opening in the core domain is closed and the ATPase domains separate, allowing the enzyme to dissociate from
the DNA. (Adapted from A. K. Larsen, et al., Pharmacol. Ther. 2 [2003]: 167-181.)

48 Non-B DNA Conformations

A-DNA is a right-handed double helix with a deep major groove
and very shallow minor groove.

B-DNA is the predominant DNA form in living systems but is not the
only form. Several non-B DNA conformations also exist in nature,
although often just fleetingly. The first non-B conformation to be
identified was A-DNA. Recall from Chapter 1 that Rosalind Franklin
obtained the x-ray diffraction pattern for A-DNA when she examined
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(a) A-DNA (b) B-DNA (c) Z-DNA

FIGURE 4.27 DNA conformations. Three conformations of DNA are shown
(a) A-DNA, (b) B-DNA, and (c) Z-DNA. (Top) Structures are in stick display so
that the orientation of the base pairs with respect to the helix axis is visible.
(Middle) Structures are in a spacefilling display with the backbone in stan-
dard CPK colors and the base pairs in magenta to emphasize the grooves.
(Bottom) Structures are once again in a spacefilling display but viewed from
the top of the DNA molecules. Each DNA molecule contains twelve base
pairs. (Top structures from Protein Data Bank 213D. B. Ramakrishnan and
M. Sundaralingam, Biophys. J. 69 [1995]: 553-558. Prepared by B. E. Tropp;
Middle structures from Protein Data Bank 1BNA. H. R. Drew, et al., Proc.
Natl. Acad. Sci. USA 78 [1981]: 2179-2183. Prepared by B. E. Tropp; Bottom
structures from Protein Data Bank 2ZNA. A. H.-J. Wang, et al., Left-handed
double helical DNA . . . Prepared by B. E. Tropp.)

DNA fibers at a relative humidity of about 75%. Both A-DNA and
B-DNA are right-handed double helices. That is, each spirals in a
clockwise direction as an observer looks down its helical axis of sym-
metry. Despite this similarity, A- and B-DNA differ in many impor-
tant respects (FIGURE 4.27 and Table 4.2), including the following:
(1) A-DNA has 11 bp per helical turn, whereas B-DNA has 10.5 bp per
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’ Comparison of Major Features in A-, B-, and Z-Forms of DNA ‘

Parameter A-DNA B-DNA Z-DNA
Helix sense Right Right Left
Base pairs per turn 11 10.5 12
Axial rise per base pair (hm) 0.26 0.34 0.45
Base pair tilt (°) 20° -6° 7°
Rotation per residue (°) 33° 36° -30°
Diameter of helix (nm) 2.3 2.0 1.8
Configuration dT, dC anti anti anti
of glycosidic bond dG, dA anti anti syn
Sugar Pucker dT, dC Cy-endo C,-endo C,-endo

dG, dA C,-endo C,-endo C,-endo
Adapted from D. W. Ussery, Encyclopedia of Life Sciences [DOI: 10.1038/npg
.els.0003122]. Posted May 16, 2002.

helical turn. (2) The plane of a base pair in A-DNA is tilted 20° away
from the perpendicular to the helix axis, whereas the corresponding
value for B-DNA is —6°; (3) A-DNA has an axial hole when viewed
down its long axis, whereas B-DNA does not; and (4) A-DNA has
a deep major groove and very shallow minor groove, whereas both
the major and minor grooves are about the same depth in B-DNA.
Double-stranded DNA seldom, if ever, assumes the A-form in the
aqueous environment present in living systems. However, double-
stranded RNA (see below) and DNA-RNA hybrids (nucleic acids with
one DNA strand and one RNA strand) form right-handed helices that
closely approximate A-DNA.

Z-DNA has a left-handed conformation.

Data obtained by using x-ray diffraction analysis of DNA fibers do not
provide information about the distances between specific base pairs.
Such information only can be obtained by studying DNA crystals
but DNA isolated from natural sources is too heterogeneous to form
crystals. By the late 1970s, organic chemists had devised methods
for DNA synthesis that permitted the synthesis of a homogenous
DNA sample that formed a crystal. Alexander Rich and his colleagues
took advantage of this advance to prepare crystals of d(CG);, a self-
complementary hexadeoxyribonucleotide,

5-CGCGCG-&
3-GCGCGC-&’

Rich and coworkers examined the x-ray diffraction pattern of the
crystalline double-stranded DNA fragment, expecting to see the dif-
fraction pattern for A- or B-DNA. To their great surprise, however, the
diffraction pattern was one that had never been seen before, indicat-
ing an entirely new DNA conformation. Because the diffraction data
showed that the sugar phosphate backbone has a zigzag appearance
(FIGURE 4.28), Rich and coworkers called the new form of DNA
Z-DNA. Subsequent studies showed that the alternating pyrimi-
dine-purine repeat d(CA), and its complement d(TG), base pair to
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(a) C,'-endo

(b) C5'-endo

FIGURE 4.29 Nucleotide sugar conformation.
(a) The C2-endo conformation, which occurs
in B-DNA. Carbon-2 in deoxyribose lies

above the plane of the ring as oriented here.
(b) The C3’-endo conformation, which occurs
in A-DNA and double-stranded RNA. Carbon-3
in deoxyribose lies above the plane of the ring
as oriented here. (Adapted from D. Voet and
J. G. Voet. Biochemistry, Third edition. John
Wiley & Sons, Ltd., 2005.)

(a) Z-DNA with zig-zag sugar (b) The same Z-DNA with the zigzag
phosphate backbone shown sugar phosphate backbone shown
in white in space filling display

FIGURE 4.28 Z-DNA. (a) Z-DNA with its zigzag backbones shown as white
tubes. The bases, sugars, and phosphates are shown as ball and stick struc-
tures. (b) The same Z-DNA shown in a space filling display. (Structures from
Protein Data Bank 2ZNA. A. H.-J. Wang, et al., Left-handed double helical
DNA . .. Prepared by B. E. Tropp.)

form a duplex that also can adopt the Z-conformation. The self-
complementary hexadeoxyribonucleotide d(TA); does not assume
a Z-conformation, however. Even when a duplex can assume the
Z-conformation, it will not do so unless present in a solution with a
high salt concentration. For instance, the 5-CGCGCG-3’ hexanucleo-
tide requires a sodium chloride concentration greater than 2 M or
a magnesium chloride concentration greater than 0.7 M to assume
the Z-conformation. The B-conformation is favored at lower salt
concentrations. If an alternating d(CG) sequence is contained within
a longer DNA tract, such as

5-TGATCCGCGCGCGAGTCTT-3’
3-ACTAGGCGCGCGCTCAGAA-5

the alternating d(CG) sequence can assume the Z-conformation in
a 2 M sodium chloride solution, but the rest of the DNA will be in
the B-conformation. At least one base pair appears to be disrupted
at the Z-DNA/B-DNA junction, forcing at least two bases out of
the helix.

Z-DNA is a left-handed helix. The left-handed Z-DNA and right-
handed B-DNA are not mirror images but entirely different structures.
This difference is immediately obvious when examining the grooves.
Z-DNA has a single groove, whereas B-DNA has a major and a minor
groove (compare Figures 4.27c and b). The immediate question that
arises is whether the left-handed structure has biological significance.
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Certainly, the intracellular salt concentration does not ever approach
2 M, so in vivo salt could not cause the transition. Polyamines such
as spermine and spermidine may help to stabilize the Z-conforma-
tion in the cell. There is considerable evidence that localized regions
of Z-DNA do exist in cells at least for short periods of time. For
instance, antibodies to Z-DNA strongly bind to Drosophila salivary
gland chromosomes. Additional support comes from the isolation of
Z-DNA binding proteins from bacteria, yeast, and animals. Although
the functions of these Z-DNA binding proteins have not been com-
pletely established, existing evidence suggests that they play a role
in regulating the expression of a few eukaryotic genes. Z-DNA may
play a harmful role in human health. There is mounting evidence that
regions with the potential to form Z-DNA are hot spots for DNA
double-strand breaks, which can cause chromosomal rearrangements
that result in malignant diseases.

DNA conformational changes result from rotation about
single bonds.

Different DNA conformations are possible because polydeoxyribo-
nucleotide chains have single bonds that permit rotations. Two types
of single bonds are of special interest, those in the five-member sugar
ring and the N-glycosylic bond that joins carbon-1 in the sugar to
purine bases. Single bonds in a furanose permit the ring to assume a
puckered conformation in which four atoms are nearly coplanar while
the fifth atom is about 0.05 nm out of the plane of the ring. X-ray
crystallography studies of deoxyribonucleotides indicate that either
C-2’ or C-3" is out of the plane of the deoxyribose ring on the same
side as C-5" (FIGURE 4.29). These conformations are called C,’-endo
and C;"-endo, respectively. The C,-endo conformation is present in
B-DNA, whereas the C;"-endo conformation is present in A-DNA and
in double-stranded RNA. The situation is a bit more complicated for
Z-DNA where pyrimidine nucleotides have C,’-endo conformations
and purine nucleotides have C,"-endo conformations. Rotation about
the N-glycosylic bond results in two purine nucleoside conformations
(FIGURE 4.30). In the anti conformation (Greek: against) the purine
base is positioned away from the sugar, whereas in the syn (Greek:
with) the purine base is positioned over the sugar. Pyrimidine deoxy-
ribonucleosides are nearly always present in the anti conformation
because of steric interference between the sugar and pyrimidine in
the syn conformation. Purine deoxyribonucleosides are in the anti
conformation in both A- and B-DNA but in the syn conformation
in Z-DNA. These conformational relationships are summarized in

Table 4.2.

Several other kinds of non-B DNA structures appear to exist
in nature.

Some DNA regions can exist transiently in a cruciform, triplex, slipped
(hairpin) structure, or quadruplex structure.

CHAPTER 4 Nucleic Acid Structure

(a) Deoxyguanylate in B-DNA in anti conformation

FIGURE 4.30 Sterically allowed orientations
of purine bases with respect to the attached
deoxyribose unit. Purine bases are (a) in the
anti conformation in both A- and B-DNA but
(b) in the syn conformation in Z-DNA.
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1. The cruciform structure—A cruciform structure can only be
formed in a region that contains an inverted repeat sequence
such as

\2
5-GAATTC-3’
3-CTTAAG-5’

/]\

or

J
5-GATATC-3’
3-CTATAG-5'

T

The arrows point to the vertical axis of symmetry: the
double-stranded segment to the right of the axis can be super-
imposed on the one to the left by a 180° rotation in the plane
of the page. The left to right sequence on the top strand hence
is repeated right to left on the bottom strand. Crystallogra-
phers refer to this type of arrangement as dyad symmetry.
Inverted repeats range in length up to about 50 base pairs.
Molecular biologists use the term palindrome when referring
to an inverted repeat sequence. A lexicologist might take issue
with this use of the term, however, because a palindrome was
originally defined as a word (such as “madam”) or a phrase
(such as “Able was I ere I saw Elba”) that reads the same
g: 2 forward or backward on a single line.

In theory, DNA molecules that have inverted repeats can
exist in two alternate forms, a normal duplex in which base
pairs form between the two complementary strands, or a cruci-
form structure (FIGURE 4.31) in which base pairs form between
complementary regions on the same strand to produce double-
stranded branches. Model building and energy calculations
show that cruciform structures are somewhat strained com-
pared to normal duplexes. Cruciform structures were originally
produced in the laboratory under special conditions, but they
also exist in cells.

2. Triplex structures—Under certain conditions the DNA double

(a) Inverted repeats

(b) Cruciform structure

FIGURE 4.31 Cruciform structure. (a) A seg- helix can accommodate a third strand in its major groove to form
ment of DNA with inverted repeats. The a triplex structure (FIGURE 4.32). When one helical strand has a
arrows above and below the structure indicate run of purines, the major groove can accommodate a pyrimi-

the inverted repeats. (b) A DNA molecule dine- or purine-rich oligonucleotide (FIGURE 4.33). A pyrimi-
with an inverted repeat can form a cruci-

form structure. (Adapted from A. Bacolla dipe—rich oligonucleotide prieqts parallel to the purine. strand
and R. D. J. Wells, J. Biol. Chem. 279 [2004]: (Figure 4.33a). Each purine simultaneously engages in base
47411-47414.) pairing interactions with two pyrimidines, one with standard
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FIGURE 4.32 A space-filling model of triplex DNA. Strands in the Watson-
Crick double helix are shown in dark green and purple. The triplet forming
oligonucleotide (orange) in the major groove is tagged with a psoralen mol-
ecule (light yellow) at its 5’-end. (Reproduced from L. A. Christensen, et al.,
Nucleic Acids Res. 36 [2008]: 7136-7145, by permission of Oxford University
Press. Photo courtesy of Karen Vasquez, University of Texas M.D. Anderson
Cancer Center.)

Watson-Crick geometry and the other with a non-standard
form of base pairing. The non-standard form is called Hoog-
steen base pairing after Karst Hoogsteen, the investigator who
first recognized the alternate geometry in 1963. When a purine-
rich oligonucleotide fits into the major groove, the oligonucle-
otide orients antiparallel to the purine strand (Figure 4.33b).
The two original strands continue to interact through standard
Watson-Crick base pairing. However, the purine-rich oligo-
nucleotide and the purine rich strand interact through a form
of non-standard base pairing called reverse-Hoogsteen pairing.
Investigators have used triplex-forming oligonucleotides as
sequence-specific strips to bind to specific genes. When triplex
formation takes place in vivo, there is increased likelihood of
double-strand breaks and mutations appearing.

3. Quadruplex structure—One, two, or four G-rich DNA strands
can form a quadruplex (or tetraplex) structure (FIGURE 4.34).
The fundamental unit of a quadruplex structure is the quar-
tet, a planar structure containing four guanine groups held
together by eight hydrogen bonds. Two or more quartets
stack on one another to form a quadruplex. The structure
is stabilized by the hydrogen bonds and hydrophobic base
stacking. Additional stability is provided by cation-dipole
interactions between the eight guanine groups and a metal
cation, usually Na* or K*, which sits between two quartets.
Intramolecular quadruplexes formed by a single strand are of
special interest because the ends of eukaryotic chromosomes
have G-rich 3’-overhangs that are rich in guanine. According
to one hypothesis, quadruplexes formed from these overhangs
influence chromosome replication and stability. Quadruplexes
may also form in DNA regions that regulate the expression
of a few eukaryotic genes.
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5/ sy 3¢ <———————— Triplex-forming oligonucleotide (pyrimidine-rich)

5 » 3’ <— Polypurine strand of DNA
EEEEEEEEEEEEEEEE P

3 LLLLLLLLLLLLLLLLI 5’ =<— Polypyrimidine strand of DNA

Protonation at
N3 required

c*-G:C T-A:T

3 < 5 Triplex-forming oligonucleotide (purine-rich)

5 » 3' <— Polypurine strand of DNA
BEEEEEEEEEEEEEE P

|
3e LLLLLLLLL LI L] 5’ <— Polypyrimidine strand of DNA

A-A:T G-G:C T-A:T
FIGURE 4.33 Two arrangements for a DNA triplex. (a) When one strand in a helical duplex has a run of purines, a pyrimidine
rich oligonucleotide can fit in the major groove. When the triplex forming strand is pyrimidine-rich it orients antiparallel to
the purine strand. Each purine base pairs with two pyrimidines, one with standard Watson-Crick geometry and the other
with a non-standard form of base pairing. (b) A purine rich oligonucleotide can also fit into the major groove. In this case, the
oligonucleotide orients antiparallel to the purine strand. The two original strands continue to interact through Watson-Crick
base pairing. The purine interact through reverse Hoogsteen base pairing. Hydrogen bonds resulting from non-standard base
pairing are shown in green. (Reproduced from K. M. Vasquez and P. M. Glazer, Triplex-forming oligonucleotides . . ., Q. Rev.
Biophys., volume 35, issue 1, pp. 89-107, 2002 © Cambridge Journals, reproduced with permission.)
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R— N \N/H Y\'): />_H
>_N M+ \H N H —>’—>
H—</ j\/J\A H/N \ o G-quartet
)

FIGURE 4.34 Quadruplex structure. (a) G-quartet. (b) Tetrameric, dimeric, and monomeric G-quadruplexes composed of
three G-quartets. (Adapted from P. Bates, J.-L. Megny, and D. Yang, EMBO Rep. 11 [2007]: 1003-1010.)

Tetramer Dimer Monomer

49 RNA Structure

RNA performs a wide variety of functions in the cell.

When the Watson-Crick Model for B-DNA was proposed in 1953,
very little was known about RNA function. Within the next few years,
investigators showed that some viruses use RNA as the genetic mate-
rial. This important discovery did not explain RNA’s function(s) in
cells, however, because cells use DNA as their hereditary material.
The RNA function problem appeared to have been solved when three
kinds of RNA molecules were shown to make essential contributions
to polypeptide synthesis. Ribosomal RNA (rRNA) molecules combine
with proteins to form ribosomes, the ribonucleoprotein complex that
serves as the protein synthetic factory. Transfer RNA (tRNA) mol-
ecules carry activated amino acids to the ribosomes where messenger
RNA (mRNA) specifies the order in which the ribosome adds amino
acids to the growing polypeptide chain. Then in the early 1980s Sidney
Altman and Thomas Cech, working independently, demonstrated that
some RNA molecules act as catalysts, a role that molecular biologists
had previously assumed to be limited to proteins. The list of RNA
functions grows with each passing year. The focus for now is on RNA
structure.

RNA secondary structure is dominated by Watson-Crick
base pairs.

RNA structure, like protein structure, is divided into primary, second-
ary, tertiary, and quaternary structures. The primary sequence of an
RNA molecule is its base sequence. RNA secondary structure consists
of helical regions and various kinds of loops, bulges, and junctions
within the helical regions, which are stabilized by Watson-Crick base
pairing. The tertiary structure consists of the arrangements of these
secondary structures into a three-dimensional structure, which is often
compact and stabilized by metal cations. The quaternary structure
describes the arrangement of an RNA molecule with respect to other
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5'A B 513

3
5
(a) Single nucleotide bulge (b) Three nucleotide bulge

3 5

5 3
5 3
3 5
3 5
(c) Mismatch pair (d) Symmetric internal loop
5
3/
5
30 5218

(e) Asymmetric internal loop (f) Hairpin loop

FIGURE 4.35 RNA loop and bulge second-
ary elements. (Reprinted from Semin. Virol.,
vol. 8, J. Nowakowski and I. Tinoco, Jr.,
RNA structure and stability, pp. 153-165,
copyright 1997, with permission from Else-
vier [http://www.sciencedirect.com/science/
journal/10445773].)

RNA molecules or with protein molecules. It is important to note
that some kinds of RNA molecules do not assume a specific three-
dimensional structure but instead function as unstructured single
strands.

RNA'’s predominant secondary structure building blocks are heli-
cal tracts, which are stabilized by Watson-Crick base pairs and have a
similar conformation to A-DNA. Ribose groups within a helical tract
have C,"-endo conformations, whereas those at the end of a tract (or in
single-stranded RNA) are a mix of C,’-endo and C,’-endo conforma-
tions. A helical tract seldom exceeds ten successive base pairs before
being interrupted by one or more loops or bulges (FIGURE 4.35). The
smallest bulge results from the presence of a single unpaired base (Fig-
ure 4.35a). If the unpaired base is stacked within the helix, the helix
bends. If the base is outside the helix, the helix does not bend but the
base can interact with other parts of the same RNA molecule, other
RNA molecules, or proteins. Larger bulges result from the presence
of additional unpaired bases (Figure 4.35b). An internal loop forms
when one or more nucleotides on each RNA strand are unpaired. The
smallest loop forms when a single pair of non-complementary bases, a
mismatch pair, interrupts the helical tract (Figure 4.35¢). Larger loops
form when additional unpaired bases interrupt the helical tract. A
symmetric internal loop forms when each strand has the same number
of opposing unpaired bases (Figure 4.35d) and an asymmetric inter-
nal loop forms when one strand has more unpaired bases than the
other (Figure 4.35¢). A hairpin (or stem-loop) structure forms when
one strand folds back on itself to form a stem that contains Watson-
Crick base pairs (Figure 4.35f). A hairpin loop may be as small as two
nucleotides or it may be several nucleotides long.

Double helical stems may come together to form a junction (FIG-
URE 4.36). A junction is an important structural element because it
helps to establish the overall structure of the RNA molecule. When
two helical tracts meet end-to-end at a junction, they form a structure
resembling a long helix. This end-to-end interaction, called coaxial
stacking, helps to stabilize the junction.

RNA tertiary structures are stabilized by interactions between two
or more secondary structure elements.

The RNA tertiary structure, which describes the three-dimensional
structure of the RNA molecule, results from interactions between
two or more secondary structures. Tertiary structures are stabilized
by metal cations such as Na* and Mg?* that offset charge repulsions
that would otherwise prevent the negatively charged sugar phosphate
backbone from folding into a condensed structure. Specific structural
elements contribute to the tertiary structure. Some of these structural
elements are described here and others will be introduced when the
structures of specific RNA molecules are examined in later chapters.

A pseudoknot forms when a base sequence in a hairpin loop pairs
with a complementary single stranded region that is adjacent to the
hairpin stem (FIGURE 4.37). The two helical tracts stack end-to-end,
forming a coaxial stack.
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Several kinds of structural interactions can bring distant regions of
a large RNA molecule together. Two of these interactions are shown
in FIGURE 4.38. Kissing hairpins form when unpaired nucleotides in
one hairpin base pair with complementary nucleotides in another hair-
pin (Figure 4.38a). Hairpin loop-bulge contacts form when unpaired
nucleotides in a bulge base pair with complementary nucleotides in a
hairpin (Figure 4.38b).

Crystal structures have been determined for many RNA molecules.
Those for RNA catalysts are especially interesting. The smallest known
RNA catalyst, the hammerhead ribozyme (FIGURE 4.39), is specified
by virus-like RNA molecules that infect plants. The ribozyme’s name
derives from the shape of its secondary structure (Figure 4.39a). The
minimal functional RNA consists of three short helices and a conserved
junction sequence (Figure 4.39b). A functional hammerhead ribozyme
can be constructed from two separate RNAs. One strand serves as the
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of two helices
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FIGURE 4.37 RNA pseudoknot structure. (a) Unstructured RNA with two
pairs of complementary base sequences. One pair is shown in red and

the other in blue. (b) The hairpin (stem-loop) structure formed when the
complementary sequences shown in red base pair. (c) The hairpin (stem-
loop) structure formed when the complementary sequences shown in blue
base pair. (d) The pseudoknot that forms when a base sequence in a hairpin
loop pairs with a complementary single stranded region that is adjacent to
the hairpin stem. The two helical tracts stack end-to-end, forming a coaxial
stack. (Modified from Encyclopedia of Life Sciences, F. Varani, Copyright

© 2001 and reproduced with permission of John Wiley & Sons, Inc.)
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FIGURE 4.36 RNA junction secondary ele-
ments. (Reprinted from Semin. Virol., vol. 8,
J. Nowakowski and I. Tinoco, Jr., RNA struc-
ture and stability, pp. 153-165, copyright 1997,
with permission from Elsevier [http:/www
.sciencedirect.com/science/journal/10445773].)
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FIGURE 4.38 Interactions that bring distant
RNA segments together. (a) Kissing hairpin
interaction and (b) hairpin loop-bulge interac-
tion. (Reprinted from Semin. Virol., vol. 8,

J. Nowakowski and I. Tinoco, Jr., RNA struc-
ture and stability, pp. 153-165, copyright 1997,
with permission from Elsevier [http://www
.sciencedirect.com/science/journal/10445773].)
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FIGURE 4.39 Hammerhead ribozyme. (a) Secondary structure of the ham-
merhead ribozyme. Nucleotides important for catalytic activity are indicated;
the cleavage site is indicated by an arrow. (b) Crystal structure of the ham-
merhead ribozyme. The arrow points to the easily cut (scissile) phosphodi-
ester bond. (Part a adapted from J. A. Doudna and T. R. Cech, Nature 418
[2002]: 222-228. Part b structure from Protein Data Bank 379D. J. B. Murray,
et al., Cell 92 [1998]: 665-673. Prepared by B. E. Tropp.)

catalyst and the other as the substrate, permitting multiple turnover
reactions. Divalent metal cations were originally thought to be essen-
tial for catalytic activity, but recent experiments suggest that they can
be replaced by a high concentration of monovalent cations. Hence,
it now appears that the metal ions are needed to achieve the proper
conformation rather than to participate in the catalytic reaction.

4 10 The RNA World Hypothesis

The earliest forms of life on earth may have used RNA as hoth
the genetic material and the hiological catalysts needed to
maintain life.

The discovery that RNA can act as a catalyst has profound impli-
cations for the way that we view biochemical evolution. Biologists
have long speculated about whether the earliest progenitors of mod-
ern cells contained DNA or protein. It was hard to see how either
macromolecule could work in the absence of the other. Protein mol-
ecules fold into stable tertiary structures to form catalytic sites but do
not transmit genetic information. DNA stores and transmits genetic
information but no naturally occurring DNA has yet been found that
can act as a catalyst. The term naturally occurring is an important
qualifier because DNA molecules have been synthesized in the labo-
ratory that can act as catalysts. Even so, RNA molecules are more
versatile because their additional 2’-hydroxyl group permits them
to form stable tertiary structures that cannot be achieved by DNA.
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The discovery that naturally occurring RNA molecules have catalytic
properties suggested a solution to the “which came first, the chicken
or egg” problem. The earliest progenitors to modern cells probably
contained RNA, a molecule that can store genetic information and
catalyze biochemical reactions. The earliest life forms thus may have
lived in an “RNA world.” This hypothesis, first proposed by Walter
Gilbert in 1986, suggests that proteins eventually replaced RNA mol-
ecules as catalysts for most (but not all) biological reactions because
proteins offered more possible sequence and structural alternatives,
while DNA would eventually replace RNA molecules for genetic
storage in most (but not all) biological systems because it is more
stable and easy to repair.
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