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DNA in a spin

‘

Here, take a look at this!” Matthew
Meselson took a photograph from his
wallet and passed it around. It was New
Year’s Day 1958, a bitterly cold morning,
and seven graduates of Chicago University
were breakfasting on bacon, eggs and
coffee. They were bleary eyed — but it
was New Year’s morning and they had no
doubt been celebrating!

The photograph was the result of
an experiment Meselson had done with
Franklin Stahl (both young men were
doing biological research at the California
Institute of Technology). It did not look
especially exciting — just a series of grey
horizontal stripes, some with darker vertical
bands across them. Nevertheless, it has
been called ‘the most beautiful experiment
in biology’ — because it gave the first
experimental proof of Watson and Crick’s
idea about DNA replication.

A POSSIBLE
COPYING MECHANISM

For 5 years it had been known that DNA
was a double helix. ‘It has not escaped our
notice,” Watson and Crick had written in
their paper describing the structure, ‘that
the specific pairing we have postulated
immediately suggests a possible copying
mechanism for the genetic material.” They
thought that, during cell division, the two
strands of DNA in the nucleus unravelled
and each acted as a template upon which a
new strand was built — two double helices
where one had been before. If the two orig-
inal strands could be labelled and tracked
during cell division then it might be possible
to test Watson and Crick’s idea that DNA
replication was semiconservative — that
one half of the parent DNA molecule was
conserved in both of the daughter DNAs.
The idea had to be tested because there
were two other possibilities (see Figure 1):

® Neither strand was conserved, each
being broken down during replication.
The nucleotides were then randomly
distributed in the two strands of each
daughter DNA molecule.

® Both strands were conserved, the double
helix being copied into two new double
strands, possibly without unwinding.

THE CORRECT
COPYING MECHANISM

In theory, getting proof was easy. Label
both strands of a molecule of DNA, let it
replicate, then look for the label in the
daughter DNA. If replication was semi-
conservative then each daughter molecule
would contain one labelled strand and one
freshly made unlabelled strand. But first a
way of labelling the DNA strands had to be
devised.

Meselson and Stahl wondered whether
DNA could be labelled with a heavy
isotope of one of its elements, perhaps
nitrogen. Isotopes are atoms of the same
element that differ from one another in
their atomic masses. They contain the
same number of protons and electrons
but different numbers of neutrons. The
isotopes of an element have identical
chemical properties. Nitrogen exists as
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amixture of two isotopes, each containing
7 protons and 7 electrons. Most nitrogen
atoms contain 7 neutrons — their atomic
mass is 14, so we refer to such atoms as
14N. (Atomic mass is found by adding
together the number of protons and
neutrons an atom contains.) One nitrogen
atom in 274, however, contains 8 neutrons,
so that its atomic mass is 15 — this is °N.
Some isotopes are unstable — as they
break down they emit particles that can be
detected by special instruments — such
isotopes are radioactive. 1N is not radio-
active or unstable, but it can be detected
by means of its increased mass. A molecule
of DNA may contain several thousand
nitrogen atoms in its many purine and
pyrimidine bases. Most of this is N, and
if it was replaced by N then the resulting
DNA would be heavier. It might be
possible to distinguish ‘heavy’ >N-DNA
from ‘light” or normal “N-DNA.
Meselson and Stahl thought this might
be done by a method of their own invention
called density-gradient ultracentrifugation
— an idea that, it has been said, is hardly
more complicated than the observation
that swimmers do not sink in the Dead
Sea! The key to separating the two types
of DNA is density. Light and heavy DNA
have different densities. Density is mass
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Figure 1 Three possible mechanisms of DNA replication. (A) Conservative. Each of the

two parent strands is replicated without the strands separating. One of the daughter DNA
molecules is therefore conserved parental DNA, the other is newly synthesised. (B) Semi-
conservative. The parent strands separate and each remains intact and acts as a template for
the synthesis of a new strand. Each daughter DNA molecule is one-half parental strand and
one-half newly synthesised strand. (C) Dispersive. The parent strands break at intervals, and
newly synthesised segments are combined with segments from the parent strands to form
new strands. The parental material is dispersed throughout the structures of the daughter

DNA molecules.
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Figure 2 Density gradient separation of light and heavy DNA. (A) An aqueous solution of
caesium chloride of density 1.7 gcm™2. Light and heavy DNA are both denser than the solu-
tion, so they sink to the bottom. (B) Caesium chloride solution forming a gradient of density
ranging from 1.65 to 1.80 gcm™3. Light and heavy DNA sink to the region of the solution of
the same density as themselves, and can therefore be separated.

per unit volume and is measured in units
such as gem~3 or kgm~3. The density of a
material — whether macromolecule,
minnow, mouse or man — determines
whether it floats or sinks in a liquid. If the
object is less dense than the liquid it will
float, if it is more dense it will sink. If it is
exactly as dense as the liquid it will neither
float nor sink but will stay at whatever
depth you put it. A mixture of light and
heavy DNA, when placed in a tube
containing a liquid that was as dense as
light DNA at one end and as dense as heavy
DNA at the other (a density gradient)
would separate. Each type of DNA would
move until it reached the region of the
tube where the density of the liquid was
the same as its own (see Figure 2). All
Meselson and Stahl needed was a suitable
liquid — and a density gradient.

Meselson and Stahl shared a house
with some other biology students, and one
evening at dinner they discussed the possi-
bility of separating DNA molecules on the
basis of their densities. What sort of liquid
could be used? Meselson put a lot of sugar
into a glass and filled it with water. He just
wanted to see if human tissue of a similar
density to DNA would float. At that time
he was not even sure of the density of DNA,
but fingernail seemed to him to be a reason-
able substitute. Fingernail sank — even in
the most concentrated sugar solution.

A denser solution was therefore needed.
Heavier elements — potassium, rubid-
ium, caesium — give an even denser
solution. Caesium chloride is stable and
easy to get, so they tried it. The densities

of concentrated solutions of caesium chlo-
ride range from 1.65 to 1.80 gecm=> — the
range within which the density of DNA
falls. But how could a density gradient of
caesium chloride be created? The answer
was to use a high-speed centrifuge — an
ultracentrifuge.

A REVOLUTIONARY TECHNIQUE

Suppose you wanted to separate salt from
very fine sand in a mixture of both. You
could add water — the salt would dissolve
and the sand particles would form a cloudy
suspension. If you waited long enough, the
sand would sink to the bottom of the
container. You could speed up the separa-
tion by spinning the mixture in a bench
centrifuge in which even the tiniest parti-
cles of sand would be pulled to the bottom
by a centrifugal force of about 5000 times
that of gravity. Suppose you spun the
sample so fast that the force acting on the
particles was about 100000 times that of
gravity. Now even the dissolved Na* and
CI~ ions of the salt would begin to move.
Because they are so small they would not
sink to the bottom, but they would be
pulled downwards so that from top to
bottom there would be a gradient of
increasingly dense salt solution. This is
Meselson and Stahl’s invention — the
density gradient of density-gradient ultra-
centrifugation.

The ultracentrifuge was invented in
1925 by a Swedish chemist called Theodore
Svedberg. (His name is now used as the
unit of sedimentation rate, one Svedberg

corresponding to a sedimentation rate of
1013 seconds in water at 20°C.) It can spin
samples at very high speeds, subjecting
them to centrifugal forces of about 500 000
times the force of gravity. Such forces,
maintained for hours or even days, cause
large biological molecules such as proteins
and nucleic acids to sediment. Measure-
ments of sedimentation rate are used to
determine their relative molecular mass.

“CLEAN AS A WHISTLE"

Figure 3 shows the experiment in which
Meselson and Stahl grew Escherichia coli
overnight in a medium in which the only
source of nitrogen was >NH4CI. All new
nitrogen-containing compounds that the
bacteria made — DNA, RNA, proteins and
other molecules, contained '>N. They took
a sample of bacteria (a control containing
only PN-DNA) then got the rest to grow
on ordinary nitrogen by adding a great
excess of “NH,4CI. Several times during
this growth they took samples for analysis.
Each sample was chilled and the cells
broken open with detergent to release the
DNA. Some of each DNA sample was put
into a caesium chloride solution and
centrifuged so that the DNA was subjected
to a force of 140000 times that of gravity
for 20 hours.

The result? The DNA molecules of
different densities each moved to the region
of the tube where the density of the
caesium chloride solution was the same as
their own. The DNA from the first sample
(the >N-DNA) taken before the ordinary
nitrogen was added, formed a band towards
the denser lower end of the gradient. Light
4N-DNA formed a band near the less -
dense upper region of the gradient. When
the two types of DNA were mixed and
spun, they separated into two bands with
a space between them. These were the
controls, but what about the bacterial
samples? If replication was semiconserva-
tive then in the first generation, grown on
¥NH,CI, all the DNA would be hybrid.
Each molecule would contain a heavy
strand and a light strand. It would form a
single band midway between the bands of
the two controls. In the second generation
there would be both hybrid DNA and also
new unlabelled DNA. And so it was. The
results were, as Meselson later wrote in a
letter to Watson, ‘clean as a whistle’!

In their report they wrote,

Following replication, each daughter mole-
cule has received one parental subunit ...
The results of the present experiment are in
exact accord with the expectations of the
Watson-Crick model for DNA duplication.

But it is often easier to do the work than
to write it up — Meselson and Stahl were
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Figure 3 ‘The most beautiful experiment in biology. E. coli cells were grown for many
generations in a medium containing '®NH,Cl as the only nitrogen source. The nitrogen atoms
in the newly synthesised purines and pyrimidines of these cells were mostly '5N. Excess
14NH,C1 was added to the growing culture, bacterial cells collected at intervals and their DNA
analysed by CsCl density gradient ultracentrifugation. Heavy DNA (from cells grown on
15NH,4Cl) formed a band corresponding to a density of 1.724 g cm=3, whereas light DNA (from
cells grown on '#NH,CI) had a density of 1.710 gcm=3. DNA from cells grown for one genera-
tion on 1¥NH,CI had a density of 1.717 — halfway between heavy and light DNA, suggesting
that each DNA molecule contained equal amounts of *N and 5N — consistent with semi-
conservative replication.

locked in an upstairs room with two
sleeping bags and a typewriter by their
mentor, who refused to let them out until
they had written their report! M
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