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1 
The Pieces of 

Nucleic Acid 

lN 1869, A twenty-five-year-old Swiss chernist, Johann 
Friedrich Mieschcr (MEE-sher, 1844-1895), was 
working in the laboratories of a German chemist, 
Ernst Felix Hoppe-Seyler (HOH-puh-ZY-ler, 18� 
1895). 

Miescher was working with dead and broken-down 
<'ells. Cells are the tiny objects out of which the bodies 
of plants and animals are built. 

In those days scientists were doing their best to find 
out about the sobstance.s that made up cells. Miescher 
was one of those working in this direction. He knew 
cells <.'Ontaine<l protein, which are very complicated 
substances, but he wanted to break them down into 
small pieces. 

He added the enzyme (EN-zyme) pepsin (PEP-sin) 
to his material. Ao enzyme is a sobstanco which acts to 
hasten <:ertain chemical changes. Pepsin causes the 
large molecules of proteins to break down into small 
pO�tions. But Miescher round there were other mole• 
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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 

teste d it in certain chemical ways . He wante d to find 
what kind of atoms were present. Almost at ont-e, he 

wa.,:; surprised to 6nd it contained atoms known as 

phosphon,s (FOS-foh-rus) .  
Phosphorus is not an unusual atom in general, but it  

was supposed to <>ccur in rock. Until then, only one 
compound that contahled phosphorus had ever been 
found in living tissue. It was a fatty substant'C named 
lecithin (LES-ih-thin) which had been discovered by 
Miescher' s teacher, Hoppe-Sey ler .  

M iescher called the new material he discovered 
,wclein (NYOO-klt..--e-in)) because it wa.,:; found inside 

the cell nucleus. 
Miescher took his work to Hoppe-Seyler. Tho older 

chemist went over it and decided that Miescher ought 
n ot to aonoun<:e the discovery just yet IX.'<.'a\1se he wns 
yoong and inexperienced, and perhaps he had made a 
mistake. Hoppe-Seyler decided to go over all the work 
per.;onally. 

For two years Hoppe-Seyler \vorke d most carefully, 
and finally he was satisfied when he found a very 
similar material in yeast cells. 

TI1e material he had obtained wa'> a little dilferent 
from that which Mieschcr had obtained, so they were 
given difF'erent names. Miescher·s material t'Ould be 

easily obtained from an animal organ calle d the thy 

mus gland (THY-mus). so  i t  was named thymus ,u,. 
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clein. lloppe-Seyler·s material was from yeast so, of 
course, it  was namt.od yeast ,u,clein . 

c.tl 

Another of 1-loppe-Seyler's students was Albrecht 
Kosse! (KOSS-ul, 1853-1927). In 1879. he began to 
study Mieschcr's ncuclein. 

Miescher had found that nuclein obtained from the 
sperm cells of salmon Y.'3S attached to a very simple 

protein he called protamlne (PROH-tuh-meen). He 
oould separate them easily. Kosse! d<-eided to study 
this connection between nuclein and protein further .  

Kosse) found that the nuclein he obtained Y.'3S 

usually connected to a protein a bit more complicated 
than Miescher·s protamine. Kosscl calft,d his protein 
hi,tone (HIS-tone), from a Greek word meaning 
"cell." Tite <.'Ombination of ouclcin and protein is 

nucleoprotein (NYOO-klee - oh -PROH-tee-in). 
He disoovered that he oould easily separate the 

histone from the nuclein. The reason they stuck to
gether was that the nuclcin behaved like an acid and 
the histonc ac..-ted hke a base. Acids and bases always 

interact with each other. &caose of the acid behavior 
of ouclein, that material came to be called rmtlek acid 
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(nyoo-KLEE-ik-AS-id) and people began to speak of 
thyniu.t nucleic acid and yeast 1)uckic acid. 

At that time, no on e had any notion what the 
molecule.� of nucleic acid were like, or how the atoms 
within those molecules were arranged. To 6nd out, 
Kosse! decided to treat the molecules chemically to 
break them up into smaller piC(..'e-$. 

The smaller pieces might prove to be molecules that 
chemists already knew .  Once they were recognized, it 
might be possible to 6gure out how to put them 
together to form a nucleic acid molecule. 

Kosse] and his students worked on the nucleic acids 
for years, and they managed to recognize some of the 

pieces. Some were made up of a double ring of atoms. 
The double ring consisted of a six-atom ring and a 6\•e 
atom ring that were joined so that two atoms \VC:rc part ""·""·1· 

N 

N 

._J 
There is an atom at every angle of the double ring. 

If you count. you will see there are nine angles a.od, 
therefore, nine atoms. Four of the atoms are nitrogen, 
and they are marked by the Ns in the diagram. The 

other atoms are all carbon atoms. 
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A compound containing such a double ring ill its 
molecule is known as a purine (PYOO-reen) to chem
ists. There are a number of such purines because the 

rings can have groups of additional atoms attach<."<I at 
one or more positions as side-chains. Every di.lferent 
side.chain or com'bination of side-chains results in a 
different purine. 

Purines 

Skeleton tormuNI, 
hydr� .tom, not ,hown 

Chemists had studied some purines already. But 
Kossel found two purines that were new to chemists 
and that seemed to be part of every nucleic acid. One 

was adenit1e (AD-uh-noon) and the other was guanine 
(C'WAH-neen}. Adenine has an e,ctra nitrogen atom 
attached and guanine has a nitrogen atom and an 
oxygen atom attached These names are used very 
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Slt_...on fofmulM: 
hydrosi-n atom• not •hown 

0 

........ 

often in (.'()m1e<:tion witl1 nucleic acids. and sometimes 
just their initials are used. Adenine is referred to as A, 
and guanine is referred to as C. 

Kosse! also obtained pieces of nucleic acid that were 
simpler than the purines. This simpler kind h;.ld a 
inolec-ule that oo,lt'ajned only a single ring o f  six atoms. 
It was just like the six-atom ring in purines except the 
five-ring attachment is missing. 

N 

l 
N 

Such a ring is called a pyrimidi,ie (1>ih-RJ M-ih-<leen) 
and there can be various pyrimidines since side-chains 
of different kinds can be attached to different positions 
on the ring. 

C 

Pyrimidines 

o = oxygen atom 

SblMot'I kwmulH 
hy<trogen •M>ffl• not •hown 

0 
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Kossel found two pyrimidines among the pi<.-ces of 
thymus nucleic acid . One is cytosine (SY-toh-seen ) 3Jld 
the other is thymine (THY-meen). Cytosine and thy 
mine are also of\en referred to by their ioitials, c and t .  
I am llSing small 14.!tters in this case bec.ause the 

pyrimidines with their sin gle ring have s1nallcr mole. 
cules than the purines with their <looble rings and 
woold s,eem to deserve small le tters . 

Skttlnon lormul•• 
hydrogeln .coma no4 ,nown 

...... 

At la.st we Gnd a diJTereoce in the molecules of 
thymus nucleic acid an d yeast nucleic acid. Both have 

the two purines, ade,,ine and guanine. and both have 

the pyr imidine. cytosine. Only thymus nucleic acid 
has thy111ine, however, which is why thymine has that 
name. Yeast nucleic acid has a differe nt pyrimidine, 
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ooe that is very similar to thymine but not iden tical 
This other pyrimidine is uracil (YOO-ruh-sil), aod it 
can be represe11tcd by its initial, u .  Thymine differs 

from uracil in that thymine has an extra carbon atom. 
For his work on nucleic acids and for other wor k,. 

too, Ko.ssd was awarded the Nohel prize in physiology 
and medicine hl 1910. 

Of course, the pur ines and P>'rimidines aren·t all 
there is to nucleic acids. There were other piec..-es that 
Kosse! had not identified. He thought that one of ihe 
additional pieces had the kind of structure that simple 

sugars have. bot he wasn' t  sure . 
A Russian•American chemist, Phoebus Aaron Theo

dore Levene (1869-1940), traveled to Germany to 
stud)' chemistry . One of the German chemists he 

studied with was Kossel, and he became interested in 

nocleic acids as a resltlt. \Vhen he returnt"<I to the 

Un ited States, he made them his life-work. 
He bl'oke down yeast nucleic acid mok'Coles. and 

among the pieces that he obtained, he found the sugar 

molecule that Kosse! had thought existed. 
The simple sugars in living tissue that chemists 

knew about had six car bon :atoms in their molecule, 
but the one that Levene had located had only five. Its 
molecule also contained ten hy drogen atoms and five 

oxygen atoms in addition to the carbon atoms. 
Knowfog jost that wasn't tnoogh because those 

atoms could be arranged into eight different but 
close))' related sugats. Each one of these sugars had 
slightly different proper ties, aod it was op to Levene 

to decide which of the tight varieties was the one he 

had obtained from yeas t nucleic acid. 
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In 1909, Levene identified the sugar. Jt was ooe 

that chemisu knew as ribw· e (RY-bosc), or we can use 
the shortened form · · r ib ." '  

C 

0 
Rlbosesugar 

Levene had considerable. trouble with thymus nu
cleic acid. It yielded a five-carbon s1.i.gttr among ils 
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 1.mtil 1929 that Levene discovered what 

made this other five--carbon su.gar different. It was 
exactly like ribose in its atomic arrangement exce�t 
that one of the oz<ygen atoms Y.'aS missing. Chemists 
had never worked with a sugar like that. Levene was 
the first ever to study such a molecule, so ifs no 
wonder he had trouble. 

Levene called the new sugar deoxyribose (dee-OK
see-RY-bose) where the ·deoxy" was a Latin way of 
saying .. minus an oxygen:· \Ve can use the abbrevia
tion .. derib"' for it. 
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0 
Deoxyrlbooe 

\>Ve can see now that. of the two varieties of nucleic 

acid, yeast n.ucleic acid had ribose ::-md uracil in its 
mok"Cules, while thymus nucleic acid had deoxyribosc 

and thymine ht ils molecules. 
Chemists have decided that the difference between 

ribose and deoxyribose is more important than the 
difference between uracil and thymine. ·n1ey there
fore took to calling yeast nucleic acid ribonucleic acid 
(RY-bo-nyoo-KLEE-ik-AS-id) and thymus nucleic •cid 
deoxyrlbo11ucleic acid (dee-OK-see-RY-boh-nyoo
KLEE-ik-AS-id). TI\ese two names are quite compli
c.at<.-d, and they come up in speaking and writjng so 
often that initials aro <.'()mmonly used. Ribonucleic 
acid is almost always referred to a.,; RNA and deoxyri
bonucleic acid is almost a]ways referred to as DNA. 

Both RNA and DNA molecules also c'Ontain the 

phosphorus atoms that so astonished Miescher at the 

beginning. These phosphorus atoms do not occur in 

the nuc.leic acids b)' themselves. They are always part 
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of a group containing oxygen aod hydrogen atoms. 
too. The combination is called the vl,QSf,hate group 
WOS-fate), and we might use the abbrevilltion "ph" 
for it. 

Phosphate group 

p • phosphONS atom 
0 = Oxygt,n Mom 

Levene worked out what he thought ,vas the , ... -ay in 
which the various pieces St together to make up a 
nucle ic acid molecule. The purines and pyri111idines 
are attached to the ribose (or deoxyribose). The com• 
bination is attached to the phosphate gro1.1p .  

This is how one of the combinations would look in 
the RNA moloc"le: 

A - rib- ph 

n,is is the combination in .1 DNA molecule: 

A-derib-ph 

In either case, such a combination is called a n11-

cleotide (NYOO-klee-oh-tide). 
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0 

RNA nucleotide 

Sk•i.ton lormul•• 
hydrooe,, atOl'nl not mown 

N 

,,cr--<c 

level 
There are four different nucleotides present 111 the 

RNA molecule, one of which has adenine (A) as part of 
the combination (shown above). The other three have 
guanine (G), cytosine (c), or uracil (u) as part of the 

combination. The DNA molecule also has four differ
ent nucleotides containing either adenine (A). guanine 

(G), cytosine (c), or thymine (t). 
There are ways: of measuring the total siz e of tt 

molecule. Levene worked out the sizes of the nucleic 
acids he obtained from cells. It seem<:d to him that 
each molecule was large enough to he made up of four 

nucleotides. very likely one of e3ch kind. The nu· 
cleotides held together because the phosphate group 
of one nucleotide made a .second connection with the 
ribose (or deoiyribose) of the next nucleotide. 
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J---{c 

0 

C 

• 

DNA nucleotide 

Tl1c four oucleotides, clinging together, are a tet 
ranucleotide (TET-ruh-NYOO-klee-oh-tide), where 
the "'tetra" is from the Creek word for '"four." 

This is the way a DNA tet.ranucleotide and ;m RNA 
tetranucleotide might look: 

DNA 

A - derib
'-. ph 

G-derib< 
ph  

C -den< 
ph 

t -derib/ 

Since the derib-ph and the rib-ph are always the 
same from. nucleotide to nucleotide. a simpler way of 

showing what t he tetranudeotides might look like 
would be as follows: 

.. ... 

Tetranuc:leotklea of DNA and RNA 

The best way of inakiog certain. that Levene was 
correct about the structure o f i.he nucleo tide s wa� to 
start with simple molecules. 11)cse simple molecules 
eould be treated che mically in a way designed to put 
them together in a knov.'11 fashion. Finally the struc• 
hare Levene had reasoned ou t could be p ut together .  
The properties of the built-up struch1re would then be 
studied. If they proved to be the same as those of the 
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nucleotides obtaJned from nucleic acids. then Levene 
"''OUkl be proved rfght. 

Beginning in 1938, a Scotti.sh chemist, Alexander 
RobertuJ Todd (1907- ), worked on this problem. 
He prepared all the nuck'Oli<les and found that 
Le,•eoe '41:LS correct in his structure. For his work 
Todd received the r..obel prlw for chemistry in 1957.  

(You might wonder why Todd got a Nobel prize just 
for showing that Levene was right, when Levene 
never got one himself The answur is that, even in 
,cieoce, things aren't always perfectly falr. When 
Levene did his -.-.'Ork, no one bad any idea how 
important nucleic adds were. 8)- the timt, Lhe impor
tance was recognlred and Isobel prizes were fre• 
quently given out for work with them, Le"ene had 
died.) 

2 
Nucleic 

Acids? 

Proteins? 

BH')(:111!).USTS 'WONOEI\ED WIIAT nucleic ac.-ids do in 
the body. Do they have an important J>art to pray? 

It was possible they might. Miescher. m the early 
days of lus discovery. bad found nucleic acid in the 
sperm cells of fish Sperm cells are very tiny objects 
that don't have room in them for anything e,:�pt the 
father'.s genes.• which carry inherit<•d characteristics. 
A sperm cell enters an egg cell that carries the 
mother's genes. The fertilized egg ct/I that resulu 
de, elops into a new orgarlbm. Could nuclric ackh 
thrrefore have something to do with inhrritmce? Jf 
so, they might be vcq• important Indeed. 

In 1914. a German biochemist, Robert Joa<:him 
F'eulgen (FOIL-gen, 18&4-1955), found a red dye that 
would combine "ith DNA. but not with RNA. In 
• 11 -.:,,1ld hf. hdpid • ,-i..l[ this l)(lJlL , ,._ • -i mt livol "• D'1I w• 
rwo.., .Aboairc,...'�•1� .  1� 



1923, he  tried this dye on thin slices of living cells. 
The dye poisoned the cells, but it t0rnbined with 
material in some parts of the cell while leaving other 
parts untouched. \Vhcrever it combined, ONA had to 
be present, and there would be a d<.-ep red stain in 
that spot. while everything else remained colorlc-ss. It 
was like making a colored map of the <.-ells, showing 
where the DNA was. 

It turned out that DNA wa.,:; located aJmost entirely 
in tJ)c nucleus of every plant and animal cell tested. 

l n  the 1940s, a Swedish biochemist, Torbjorn Oskar 
Caspcrsson (1910- ) went further. There are some 
enzymes that break Uf) ONA but leave RNA un
touched. There are other enzymes that break up RNA 
and leave DNA untouched. Caspcrsson used each 
enzyme on different cells, and thus produced some 
cells that had only ONA and other cells that had only 
RNA. He then shone ultraviolet light through the 
cells. Ultraviolet light is absorbed in a particular way 
by either kind of nucleic acid. Casperssoo could tell 
exactly where both DNA and RNA were in the cells. 

He found the DNA io nuclei was actually located in 
the cliromoson.es (KROH-moh-somez). The RNA, on 
the other hand, was located ootside the noclevs in the 
cytopwsm (SY-toh-plaz.um). 

\Yith further investigation, some RNA was found in 
parts of the nucleus and some DNA in parts of the 
cytoplasm. However, almost all of the DNA was in the 
chromosomes. and most of the RNA was in the cyto
plasm. 

By that time, scientists knew very well that the 
chromosomes in the nuclei-tiny objects that looked 
like stubby bits of spaghetti- were deeply involved 
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with inheritance. The chromosomes carried the 
genes, and it was the gei\es ()ilising from parents to 
children that carried all the characteristics of that 
particular organism. 

Chromoeomea of the fruit fly 

\Vith ONA located in the chromosomes, it therefore 
looked as though DNA might have something to do 
with inheritanec. 

Of course, not all living things are composed of 
cells. 11lcrc are tiny objects called vimses that are far 
smaller than cells, and that seem to be able to get 
inside cells and multiply there. Such viruses, in multi· 
plying, produce other viruses just like themselves, so 
they must have some device for passing 01) their 
characteristics by inheritance. \Vhat 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 Grst obtained by an American bio
chemist, Wendell Meredith Stanley (1904-1971). He 
was studying the tobacco mosaic vims that caused a 
disease in tobacco plants. fo 1935, he managed to get 
6ne, needlelike crystals out of mashed-op toba«o 
leaves that were infected with the virus. 

The crystals. wh.ich were pure toba<.-co mosaic virus, 
were made up of proteir1s. Since then, all viruses that 
have been isolated and puri6ed 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 al once it was found that viruses contain 
more than protein. In 1937, an English biologist, 
Frederick Charles Bawden (1908- ) found that the 
tobacco mosaic virus contained RNA as well as pro
tein. Sin<.'e then it has been discovered that all viruses 
also contain nucleic acid. The simpler viruses usoally 
contain RNA, bot more oornpHc.ated viruses have 
DNA. Some have both. 

It is possible to think of viruses as being something 
like loose chromosomes that are not part of cells. 
\.Vhen a virus invades a cell, it somehow seizes <.'()ntrol 
of the <.-ell from the ce11's ov.'l'l c,hro,nosomes. 

\Vhat is there about chromosomes and viruses that 
controls inheritance. as well as the day-to-day work
ings of cells and organ.isms? Since all chromosomes 
and viruses are made up o f  proteins and DNA (except 
for the simpler viruses which have RNA), it might be 
the protein, the DNA, or both. 

At first scientists fell sure that it must be the protein 
molecules that controlled living cells and were respon
sible for inheritance. They thought that whatever it 

Tobacco mosaic virus 

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

One reason scientists felt sure of this was that for a 
whole century they had looked upon proteins as the 
most complicated molecules involved with life. In
deed, they seemed the most complicated mole<:ules 
that ex:ist<:d anywhere. 

Proteins are made up of giant molecules, each one 
being ma.de op of anywhere from hundreds to hun 
dreds of thousands o f  atoms. There are other giant 
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, could be 
compared to those of prot,cins. 

Giant molecules can be easily broken up into small 
units. Such small units are hooked together like beads 
on a string to form the giant molecules. Usually the 



units that make up giant molecules are only one kind. 
Tilus. starch can be broken down into units that are 
molecules of a simple sug;;ir called gJucose. Celluloso 
can also be broken down into gl ucose units. 

Plastics are made up of giant mol�ules that chem
ists produce in the laboratory. These can be bn)ken 

down into simple units that are of only one or possibly 
two varieties. 

Protein molecules can also be broken down in to 
simplo units, and these are all amino acid.$ (uh-MEE
noh-AS-idz). Amino acids <.'Ome in many varieties, 
however. Protein molecuJes consist of long striog.� of 
as many as twenty different types of amino acids. 

Mok,,c;ules of starch, cellulose. or plastics, built up 
of only one or two different units, cao differ from each 
other only in the length of the chain, or in whether tbe 

chain is st.raig.ht or branched. 
Chains of amino acids, however, in forming protein 

molecules, can differ not 01lly in the number of each of 
the twenty different units, but also io the exact ar
rangement. There are trillions of different an·ange
me,H.s possible. and each of these represents a differ
ent mole<.'t1le. 

TI1is means that every species-every individoal 
living thing-can have proteins not quite like those of 
any other species or indjvidoal. The reasoo living 
organisms vary among themselves and can do so many 
complicated and different things mu.st be because the�, 
are ,nade up of proteins that c.as1 take on many shape.s 
and have many different propertie.,;. 

AC.'COrdiog to Levene's 6ndings, nucleic acids didn't 

C.'Onsist of giant 1nolecules. They were made up of oofy 
four different nucleotides and, in the nucleic acid 
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molecule, there seemed to be only one each of these 

four nucleotides. 
TI1e workings of a cell depend on the presence of a 

large number of differeot enzymes, each in a particu 
lar ·quantity. ·n-.ese enzymes are made up of prntein 

molecules and, since each new cell can make the 

proper enzymes for itself, somewhere in the cell there 

must be the information (or .. blueprint") needed for 

enzyme molecules to be bui1t up correctly. 
It seemed oertaio that only a protein molecule 

could be complicated enoogh to carry the blueprint of 
another protein molecule. '11le liule four-nucleotide 
molecules of ONA seemed to be too small to perform 
the task. 

To be sure, Levene turned out to be wrong in 
supposing that nucleic acid molecul<:s had only foor 
nucleotides apie(...'e. The methods he used to extract 
the nucleic acids from the cell were pretty viol4.:nt, and 
they reduced the mo1ecules to small pieces. 

As biochemists learned 10 extra<;t the nocleic :.tcid 
moJc.cules by gentler methods, they found they e1lded 

up with larger and larger rnok><:ole.s. Eventually. it 
began lo .seem that DNA also c<rnsisted of giant mole
cules, as large or larger than protein molecules. 

Yet biochemists were so used to thioking of proteins 
as the roost important molecules in living cells that 
the)' continued to ignore DNA. And then one day, 
everything changed. 
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3 
The Winner: 

DNA 

Fon A LONG time, scientists had been studying 
pneum()C()Cci (NYOO•moh-KOK-sigh). the bacteria 
that give rise to the lung diSC' .. ase of pneumonia. A 
singlC such bacterium is a pneumococcus (NYOO
,noh-KOK-us). 

Pneumococci came irl two varieties. In one, each 
bacterial cell is covered with a smooth coat made of 
complicated sugarlike molecules. This variety is 
pnemnococcus S (for .. smooth"} .  The other variety of 
pneumococcus lacked the s1nooth coat, and therefore 
had a rough appearance. It is pnew1u>cQ(;C11S R (fot 
"rough"). 

Apparently, pneumococcus R lacks a gene that is 
needed to help produce the complex material that 
forms the coat. In 1928. an Americao biologist. Fred
erick Reece Griffith. Jr .  (189 1 - ). heated a quan• 
tity of pneume)(.'()(:cus S until all the bacteria were 
killed. He then added the liquid containing the dead 
bacteria to a quantity of living pncumococcus R. He 
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round that pneumococcus II, m multiplying, became 
pneumococcus S. 

PMUffiOoCOCOUI bactetle 

The 1>neumococc11s S, although dead. stiU cootalncd 
the gene that produced a smooth coat, and that Rene 
remained in \\'Orldng condit.ion. \\'hen the gene was 
added to the pneumoooocus R, whoeh lacked such a 
gene, that bacterium could furm the coat so th.at it 
then becnme pneumO<.'OCC.\lS S. 

?\atumlly, scienllsts tried to isolate the gene, or the 
transforming /Jrincipk, as it was callt..l. They all 
assumed that the s,t;ene would prove to be some sort of 
protein. 

A Canadlan-Amerialn biologist, Oswald ·n,eodore 

Avery (1877-1955), was particularly intere,ted in the 
problem. Uttle by little he purified the Au,d contain· 
ing the transforming principle until he hod gotten rid 
of e,erything but the tran1,rorming pnnciple itselr. 

\\'hen he te�ted the sol ution to � what ii con
tafnrd, be fou11d ONA. He could Rnd no protein in it. 
In 1944, A"cry. along with two co-workers, ai1-
noun«-<l that ONA, without any help from protem. 
was the gene. 

If this were so, 11 was very likely that all genes wore 
made up of D�A. and that DNA Wi:L'i the material in 
cell> that controlled their behavior It was ONA that 
carried the blueprint fflr inherited eharacteri'itics and 
J>IL<Sed these on from cell to cell, when cell, divided, 
and frpm parents to their young. wh('n plants and 
animal) reproduct"d themselvc.•s. 

0� Avery made his discover)·, K-•entists found 
more and more reason to suppose that DNA COil· 

trolled the cell. In  195Z, for irut3nOO, an American 
biologist, Alfred O,•y Hershey (1908- ). found tba.1 
when a virus invaded a cell. only the 0'1(A or the virus 
entered the cell. The protein of the virus remained 
outside. Yet inside the <.�II. not only did the virus· 
01\A form more ONA exoctly like ,tselr, but ,t also 
formed a great deal or protein like the protein that bad 
lwcn left outside. Thb made it clenr that ONA mole• 
c:ules carried the blul'(>rint for protein molecule,. 

Now scientist, had to find what there was about the 
ONA molecule that made up the blueprint, and how it 
could multiply itself and still keep the blueprint in· 
tact. 
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In 1944, just as Avery was announcing his finding 
about DNA, a new way of analyzing complicated 
mixtures of substanoos was v.'Orked out. It wa5 cal]ed 
paper chromatography, a process in which a ehembl 
mixture is separated into its components. The new 
technique was quicldy used to ln,estigate DNA. 

An Aust-rian•American biochernist, Erwin Cha� 
(1905- ), broke up the DNA molecule until all the 
purines and pyrimidines were loose. H� then ana· 
lyzed the mixture or the two purines (adenine and 
guanine) and the two pyrimidine, (cytosine and thy
mine) to see how much there w-as of each one. 

In 1948. Charg;dr showed that in all the D:.A he 
had tested, the total number of purine molecules was 
al"-ays equal to the total number of ptrimicllne mole
cules. This mcQnt that adenine plus �,mine was 
always equal to cytosine and thymine (A + C = c + 

t). \Vhat's more. the number or adenine molecules was 
always equal to the number of thymine molecules (A 
• t), aud the number or guanine molecules w.u 
always equal to the number or C)'tosinc molecules (C 
• c). 

Cbarg;ifr couldn't tell why this should be, but these 
equaJities had to h.a\·e somethin� to do with the 
structure of the DNA molecule. 

Another way of chc,.'Ckmg on the structure of the 
ONA molecule W""'5 to purify a solution of ii until only 
OSA molecules "ere present and th<"o j,tt•t them out 
or the solution In the forrn or debaitc fibers. Those 
fibers could be bombarded with X r9)S, that will strike 
one atom in the molecule i-ncl bounce off in some 
dir<...J(:{_1on. 

Suppose a. very long molecu1e, such as ONA, has a 

repeated structure. Also suppo,e there Is a particular 
group of ato,ns m one place and that it appears again 
and ag,,Jn nt regular intervals along the chain (like the 
design that keeps repeating:, every foot or so. on 
wallpaper.) 

In t.hat case, tho X rays hit the group of atoms at 
every place it appears in the molecule and bounce off, 
each time m the same direction. Instead of X rays 
bouncing e\·er) which way, you hove them forming n 
sizable beam, all in the same direction. 

X rays can cloud a photographic film, so that you can 
talte a picture of them. lf molecules contain groups of 
atoms without any particular pattern, the X rays 
bounce olrin all directions and the picture Just shows a 
foggy hw,. 

If, howe,·er, the molecules have a repeated stnic,. 
tore, x-ray beams come 08" only in certain d,rections, 
and the picture shows a pattern of dots. from the 
pattern of dots in such an x-ray diffraction picture. it 
might Ix, po,sible to deduce the kmd of repetitions 
there are In 11 molecule anJ to get a notion or its 
structure. It might become possible to build a thrtt• 
dimensional model oft he molecule, "ith all the atoms 
In the right place. . 

In 1951 an American chemist. Linus Carl Pauling • 
(1901- ), worked on protein stn,cture, making use 
of x-ray dilfmctioo and or his o"n studies of the wai In 
which atoms At together. lie shO"·ed that chains of 
ammo acids would twist Into the shape of • he/ur 
(11 EE-lilcs). Familiar objects that have the shape of a 
helix are spiral staircases and bed spnogs 

Of course, only very simple proteins have their 
amino acid chains twisted into long helixes in n 
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Li nus Pauling 

straight line. Tite helh:es bend and cunre in compli
c.atcd way.s in proteins such a.� enzymes. Still, once 
biochemists began to think about helixes, the further 

complications could be worked out. The exact shape of 
many protein molecuJes is now known. 

\Vhen Pauling made his soggestion, biochemists 
were struck by it, and some thought that the long 
chains of nucleotides that make up the ONA mole
cules were also twisted into helixc-s. 
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4 
The Double 

Helix 

Two SCIENTISTS WHO were particularl)' interested 
in  the possibility of DNA hclixes were an Englishman. 
Francis Harry Compton Crick (1916- ) and 
his American co-worker, James Dewey 'Watson 
(1928- ). 

They tried diffe rent types of helixes, but none of 
them seemed suitable. A helix had to twist according 
to the natura1 way in  which the atoms 6t together .  It 
had to be the kind of helix that would explain the x-ray 
diffraction photos. It also had to hel p explain how 
nucleic acid worked. No matter what Crick and \t\'at
son tried, nothing seemed to flt all of the require
menL'i. 

\Vhat thei• needed were good x-ray diffraction pho
tos of pure ONA, but those weren't easy to get. 

M it happe,1ed, at tho pl aec where Crick and 
Watson were ·working, there was a New Zealand• 
borit biochemist, Maorice Hugh Frederick \Vilkins 
(1916- ). He prepared pure DNA fibers that 
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would be expe<:ted to produce pa1·ticularly good JC-ray 
diffraction photos. \Vorking for him was an English 
chemist, Rosalind Elsie Franklin (1920-19/l8), who 
used \Vilkins' DNA 6bers to make the very best x-ray 
diffraction photo< that had yet been taken. 

Roaalilld Franklin 

Franklin was a very <.-autious scientist and did not 
wish to hurry in figuring out the meaning of her 
photos. She did not wont to make any mistakes nor did 
she want anyone else to see them whi)e she 1nias 
thinkiog out the meaning. 

\Vilkins1 however, showed her photos to 'Watson 
and Crick without asking her permission. 11tey (\Vat
son, especially) we.re much less cautious than Frank
lin, and the photos gave them a remarkable idea 
almost at once. 

Watson and Crick decided that whereas a protein 
molecule wa.� made up of a chain of amino acids, a 
DNA molecule was made up of a dmil>le chain of 
nucleotides. l"he two chains of nuc.leotides were so 
arranged that the purine and pyrimidine portions 
faced each other. 

The purines and pyrimidines of the two nucleotide 

chains are held together by what chemists call hydro
gen bonds. The hydrogen bond is much weaker than 
the ordinary bonds that hold atoms together in � 
molecule. It is strong enough to hold the two nu
cleotide chains together ur1der ordinary circum
stances, but at crucial moments, the two chains car1 be 
pulk'(] apart. 

nucleotide chain nucleotide chain 
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'nie two chains are. in fact, like the opposite te eth of 
a zipper . The zipper usually holds together under the 

proper conditions, hut when you pull down the slide, 
the two sides of the zipper pull apar t e asily. 

Jn order to even tJ1e space be tween the nucl eotide 

chains, a double-ring purine on one side must always 

be opposite a single -riog pyrimidfoc . This makes the 

space between the nucleotide chains just wide enough 
to hold three rings together at every position. l f  a 
purine faced a purjne, there wouldo 't be enough 
room. If a P}'rimidine faced a pyrimidine, they 
wouldn't reach across. Either way, the two chains 

woul dn't cling together properly at those points. 
Hydrogen bonds hold together adenine and thy

mine quite well, and they also hold together guanine 

and cytosirlC. The fit is far worse and the hydrogen 
bcmds much weaker in adenine and cytosine, or in 

guanine and thymine. On one nucleotide chain the 
order can be anything, but then, on the other side, 
there must always be a matching set of purirles or 
pyrimidines-<: for C, t for A, and vice versa. If the 

arrangement on one nucleotide is A, C, A, t, t, c, C, 
C, C, c; then on the other it must bet, c, I, /\, A, G, c, 
C, C, C. 

This explains why Chargalf had found that in DNA 
molecules there were always eq\la] numbers of ade
nines and thymines and equal nurnbers of guanines 

and cytosines. 
Finally, the t\vo c.hains were twisted in such a way 

as to produce a dooble helix. The y were like two spiral 
staircases, twisting together, with the banister of one 

just 6tting between the curves of the other . 
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Ooubte Helix of DNA 
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\Vatson and Crick dcscrilx.-d this double helix struc
ture of DNA in 1953, and it made a sensation at once. 
Vlatson, Crick, and Viii.kins all shared the Nobel prize 
for medicine and physi<>logy in 1962. Franklin might 
have been honored, too, but she had died four years 
earlier. 

The structure worked oul by \Vatsoo and Crick 
explained how DJ\A molecules produc-ed replicas of 
themselves (replicati<m, 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 oeJls1 
and so on. It is why egg cells have DNA molecules like 
those of the mother, sperm cells like those of the 
father, and the young have DNA molecules and char 
acteristics like those of both their parents. 

Here's the way it works. \'lhen a cell is ready to 
divide, the two chains of the double helix begin to pull 
apart. The nucleotides along each chain quickly pick 
up single nucleotides that arc present ill the cell 
Ouids. 

Thus, when a thymine-adenine combination pu1ls 
apart, the thymine on one chain quickly picks up a 
new adenine nucleotide from the cell fluids. TI1at 
would be the only niolecule in the fluid that would 
stick neatly to the thymine. Meanwhile, the adenine 
on the other chain would pick tip a thymine nuc-Jeotidc 
which would, of course, also give a good Gt. 

In the same way, when a guanine-cytosine t'Ombina 
tion polls apart. the guanine picks up a new cytosine 
oucleotide, and the cytosine picks up a new guanine 
nucleotide. The new nucleotides, as they cling to the 
chain, form a chain of their own. ·nlc result i.s that, by 

Double Helix: replicating 
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the time a double helix has pulled entirely apart. each 
nucleotide chain has formed a11other chai n that fits 
itself. There are now two double helixes where there 
was only one before, and the two are identical. 

In this way, each DNA molecule forms an exact 
replica of itself at cell division. Each chromosome 
forms an exact replica of ilseJf, and each new c:tll gets 
a new set of chromosomes just like the set that had 
existed in the cell fn>m which il formed. 

A yoong organism, formed from the mother's DNA 
molecules in the egg cell and the father's DNA mole
cules in the sperm cell, will have some characteristics 
like those of its father aJ\d some like those of its 
mother. If the DNA replication is perfect, all the 
baby's characteristics ,viii resemble those of one par
ent or the other, or sometimes be something in be
tween. 

But nothing is perfect. Every once in a while some
thing goes wrong in the rep1ication. The wrong nu
cleotide may happen to get into position and be locked 
in place before it can boun<.-e away. In  some places, a 
nucleotide may be skipped, or an extra one may 
accidentally squeeze in. The ONA molecule is 
c.hanged as a result a,,d that change may then be 
preserved in future replications. 

TI\e result is a mutation (myoo-TAY-shun) in which a 
new cell, or a new living creature, has characteri�tics 
that arc. not found in the c..-ell, or the parents, from 
which it arose. It is these mutations that hel p make 
evol\1 tion proceed. 

46 

5 
From Triplets 

to Amino 
Acids 

So FAR, the pnx.-ess of replication ooly explains how 

DNA molecules prodoc..-e other DNA molecules. llow 
do they control cells and living creatures? They do so 
by guiding the production of enzymes which <.'Ontrol 
chemical c-hanges in cells. The order of the Ou· 
cleotidcs aJong the molecule of DNA must control the 

order of amino acids aJong the molecule of an enzyme. 
But how can that be? Each enzyme molecule has a 

particular arrangement of twenty diferent enzymes. 
DNA, on the other hand, is made up of some particu• 
lar arrangement of only four different nucleotides. 
How can ll\formation ahout twenty different amino 
acids be squeezed into four different nucleotides? 

It's not irnpos.sible. Er1glish words arc made up of 
twenty-six different letters of the alphabet, yet any 
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Eng]ish message can be transmitted by means of the 

Morse code, which contains only two different sig 
nals-dots and dashes. nu:! reason is that a oombina
tion of several dots and dashes can be osed to staod for 
a particular letter of the alphabet. Out of just dots and 
dashes. many combinations can be made. 

In 1954, soon after \'latton and Crick had worked 
out the structure of DNA, the Russian-America.fl sci
entist, George Gamow {GAY-mov, 1904-1968), sug 
gested that it was a group of nucleotides, and 1\ot just 
one only, that stood for a particular amino acid. 

For instance, suppose you moved aJong the nu
cleotide chain of DNA stodying every pair of no
cleotides. The first nucleotide of a pair coold be any 

one of the four nucleotides and the second nucleotide 

could be any one of the four, aJs o .  That means the total 
number o f  <liffere1\t pairs is 4 x 4, or 16. You c.an write 

down all the combinations such as CC, CA, Ge, cG, 
Ac, At, and so on, and when you've written down 
every possible one, yoo will have sixteen. 

Of course. sixteen pairs 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 (..'(urtbioations 

possible. That's more than enough. It would be possi
ble to have ea.ch of two, three, or even foor different 
triplets all stal\ding for the same amino acid. You could 
have a triplet that marks off the beginning of an amhlO 
acid chain, and another that marks off the e1)d. 

But how does the information contained in the 
DNA mole<.'t1lo-the order of its nucleotide triplets.
get to the place in the <..-ell where el\zyme molecoles 

are manufactured. Tile DNA is in the chromosomes 
that are inside the cell nocleos. 11lc e,lzymes , how-
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ever ,  are ma.nufac;;tu red io the cytoplasm that is out
side the cell nucleus. 

11\c place of manufacture of the enzymes was dis
<:overed, in 1956, by the Ruinailian-Ameri(.-:m biolo
gist ,  George Emil Pafade (pah-LAH-dce, 1912- ). 
He made use of an electron microscope which could 
magnify the interior of cells much more than ordin�lrV 
microS<.'Opes could. He foond til\y structures in thC 
(.")'toplasm, perhaps 150,000 of them in each human 

cell, where the enzymes were manufactured. Each of 
these . stru�tures co,Hained a great deal of RNA (,;bo .. 
nucle ic acid) so they came to be called ribosomes (RY
boh-somez) .  

Diagram of a typical cell 

For this work, Palade got a share of the 1974 Nohel 
prize for physiolos.,ry and medicine . 

Bot how did the information on the DNA molecule 

get from the chromosomes to the ribosomes? 
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In 1961. two Fl't'n<:h biochemists, Jac<1ues Lucien 
Monod (moh-NOH, 1910-1976) nnd Fran�is Jncob 
(zhah-KOBE, 1920- ) ,uggesled thal RNA was the 
answer to thal question After nil, Rl'<A is found both 
in the nucleus and in the c,.-topla.sm (in the ribosomes 
particularly). 11,en, 100, RNA has a struclure jusl like 
Lhal or DNA, excepl that ii has rioost' inslend of 
deoxyribo:»e. and urac..i) instead of thymine. \\'hen a 
DNA molecule replicates, it might, every once in a 
while, form an RNA nucleotide chain, inslead or 
another DNA nucleolido charn. 

The R.'iA nucleohde chain would have its nu 
cleotides in the ex.act order of the DNA nucleotide 
chain excepl that there would be a uracil (u) where a 
thymine (1) bad been. The molecule or RNA would 
then slip out of the nucleus and would se"'e as the 

messenger carrying the DNA information to the Ji� 
:somes. This molecule of R.i'IA came to � lmowu as 
mtSICnger-RNA. 

Monocl and Jacob pro,ed lo be correct, and they 
each received a share or the 1965 Nobel prize for 

I 

medicinci and phys:iol<>l(y for this and for other work on 
nucleic adds. 

Meanwhile, in 1955, a Spanlsh-Amt"rican bio
cbemi>I, Se,ero Ochoa (oh-CHOH-ah, IOOS- ), 
had discovered an enzyme thot act.NI to tie nu
cleotides 1ogether 10 form an RNA chain. This made II 
possible 10 make ')'llthelic RNA. Ochoa r<-rei,ed a 
share or the 1959 Nobel Prize for oned>Cine and phy
iology. 

Once the matter of mC-�senger-RNA had been 
worked out, an American biochemist. Marshall \.\'ar
ren Nirenberg (19-27- ), manufaclured synthetic 
messenger-RNA. By choosing which nucleotides to 
start with, he could m1.1.ke messenger-RNA "ith par
llcular lripl els, He would lhen 6nd oul whal partiru· 
lar amino adds would be produc<:d in an amino acid 
chain In this way, Nirenberg began lo break the 
geMfi<; rode. He disco,·ered which nucleotide tripl<·I 
produced which amino acid. By 1967, every single 

Nobel UUreatH 

AJe.-TOdd 
1957 
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nucleotide triplet V.'ill tied to a particubr amino acid. 
a.nd the genetic code was rompletely worked out. 

Nirenberg. and an lndinn•Arnetlcan chemist. Har 
Gobind Khoran• (1922- ), who worked with him, 
received shares of the 1968 Nobel prire for medicine 
and physiology. 

\l'hile Nlrcnberx was working on tho genetic code, 
another Amedcan biochemist, �fahlon Bush 
Hoogland (1921- ) was locating small RNA molo 
cules in the cytoplasm. 

These were double-ended molecules. At oile end 
was a nucleotide triplet that wou)d fit a particular 
triplet on the me55enger-RNA. On lht• other end was 
a portion that attached itself to a particular amino 
acid. Because they transferred the inform;ation from 
the tril>let to the amino acid, such molecules were 
called tran,fer-RNA. 

You can Jee now how it work�. The messenger-RNA 
iJ formed with the copy of a Stttion of the ONA 
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M•x DMbrOck 
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Sotv- Lurta 
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molecule. The messenger-RNA trovels to the ribo
some where tnnsfer-Rl\:A molecules attoch them• 
selves to the various triplets of the messcnger-R.,A. 
Each tnplet gels the transfer-llNA molecule that hap
pen� to tit that particular tri.pltt and no other. To the 
other end of each tnm.sfer-11NA. amino acid, attract 
themseh·es. ju.'it the amino acid that particularly 6ts 
that eod of that particular transfor.J\NA. Tbe amino 
acids t.hen all hook together, and you have a (>articular 

COZ)'tne molecule. 
·n,e tnuufor-11NAs were studied carefully by an 

American chemist, Hobert \V-illiam I lolley (19"..2-). 
lie puriRed sc,•eral varieties in 1962. By 1965, h� 
act\lally put the proper nucleotides together and syn· 
thesi7,(•d one of them. In 1968, he shared the Nobe l 
Prize with Nirenberg and Khorana. 

DNA molecules sometimes change hl odd way.s. In 
I�. a Cermao-Americtm biologist, .\lax Oelbrilck 

-shall Nlren'*9 Har Goblnd KhOnlna Robert Hollwt 
1968 11168 1968 
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\ 
Paul lerg 

1880 

(1906-1981), and an Itall•n-Americ:an biolog,st, Salva
dor Edward Luria found that ONA molecules in ,;. 
ruses sometimes broke up for no reason that could I� 
seen. A piece of ONA from one virus might then 
combine with a piece frorn another virus to form a 
dilfereot new virus. Hershey disco, tred this at about 
the same time. ln 1969, all three shared the Nobel 
prize for medicine and physiology. 

The question was could soentists do this on pur• 
pose? Could they break up ONA molecules and then 
recombme them In a di.ierent way? 

'Jwo American biologi<U, Daniel Nathans (1928-) 
and Hamilton Othancl Smith (1931- ) discovered 
enzymes In 1970 and 1971 that t-ould cause a break in a 
DNA molecule where,·er a particular combination of 
nucleotide, happened to be. In this way, the ONA 
could be broken into a few large pieces. If you lnew 
the euct structure of the DNA molecules, you "'-ould 

Jamuw.tson 
11162 

Francia Cri ck 

11162 

Nobel laurNIH 

-rice WIikins 
11162 

know exactly what pieces would be formed. Nathans 
and Smith were awarded the 1978 Nobel prize for 
physiology and medicine. 

Soon afterward, an American biochemist, Paul 6erg 
(1926- ) found other enzymes that could recom
bine the pit..-<:es of the DNA molecule, but not neces
sarily in the origina1 form. Two pieces frorn two differ• 
ent molecules could be reco,nbined to form 
rYCOmbi,umt.DNA that was diff"ereot rrom any D�A 
found in nature. Berg was awaJ'ded a share of tho 1960 
Nobel Pri:ze for chemistry for this. 

By making use of recombinant.ONA techntques, it 
is possible to breed bacteria, for instance. with new 
genes and new enzymes and now chemical abiliti es. 
Ba<:teria can be inade to produce a hormone co.lied 
inw/in (JN-syoo·lin) that helps people with the serious 
illness, cliabete, (DY-uh-BEE-teez). Animal Insulin 
can be used. but l>adcria can bo designed to make 



humao i11suli11, which is better. 
Bacteria c.x>0ld be designed to produce other impor

tant materials, to convert pollution into harmless 
ffuid, to perform certain useful chemical changes, �md 
soon. 

Of course. ooe must be careful. What if bacteria arc 
produced that can give people brand-oew a.od very 
serious diseases? There doesn't seem much chanc..-e of 
that, but biologists have to keep it in miod. 

\\'ould Miescher have dreamed that the strange 
compOund he discovered a century and a quarter ago 
would turn out to be the key molc<:ule in all living 
things &om viruses to human beings? \Vould he have 
dreamed that human beings would learn to adjust and 
recombine those molecules and form the beginnings 
of a new science called genetic engineering? 

Almost certainly not. 
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