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The Pieces of
Nucleic Acid

{n 1869, A twentyfive-year-old Swiss chemist, Johann
Friedrich Miescher (MEE-sher, 1844-1895), was
working in the laboratories of a German chemist,
Ernst Felix Hoppc-Seyler (HIOH-puh-ZY-ler, 1825
1895)

Miescher was working with dead and broken-down
cells. Cells are the tiny objects out of which the bedies
of plants and animals are built.

In those days scientists were doing their best to find
out about the substances that made up cells Miescher
was one of those working in this direction. H¢ knew
¢clls contained protein, which are very complicated
substances, but he wanted to break them down into
small pieces.

He addcd the enzyme (EN-zvme) pepsin (PEP-sin)
to his material. Ao enzyme is a sulbsstance which acts to
hasten certain chemical changes. Pepsin causes the
large molecules of proteins to break down into small
pertions. But Miescher found there were other mole-



cules in the cell that weren't touched by the pepsin.

Each cell has a nucleus, a small structure that is
usually near the middle of the cell. The nucleus is
enclosed by a thin membrane. Some of the molecules
inside the nucleus remained unaffected by the pepsin.

Miescher separated this untouched material and
tested it in certain chemical ways. He wanted to Jind
what kind of atoms were present. Almost at once, he
was swiprised to find it contained atoms known as
phosphorus (FOS-fuh-rus).

Phosphorus is not an unusual atom in generd. but it
was supposed to evcur in rock, Until then, only one
compound that contained phosphorus had ever been
found m living tissue. It was a fatty substance named
lecithen (LES-ih-thin) which had been discovered by
Miescher s teacher, Hoppe-Seyler.

Miescher called the new material he discovered
nucletn (NYOO-klee-in), because it was feund inside
the ccll nucleus.

Miescher took his work to Hoppe-Seyler The older
chemist went over it and decided that Miescher ought
not to announce the discovery just yet beesuse he was
young and inexperienced, and perhaps he had made a
mistake Hoppe-Seyler decided % go over all the work
personally

For two years HoppeSeyler worked most carefully,
and finally he was satisBed when he feund a very
similar material in yeast cells.

The material he had obtsined was a little different
from that which Miescher had obtained. so they were
given different names. Mieschers material could be
easily obtained f-oru an animal organ called the thy
mus glond (THY-mus). so it was named th¥Ymus nu-
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clein. 1loppe-Seyler’s material was fiom yeast so. of
oourse, it was namued yeast nuclein.

Anethe&r of Hoppe-Seyler's students was Albrecht
Kossel (K@SS-ul, 1853-1927). in 1879, he began to
study Miescher's nuclein.

Miescher had found that nuclein obtained from the
sperm cells of salmon was attached to a very simple
protein he called protemine (PR@® H-tuh-meen) He
osuld separate them easily. Kossel decided to study
this eennection between nuclein and protein lurther.

Kossel feund that the nuclein he obtained was
usually connected to a protein a bit more complicated
than Miescher’s protamine Kosscl called his protein
histone (HIS-tone), hrom a Greek word meaning
“cell.” The cumbination of nuclein and protein is
nucleoprotein (NYO@-klee-o h-PROH-tee-in}

He divcovered that he eeuld eassily separate the
histone from the nuclein. The reason they stuck to-
grther was that the nuclcin behaved like an acid and
the histone ac'ed like a base. Acids and bases always
interact with each othe¢r Because of the acid behavior
of nuclein, that material came to be called nucleic acid
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(nyoo-KLEE-ikAS-id} and people began to speak of
thymus nucieic ac'd and yeast nucleic acid.

At that time. no one had any notion what the
molecules of nucleic acid were like. or how the atoms
within those molecules were arranged. To find out.
Kossel decided to treat the molecules chernically to
bresk them up into smaller pieces

The smaller pieces might prove to be molecules that
chemists already knew. Once they were recognized. it
might be possible to figure out how to put them
segether to form a nucleic acid molecule.

Kossel and his students worked on the nucleic acids
for years, and they managcd to recogniae some of the
pieces. Sorne were made up of a double ring of avems.
The double ring consisted of a six-atomring and a five
atom ring that were joined so that two atoms werc part

of beth rings. .

There is an atom at every angle of the double ring
If you count, you will see there are nine angles and.
therefere. nine atorns. Four of the atoms are nitrogen,
and they are marked by the Ns in the diagramn. The
other atorns are all carbon atoms.
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A ocompound containing such a double ring in its
molecule is Jnown as a purtne (PYOO-reen} to chem-
ists. There are a number of such purines because the
rings can have groups of additional atoms attached at
one or more positions as side-chains. Every different
side.chain or com bination of side-chains results in a

different purine.
Skeieton 1ormule
hydrogen gyoma nal ahown

Purines

Chemists had studied some purines already. But
Kossel found two purines that were new to chernists
and that seemed to be part of every nucleic acid. One
was adenine (AD-uh-neen) and the other was guanine
{CWAHneen). Adenine has an extra nitcogen atom
attached and guanine has a nitrogen atom and an
oxygen atom attached These names are used very
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Sk edeine v rmdes:
hydrogen aoms NA shown

Gaa e

often in ¢cenncetion with nucleic acids, and sometimes
just their initials are used. Adenine is referred to as A,
and guanine is relerred to us G.

Kossel also obtained pieces of nucleic acid that were
simpler than the purines This simpler kind had a
nolecule that contained only a single ring ol six atoms.
It was just like the six-atom ring in purines except the
Rve-ring attachment is missing
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Such a ring is called a pyrimidine (pih-RIM-ih-deen)
and there can be various pyrimidines since side-chains
of different kinds can be attached to different positions
on the ring

O = axypen alem

(2] e

Shiulon formulay
hydrogean etome not shown

Pyrimidines
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Kossel found two pyrimidines among the picces of
thymus nucleic acid ®ne is ¢cytosine (SY. tolseen) and
the other is thymene (THY-meen). Cytosine and thy
mine are also ufen referred to by their initials, c and ¢.
I am issing small letters in this case because the
pyrimidines with their single ring have snaller mole.
cules than the purines with their couble rings and
would seem to deserve small latters.

Shelaton larmuiaa
ydrogen stloms not shown

Uvach

At last we find a difference in the molecules of
thymus nucleic acid and yeast nucleic acid. Both have
the two purines, adenine and guanine. and both have
the pyrimidine, cytosine. @nly thymus nucleic acid
has thymine. however, which is why thymine has that
name. Yeast nucleic acid has a different pyrimidine.,
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one that is very similar to thymine but nout identical.
This other pyrimidine s uracit (Y@O-ruh-sil), and it
can be represented by its initial, 2. Thymine differs
from uracil in that thymine has an extra carbon atom.

For his work on nucleic acids and Jor other work, .
too. Kossel was awarded the Nohel prize in physiology
and medicine in 1914.

®f ceurse, the purines and pyrimidines aren't all
there is to nucleic acids. There were other pieces that
Kesz&! had not identified. He thoughit that one of the
additionsl pieces had the kind of structure that simple
sugars have. buthe wasn't sure.

A Russian-American chemist, Phoebus Aaron Thea-
dore Levene (1869-1940). tiaveled to Germany to
study chemistry. One of the German chemists he
studied with was Kossel, ancl he became interested io
nucleic acids as a result When he returned to the
United States, he made thewu his life-work.

Ite broke down yea;t nucleic acid wnolecules, and
among the pieces that he obtained, he found the sugar
molecule that Kossei had theught existed.

The simple sugars in living tissue that chemists
knew about had six carbon atoms in their molecule,
but the one that Levene had located had only five its
molecule also centained ten hydrogen atoms and five
oxygcn atoms in addition to the carbon atoms.

Knowing just that wasn't ¢nough because those
atoms could be arranged into eight different but
closely rclated sugars. Each one of these sugars had
slightly diferent properties, and it was up to Levene
to decide which of the eight varieties was the one he
had obtained from yeast nucleic acid.
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In 1909, Levene identified the sugar It was one
that chemists knew as ribose (RY-boze). or we can use
the shortened lorm rib.”

® (=) St
hydrogen atams not shown

G
ONONA®

Rbose sugar

Levene had considerable trouble with thymus nu-
cleic acid. It yielded a five-carbon sugsr among its
pieces. The five.carbon sugar of thymus nucleic acid,
however, was not quite like any of the five <arbon
sugars chemists knew about

It was not until 1929 that L evene discovered what
made this ether five-carbon sugar different. It was
exactly like 1 bose in its atomic arrangement except
that one of the oxygen atoms was missing Chemists
had never worked with a sugar like that. levene was
the first ever to study such a molecule, so it's no
wonder he had trouble

Levene called the new sugar deoxyribose (dee Ok
see-RY-bose) where the “deoxy” was a l.atin way of
saying “minus an oxygen,” We can use the abbrevia

tion "derid” for it.

(1)

& O

We can see now that. of the two varieties of nucleic
acid, yeast nucleic acid had ribose mmd wuracil in its
molecules, while thvmus nucleic acid had deoxyribosc
and thymine in its molecules.

Chemists have decided that the dilierence between
ribose and deoxyribose is more important than the
differen ce between uracil and thymine. They there
fere teok to calling yeast nucleic acid ribonucleic acid
(RY-bo-nyoo- KLEE-ikAS-id) and thymus nucleic acid
deoxyribonucleic actd (dee-@K.see-RY-boh nyoo
KLEE-ik-AS-id). These two names are yuite compli-
cated, and they come up in speaking and writing so
often that inithls arc ¢ommonly used. Ribonucleic
acid is almost always referred to as ANA and deoxyri-
bonucleic acid is almost always referred to as DNA.

Both RNA and DXA molecules also contain the
phosphorus atoms that so astonished Miescher at the
beginning. These phosphorus atoms do not occur in
the nucleic acids by themselves. They are always part

Deaxyribose
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of a group eentaining oxygen and hydrogen atoms,
too. The cembination is called the phosphate group
(F@S-fate), and we might use the abbreviation “ph”
forit.

P = phosphorus atom
O = oxygen atom

Phosphate group

Levene worked out what he thought was the wawin
which the various pieces fit together to make up a
nucleic acid molecule. The purines and pyrimidines
are attached © the ribese (or devxyribose}). The ¢om-
bination is attached to the phosphate group

This /s how ome of the combinations would look in
the RNA molecile:

A-rib-ph
This & the combination in 1 DNA muolecule:
A — derib —ph

In e¢ither case. such a combination is called a nu-
clezotide INYOQ-klee.oh-tide).

20

Sheleton lormiuiza
hy grogen aiama not showh

RNA nucleotids

There are four different nuclestides present in the
RNA molecule, one of which has adenine (A} as part of
the combination (shown above). The other three have
guanine (G), cytesine (c), or uraal (u} as part of the
combination. The DNA molecule also has {eur difter-
ent nucleotides containing either adenine (A), guanine
(G). cytosine (¢). or thymine (t).

There are ways. of measuring the total size of a
molecule. I #vene worked out the sizes of the nucleic
acids he obtained from cells. It seemed to him that
each molecule was large enough to he made up of feur
nucleetides, very likely one of each kind The nu-
cleotides held sogether because the phosphate group
of one nucleotide made a second connection with the
ribose (or deoxyrilose)} of the next nucleotide.



DNA nucleotide %"

The four nucleotides, clinding together. are a tet
ranucleotide (TET-ruh.NY@O-klee-oh-tide), where
the “tetra” is from the Greek word for “feur.”

This is the way a DNA tetranucleotide and an RNA
tetranucicotide might look:

DNA RNA
A - derib A -rib
>ph \“ph
G - derib G-ribg
h “Sph
c —den'l<p c - ﬁh{:
/ph ph
t —derib u — rib’”

Since the derib-ph and the rtb.ph are always the
same fium. wuclestide o nucleotide, a simpler way of
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showing what the tetranucleotides might look like
would be as follows:

- Q
&

&
e
&

(=)

Tetranuc'eotites of DNA and RNA

The best way of making certain. that Levenc was
correct about the structure of the nucleotide s was to
start with s'mple molecules. These simple molecules
sould be treated chemically in a wav designed %o put
them together in a known fashion. Finally the struc-
ture Iavene had reasoned out could be put together
The properties of the built-up structure would then be
studied. Ifthey proved 1o be the same as those of the
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nucleotides obitained from nucleic asids, then Levene
woukl be proved right.

Beginning in 1838, a Scottish chemist, Alesander
Rabertus Todd (1947~ ), worked on this problem.
He prepared all the nucleotides and found that
Levene was carrect in his structure. For his work.
Todd seceived the Nabel prize for chemistry in 1957

(You might wonder why Todd gt a Nobel prize just
for showing that Levene was right, when levene
never got one himself. The answer is that, even in
scieace, thinge aren’t always peifecily fair. When
Jevene did hs work. no one bad any idea bow
important nucleic acids were. By the time the impor-
tance was recognized and Nobel pilzes were fre-
quently given out for work with them, levene had

died.)

Nucleic
Acids?
Proteins?

Br)CHEMISTS WONDERED WHAT nucleic acids do in
the body. Do they have an important jart to play?

it was possible they might. Miescher, in the early
days of his discoverv, had fbund nucleic acld in the
sperm cells of Ssh. Sperin cells are very tiny objects
that don't have 1oem in them for anything except the
lather’s penes.* which carry inherited characteristics.
A sperm cell enters an eg€ cell that carries the
mother's genes. The fertilized egg cefl that resnlts
develops into a new organism. Could nucleic acids
therelore have sumething to do with inheritance? If
s0. they might be very impormnt indeed

In 1914. a German biochemist, Robert [oachim
Feulgen {(FO1)-gen. £884-1955), found a red dye that
would eoinbine with DNA, but not with RNA. In

1) wanild e helpiu) oo senffind it bank. @ yomabo read my bask Wow B We
Fmd Qut H60et Couss? Welhey. 18343
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1923, he tried this dye on thin sices of .iving cells.
The dye poisoned the ceils. but it combined with
material in some parts ol the ccll while leaving other
parts untouched. Whcrever it combined, DN A had to
be present, and there would ke a deep red stain in
that spot, while everything else remained celorless. It
was like making a colored map of the cells, showing
wherc the DNA was.

It turned out that DNA was lecated almost entirely
in the nucleus of every plant and animal ceil tested.

In the 1940s. a Swedish biochemist. Torbjorn Oskar
Casperyson (1910-- ) went Girther There are some
enzymes that break up ONA but leave RNA un-
touched. There are other enzymes that break up RN A
and leave DNA untouched. Caspersson used each
enzyme on different cells, and thus produced some
cells that had only DNA and other ce:ls that had only
RNA He then shone ultraviolet light through the
cells. Ultraviolet light is absorked in a particular way
by either kind of nucleic acid. Caspersson could tell
exactly where both DNA and RNA were in the ce ls.

He found the DNA in nuclei was actually lecated in
the chromosontes (KROH-moh-somez). The RNA, on
the other hand, was located outside the nucleus in the
cytoplasm (SY- toh-plaz.um).

With further investigation, some RNA was found in
parts of the nucleus and some DNA in parts of the
cytoplasm. However, almostall of the DN A was in the
chromosomes. and most of the KNA was in the cyto-
plasm.

8y that time, scientists knew very well that the
chromosomes in the nuclei—tiny objects that looked
like stubby bits of spaghetti—were deeply involved

2%

with inheritance. The chromosomes carried the
genes, and it was the ganes passing from parents to
children that carried all the characteristics of that
particular organism.

Chromoeames aof the fruil fiy

With DN A located in the chromosvmes, it therefore
looked as though DNA might have something to do
with inheritance

Of course, not al hving things are composed of
cells. There are tiny objects called viruses that are far
smaller than cells, and that seem to be able to grt
inside e¢lls and multiply there. Such viruses, in multi-
plying. produce other viruses just like themselves, so
they must have some device fer passing en their
characteristics by inheritance. What would that device
be?

Until biochemists managed to get pure samples of
viruses without any pieces of cells included, they
couldn't be sure what made up the viruses. Pure
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samples were first obtained by an American bio-
chemist, Wendell Meredith Stanley (1964.1971). He
was studying the tebacco mosaic virus that caused a
disease in tobacoe plants. In 18335, he managed to get
fiue, needlelike crystals out of mashed-vp webacco
leaves that were infected with the virus.

The crystals. which were pure wbacce mosaic virus,
were made up of proteins Since then, al viruses that
have been isolated and purified have been found to be
made up of protein. For his work, Stanley won a share
of the Nobel prize for chemistry in 1948

Almost at once it was found that viruses contain
more than protein. In 1937, an English biologist,
Frederick Charles Bawden {1908- ) found that the
tobacec mosaic virus contained RNA as well as pro-
tein. Since then it has been discovered that all viruses
also contain nucleic acid The simpler viruses usvally
contain RNA, but morc eemplicated viruses have
DNA. Some have both.

It is possible to think of viruses as beiug something
like le#se chromosomes that are not part of cells.
When a virusinvadesa cell, it somehow seives ¢ontrol
of the cell from the cell's own chromosomes.

What is there about chromosomes and viruses that
ocentrols inheritance, as well as the day-to-day worle
ings of cells and organisms? Since all chromosomes
and viruses are made up of proteins and DNA (except
for the simpler viruses which have RNA), it might be
the protein, the DNA, or both.

At first scientists lelt sure that it must be the protein
molecules that controlled living ce.ls and were respen-
sible fur inheritanec Thev thought that whatever it

Tobacco mosale virus

was that DNA did., it must serve only as an assistant to
the protein.

One reason scientists felt sure of this was that fer a
whole century they had looked upon proteins as the
most complicated molecules involved with life. In-
deed. they seemed the most complicated molecules
that existcd anywhere.

Proteins are made up of giant molecules, each one
being made vp of anywhere from hundreds to hunr
dreds of thousands of atoms There are other sant
molecules too, such as those of starch, or of the
cellulose that makes up a major portion of wood. It
seemed no other giant molecules, however, ceuld be
compared to those of proteins

Giant molecules can be easily broken up into small
units. Such small units are hesked together like beads
on a string to furm the miant molecules. Usually the
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units that make up giant molecules are only one kind.
Thus, starch can be broken down into units that are
molecules of a simple sugar called glusose. Cellulose
can also be broken down inte glucese units.

Plastics are made up of giant molecules that chewn-
ists preduce in the laboratery. These can be breken
dowT into simple units that are of only one or possibly
two varieties.

Pretein molecules can also be broken down into
simple units, and these are all amino acidy {uh-MEE-
noh-AS-idz). Amino acids come in many Varieties,
hewever. Pretein molecules consist of long strings of
as many as twenty different types of amino acids,

Moiezcules of stasch, celulose. or plastics, built ap
nf only onc or two different units. caun differ from each
other only in the length of the chain, or in whether the
chalin is straight or branched.

Chains of anino acids, howevcr, in farming protein
molecules, can difficr net exly in the number of each of
the twenty different units, but alce in the exact ar-
rangement. Therc are trillions of different arrange
ments possible, and each of these represcnts a diffe r-
cnt molecule.

This means that cvery species-—every individual
living thing-—can have proteins not quite like those of
any other species or individual. The reason living
or@enisms vary among themselves and can do so many
cemplicated and different things must be because they
are made up of proteins that can take on many shapes
and have many differe nt properties.

Acvording to Ievene's findings, nucleic acids didn't
consist of giant molecules. They were made up of only
bour diflerent nuclestides and, in the nucleic acid
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molecule, there seemed o be only one each of these
four nucleotides.

The workings of a cell depend en the presence ofa
large number of diflerent enzymes, eachin a particu*
lar quantity: ‘Jiese enzymes are made up of pretein
molecules and, since each new cell can mmakc the
proper cnzymes for itself, somewhere in the cellthere
must be the information (or “blueprint’) necded for
enzyme molecules to be built up correctly

It seemed esermin that only a protein molecuk:
could be semiplicated enough to carry the blueprint of
another protein molecule. The little four_nucleotide
molecules of DNA seemed to be too small te petform
the task.

To be sure, [evene turned out te be wrong in
supposing that nucleic acid molecules had only four
nucjeotides apiece. The metheds he used to extract
the nucleic acids f:om the cell were pretty violent, and
they rcduced the molecules to small pieces.

As biochemists learned te cxtract the nuclleic acid
ynolecules by gentler me theds, they foundthey ended
up with larger aud larger molecules. Eventvaly. it
began 1o seem that DNA ake consisted ol giant mole”
cules, as large or larg ¢ than protein molecules

Yet biochemists were so used to thiuking ofproteins
as the most important molecules in living cells that
they continued to ignore DNA. And then one day,
everything changed.
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The Winner:
DNA

Fea a LONG time, wcicntists had been studying
pneurnececci (NYOO-mohKOKsigh). the hacteria
that give rise to the lung dis:ase of pneumonia. A
single such bacterium is a paeumococcus (NYQO-
1moh-KOK-us).

Pncumococei came i1 two varieties. In one, each
bacterial cell is covered with a smooth coat made of
comnplicated sugarlike molecules. This variety is
pnewinococcus S (for “smooth ™) The other variety of
pncumococcus lacked the smeoth ocat, and therefure
had a rough appeaance. It is pacimececces K ({or
“rough™).

Apparently, pneumoceccus R lacks a gene that is
needed to help produce the complex material that
ferms the ceat. In 1928. an American biologist, Fred-
crick Reece Griffith, jr. (189 I- ), heated a quan-
tity of pneumououecus $ until adll the bacteria were
killcd. He then added the liquid containing the dead
bacteria to a quantity of living pneumococcus R. He
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feund that pneumococcus . in multiplving. became
pneumococcus S.

Pnaurtwococous bacteris

The pneumococens S, although dead, still contined
the gene that produced a smooth coat. and that gene
iemained in working condition. When the gene was
added o the pneurwoa=xus R, whieb lacked such a
gene. that bacteriuym could form the coat so that it
tben became pneumuc.occus S.

Naturzlly, scientists tried to isolate the gene. or the
trargforming principle, as it was called. They all
assumed that the gene would prove to be some sort of
protein.

A Canadian-Amencan biologist, Oswald Theodore
Avery (3877-1955), was particularly interested in the
problem. Little by little he purified the fluid contain-
ing the transforming principle until he bad gotten rid
of everything but the transf orming prnciple itself.

&7 |

When he tested the solution o see what it com-
tained, he found NNA He could find no protein in it.
In 1944 Avery. along with two co-workers, an-
nounced that DNA, without any help from piotem.
was the gene

If this were so, it wes very likely thatall genes were
made up of DNA, and that DNA was the material in
cells that contrelled their behavios. [t was DNA that
carried the blueprint for inherited ebaactesrstics and
pusssed these on From cell to cell, when oells divided,
and from parents to their young, when plants and
animals reproduced themselvess.

Omnce Avery made his discovery, scientists found
more¢ and more reason to suppose that ONA cen-
trolled the cell. [ n 1852, for instunce, an American
biolegst, Alfred Dne Hershey (1008. ), found that
when a virus invaded acell, only the DNA of the virus
entered the cell. The protein of the virus remained
outside, Yet inside the cell, not only did the virus-
DNA form more DNA exactly like itsell, but it also
formed a great deall of protein like the protein that bad
been left outside. This made it clear that DNA mole-
cvles carred the blueprint for prutein molecules

Now scientists had to find what there was about the
DNA molecule that made up the blueprint, and how it
could multiply itself and still kecp the blueprint in-

00

Virus attacking and destroying a cell




In 1844, just us Avery was announcing bis finding
about DNA, a new way of anallvzing complicated
mixtures of substances was worked out. It was called
paper chromatography. a peecess in which a shemicsl
mixture is sepmated into its components. The new
texbnique was quickly used to investigate DN A

An Austrian-Amessan biochemist. Eswin Chargall
(1805~ ). broke up the DNA molecule until all the
purines and pyoimidines were loose. He then ana-
lyzed the mixture of the two purines (adenine and
gnanine) and the two pyrimidines (cytosine and thy-
mine) to see bow much there was of each one

[n 1948, Cbargafl showed tbat in all the DNA be
bad tested, the total numher of purine molecules was
always equal to the total number of pyrimiline mole-
cules. This meynt that adenine plus gumine was
always equal to cytesine and tbymine{(A + C = ¢ +
t). YWhat's more. the number of adenine molecules was
always equal to the number of thymine molecules (A
= t), aud the number of guamine molecules was
always equal to the number of ytosine molecules (C
= o)

Chargall couldn't tell why this should be, but these
equaiities bad to have something to do with the
stiucture of the DNA molecule.

Another way of chi:ckmng on the structure of the
DNA molecule was to purifi- a sdution of it until only
DNA molecules were present and theo gt them out
of the solution in the forn of delicite libers Those
fibeis could ¢ bombarded with X rays, that will strike
one atom in the molecule a1] bounce off in some
direction

Suppose 2 very long molecule. such as DNA, has a
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repeated structure. Also suppose there is a particular
poup of atoins m ane place and thut it appeass again
and agein at cegular intervals along the chain (like the
design that keeps repeating, every fioot or s0. on
wallpaper.)

In that case, the X rays bit the group of atoms a
every place itappears in the molecule and bounce off,
each time in the same dicection, Instead of X rays
bouncing every which way, you have them forming o
sizable beam, all in the same direction.

X rays can cloud a pbotographic Glm, so tbut you can
take a picture of them. If molecules contain greupsof
atoms without any particular pattern. the X rays
bounce offin all directions and the piciuse just shows a
foggy baze.

If, boweves, the molecules have a repeated struc-
ture, xray beams come off only in certain directions,
and the picture shows a pattern of dots. From the
pattern of dots i such an xray diffraction picture, it
might be pussible to deduce the kimd of repetitions
there are In & molecule and to get a notion of its
structure. It might become possible to build a three-
dimensional medel oftbe molecule, with all the atoms

in the right place. )
In 1951, an American chemist, Linus Carl Pauling
(1901- ), worked on protein structure, making use

of xaay dillraction and of his own studies of the way m
which atoms fit together. l1e showed that chains of
ammo acids would twist into the shape of a kel
(11EE-liks} Faniliar objects that have the shape of a
helix are spiral stairc.ases and bed springs

@f course, only very simple proteins have their
amino acid chains twisted into long belixes in a
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Linus Pavling

straiight ‘ime. The helixes bend and curve in compli-
cated ways in proteins such as enzymes. Sti.l, once
biochemists began to think about helixes, the further

cemplications could be worked out. The exact shape of

many protein molecules is now known.

Wken Pauling made his suggestion, biochemists
were struck by it, and some thought that the long
<haiins of nucleotides that make up the BNA mole
cules were alyo twisted into helixes.

The Double
Helix

T\we SCIENTISTS WHO were particularly interested
in the pogsibility nf DNA helixes werc an Englishman,
Francis Harry Compton Crick (1916- ) and
his American ce-worker, James Dewey Watson
(1928-

They tricd dif ¢érent types of helixes, but none of
them seemed suitable. A helix had to twist according
to the natural way in which the atoms fit together. It
had to be the kind of helix that would explain the x-1ay
difraction photos. It also had to help explain how
nucleic acid warked. No matter what Crick and Wat
son tried, nothing seemed to fit all of the require-
ments.

What theys needed were gond x-rav dilfaction pho
tos of pure BDNA, but those weren't easy to get.

As it happenied. at the place whir¢ Crick #nd
Watson were working, there was a New Zealand-
born biochemist, Maurice Hugh Frederick Willdns
(1916- ). He prepared pure DNA fibers that
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weuld be expected to produce pasticularly geod xray
diffraction photes. Werking fer him was an English
chemist, Rosalind Elsie Franklin (1920-1958). who
used Wilkins’ DNA fibers to make the very best xray
difiraction photos that had yet been taken.

Franklin was a very cautieus scientist and did not
wish to hurry in figuring out the meaning of her
photos. She did not want to make any mistakes nor did
she want anyone else to see them while she was
thinking out the meaning,.

Willdns, however, shewed her photos to Wats)n
and Crick without asking her permission. They (Wat-
son, especially) were much less cautious than Franlk
lin, and the photos gave them a remarkable idea
almest at once.

Watson and Crick decided that whereas a protein
melecule was made up of a chain of amino acids, a
DNA molecule was made up of a deuble chain of
nuclleotides. The two chains of nucleotides were so
ananged that the purine and pyrimidine portions
faced each other.

L L]

The purines and pyrimidines of the two nucleotide
chains are held together by what chemists call Aydro-
gen bends. The hydrogen bond is much weaker than
the ordinary bonds that hold atoms together in a
molecule. It is strong enough to hold the two nuw
cleotide chains together under ordinary circum-
stances. but at crucial moments, the two chains can he
pulled apart.

nucleotide ch.a in nucleotide chain
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The two chains are, in fact, like the opposite teeth of
a zipprer, The 2ipper usually holds togcther under the
proper conditions, hut when you pull down the slide,
the two sides of the zipper pull apar't easily

(o order te even the space between the nudleotide
chains, a double-ring pur.ne on ane side must always
be oppssite a single-ring pyrimidin¢. This makes the
space between the nucl'eotide chains just wide enough
to hold thrce ringe together at every position. If a
purine faced a puiine, thcre wouldn't be enough
reom. Il a pyrimidine faced a pynmidine, they
wouldn’t reach across. Either way, the two chains
wouldn't cling together properly at these points.

Hydrogen bonds hold together adenine and thy-
mine quite well. and they also hold to@ether guanine
and cytosine, The fit is far worse and the hydrogen
bimds much weakér in adeninc and cytesine, or in
guanine aud thymine. On one nucleotide chain the
order ¢an be anything but then, on the other side,
there must always be a matching sct of puriries or
pyrmidines—c for G, t for A. and vice versa. If the
arangement on one nucleotide is A, G, A, t. t, c. G,
C, G, c; then on the ether it mustbet.c. ), A, A, G, ¢,
cacs C.

This explains why Char@a{f had feund that in DNA
molecules there were allways equal numbers of ade-
nines and thymines and equal numbers of guaniacs
and cytosines.

Finally. the two chains were twisted in such a way
as to produce a doubie helix. They were like twao spiral
staircases, twisting together. with the banister of one
just fitting between the curves of the ether.

Double Hellx of DNA
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VWatson and Crick described this double helix strue
ture of DNA in 1953, aad it made a sensation at once.
Watson, Crick, and Wiikins all shared the Nabel prize
for medicine and physiology in 196& Franklin might
have been honored. toc, but she had died lour years
earlier

The stnicture worked oul by Watson and Crick
explained how DINA molecules produced replicas of
themselves (replication, rep-lih-KAY-shun) when cells
divided. Because each DNA molecule can produce
another just like itself. skin cells can divide into two
skin cells, liver cells can divide into two liver eells,
and so on. Jtis why e@g cells have DNA moleculeslike
those of the mother, sperm cells like those of the
{ather and the young have DNA molecules and char
acteristics like those ol both their parents.

Here's the way it works. When a cell is ready to
divide, the two chains ol the double helix begin to pull
apart. The nucleotides along each chain guickly pick
up single nucleotides that arc present i the cell
fluids

Thus, when a thymineadenine corubination pulils
apart, the thymine on one chain quickly picks up a
new adenine nucleotide filom the cell fiuids That
would be the only molecule in the fluid that would
stick neatly to the thymine. Mean while, the adenine
on the other chain would pick up a thymine nucleotide
which would, of course, allso give a good fit.

Inthe same way. when a g 1anine cvtosine combina
tion pu.ls apart, the guanine picks up a new cytosine
nucleotide, aid the cytosine picks up a new guanine
nucleotide. The new nucleotides, as they cling to the
chain, ferm a chain of their own. The result is that, by
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the tme a double helix has pu led entirely apart, each
nuclectide chain has fermed another chain that Ffits
itseli. There are now two double helixes where there
was only one before. and the two are identical.

In this way, each DNA melecule forms an exact
replica of itself at cell division. Each chromosome
forms an exact replica of itself, and each new c«ll gets
a new set of chromosomes just like the set that had
existed in the cell frem which it farmed.

A yoong organism, formed from the mother's DNA
molecules in the egg cell and the father's DNA mele
cules in the sperm cell, will have some characteristics
like those of its lather and some like these of its
mother, If the DNA replication is peifect, all the
baby's characteristics will resemble these of one par.
ent or the other, or sumetimes be something in be-
tween.

But nething is peifect. Everyonce in a while sem e-
thing goes wrong in the replication. The wrong nu-
cleotide may happen to get into position and be locked
in place before it can bounc: away, I1n 3eme places, a
nuclestide may be skipped. or an extra owe may
acddentally squeeze in. The DNA molecule is
changed as a result and that change may then be
preseived in future replications.

The result is a mutation (myoe-1'AYshun) in which a
new cell, or a new living creature, has characteristics
that are not feund in the cell, or the parents, lrom
which it arose. It is these mutations that help male
evolution proceed.

From Triplets
to Amino
Acids

SO FAR, the process of replication enly ¢xplains hew
PNA molecules produce other DNA melecules. Jlow
do they sontrol ce.ls and living creatures? They do 80
by guiding the production of enzymes which control
¢hemical changes in cells. The order of the onu-
cleotidcs along the molecule of DNA must control the
order of amino acids along the molecule of an enzyme

Buthow can that be? Each enzyme melecule has a
particular arrangement of twenty different enzymes.
DNA, on the sther hand. is made up of seme particu-
lar arrangement of only four different nuclentides.
How can infermation aheut twenty different amino
acids be squeezed into four differcnt nuclestides?

It's not irupossible, English woids arc made up of
twentysix different letters of the alphabet. yet any
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English message can be transmitted by means of the
Morse cede, which centains only two diffcrent sig-
nals- —dots and dashes. The reason is that a combina-
tion of several dots and dashes can be used to stand for
a particular letter of the aiphabet. @ut of just dots and
dashes. many cembinations can be made

In 1954, soon after VWatson and Crick had worked
out the structure of DNA, the Russian-Awnerican sci-
entist, George Gamow (GAY-mov, 1804-1968), sug
gested that it was a group of nucleotides. and 1ot just
one only . that stood for aparticular amino acid.

For instance, suppose you moved along the nu-
clcotide chain of DNA studying every pair of nu-
cleotides. The first nucleotide of a pair could be any
one of the four nucleotides and the second nucleotide
could be any one of the lour, also. That means the total
number ol differeint pairsis4 X 4, or 16. You can write
down all the combinations such as GG, GA, G¢. ¢G,
Ac, At, and so on, and when youv( written down
every possible one, you will have sixteen.

®f course, sixteen pars is not enough. but suppose
you take the nucleotides three at a time. Then you
would have 4 X 4 X 4, or 64 different combinations
pessible That’s more than enough. It would be possi-
ble to have each of two. three. or even fyor diffierent
treplets all standing for the same anino acid. You could
have a triplet that marks off the beginning of an amine
acid chain, and another that marks off the end.

But how does the infermation contained in the
DNA moleale—the order of its nuclectid e triplets—
get to the place in the cell where enzyme molecules
are manulectured. The DNA is in the chremnosomes
that are inside the cell nucleus. The enzymes, how
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gver are manuactured in the cytoplssm that is out
side the cell nucleus.

‘The place of manufacturc of the enxymes was ds-
covered, in 1956, by the Rumanian-American biolag
gist, George Emil Palade (pah-LAH-dee, 1912 ).
He wade use of an dectren microscope which could
magmifv the interior of cells much morc than ordmary.
microscopes could. He found tiny structures in the
cytoplasm, perhaps 150000 of them in each human
cell. where the enzymes were manufactured. Each of
these structures contained a grestdeal of RNA (abo-
nucleic acid) so they came to be called ribosenies (RY.
heh somez)

Diagram ot a typlcal celj

For this work, Palade got a share of the 1974 Nohel

prize for physiology and medicine.

But how did the information on the DNA molecule

get {ram the chromosomes to the ribvysomes?
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In 1961, two French biochemists. Jaccjues Lusien
Monod (mob-N@®!, 1910-1976) nnd Fiangos Jacob
(zhahKOBE. 1920 ) suggested that RNA was the
answer © that question. Alter nll, RINA is found both
in the nucleus and in the cytoplasm (in the ribosomes
particularly). Then. too, RNA bas astructure just like
that of DNA, except that it has 1ibosc instead of
deoayribese. and uracil instead of thymine. When a
DNA molecule replicates, it might, every once in a
while, form an RNA nucleotide chain, instead of
another DNA nucleotide chain.

The RINA nucleotide cbiain would have its nu-
ceotides in the exact order of the DNA nucleotide
chain except that there would be a uzadi] (u) whetea
thymine (t) bad been. The molecule of RNA would
then slip out of the nucleus and would serve as the
messenger carrying the DNA information o the nbe-
somes. This molecule of RINA came to be ksown as
messenger-BNA.

Monod and Jacob pioved 10 be conect, and they
each received a share of the 1865 Nobel prize for

=i

medicine and pbysiology for this and for other work on
nucleic acids.

Meanwbile, in 1955, a Spanish-American bio
cbemist, Seveio Ocboa (ch-CHQOH-ab, [98s. ).
had discovered an enzyme that acted to tie nu-
cleotides togetber te jorm an RNA chain. This made i
possible tv make symthetic RNA. Ochoa received a
share of the 1959 Nobel Prize for medicine and phy-
iology.

Once the matter o messenger-RNA had been
worked out. an American biochemist, Maisball War-
ren Nirenbeig (1927~ ). manufactured symtbetic
mes senger-RNA. By cbeosing which nucleotides to
start with, he could make messengerRNA writh par-
licular triplets. He would then ind out what particu-
lar amino acids would be produced in an amino acid
ebain. In this way, Nirenberg bepan 10 break the
genstic cods. e discosered which nucleotide tripic
produced which amino acid. By 1967, every single

Nobed Laueates
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nucleotide tr.plet was tied to a particular amino acid.
and the gcnetic code was compietely worked out.

Nirenherg, and an IndianAmertcan chemist, Har
Gobind Khoians (1922- ). who worked with ham,
received shares of the 1968 Nobi:l prize for medicine
and physiology

While Nircnberg was working on the genetic code,
anotber American biochemist, M\Mahlon Busb
Heagland (1921 ) was locating small RNA mole-
cules in the cytoplasm.

These were double-ended molecules. At one end
was a nudlleotide triplet that would fit a particular
triplet on the messenger-RNA On the: other end was
a portion that attached itself to a particular amino
acid. Because they transferred the information from
the triblet to the amino acid, such molecules were
wlled transfer-RNA

You en see now bow itworks. The messenger-RNA
is formed with the copy of a seetion of the DNA

Max Owlfdelick Salvados Lurie
1569 1969

molecule. The messenger-RNA travels to the ribo-
some where trenséer-RMA molecules attach them-
selves to the various triplets of the messcngerRINA
Fach tnplet gets the transberdINA molecvle that hap
pens to fit that particular triplet and no othet To the
other end of each tnmsfer.ANA. amino acids attiact
themselves, just the amino acid that particularly fits
that end of that particular tlansfer-IRNA. The amino
acids then all boek together. and you have a particular
enzyme molecule

The tansfr-RNAs were studied corefully by an
American chemist. Robert William flolley (1922-).
lie purified scveral vaneties in 1963. By 1865, be
actvally put the proper nuclectides together and syor
thesiac:d one of them. In 1968, he shared the Nobi:l
Prize with Nirenbesg and Khorana

DNA molecules sometimes change in odd ways. In
948, a Cerman-Americun biologist, Max Oelbruck

Maobal Laureates
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Severo Ochoa PaulBerg
1959 1960

(1806-1881), andan ItalianAmericun biologist, Salva-
dor Edward Luria lound that DNA molecules in vi-
rses sometimes broke up for no reasoq that could be
seen. A piece of DNA §rom one virus might then
combine with a piece from another virus %o form a
difherent new virus. Hersbey discowwred this at abouat
the same time. In 1969, all tbree shared the Nobel
prize for medisine and pbysiology.

The question was could sclentists do ths on pur-
pose? Could they break up DNA molecules and then
recombme them in a different way?

wo American biologists, Daniel Nathans (1928-)
and Hamilton Othancl Smith (1931- ) d’scovered
enzymes in 1870and 1971 that¢ould cause 8 break in a
DNA molecule wherever a pusticular combination of
nucleotides bappined to be. In this way, the DNA
could be broken into a few laxge pieces. If you knew
the exact structure of the DNA molecules, you would
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JamesWetson Fiancis Crick Maurice Wiikina
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know exactly what pieces would be formed. Nathans
and Smith were awarded the 1978 Nobx:l prize for
physio'aRY and medicine.

Soon afteiward, an American biochemist, Paul Berg
(1926 } found otber enzymes thut could recom-
bine tbe piexcss of the DNA molecule, but not neces-
sarily in the original [arm. Two pieces fromn two diffe r-
ent molecules could be recombined to form
racombiriantiINA that was diffierent from anv DNA
lound in nature. Bergwas awarded asbare of thy 1980
Nobel Prize for chemistiy for this.

By making use of recombinantD N A techmques, it
is possible to breed bacteria. for instance, with new
genes and new enzymes and ncw chemical abilities
Bacteria can be rnade to produce a hormoae caslled
insulin (INsyvoldin) thathelps people with the sesious
illness. cfiabetes (DY-uh-BEE-teez). Animal insulin
can be used, but bacterna can be designed to make

5B



human insulin, which is better.

Bacteria could be designed to produce other impor-
tant materials, to convert pollution into harmles;
fluid, to pecfern ecrtain useful chemical changes, and
soon.

@f course. one must be careful. What ifbacteria arc
produced that can give people brand-new and very
serious diseases? There doesn’t seem much chance of
that. but biologists have to keep it in mind.

Would Miescher have dreamed that the strange
compound he discovered a century and a quarter ago
weuld turn out to be the key melccule in all living
things from viruses to human beings? Would be have
dreamed that buman beings would learn to adjust and
recombine those melecules and form the beginnings
of a new sciencecalled genetic eng neering?

Almost certainly net.




