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INTRODUCTION

Tz very thought of reading  book about the Chenmstry
of Heredsty 1 likely to encounter a great deal of remstance
The word “Chemustry 18 often wunucal and reminds onc
of 2 lot of difficult or borng moments 1n one 8 school dayx.
And why study heredity atall? It s with us, like the weath-
er and nothmg can be doge aboot 1t

Well, perhaps somethmg can be done about 1t. And
chermstry of properly seasoced, need not be impalatable.
And perhaps the whole subject affects the progress of
medicine more than ooe thought

The first reason to study the chemmtry of heredity 15
plun curiomty  here 13 an important mtural mechamsm and
00 hrile s known sbout rt. Especully after the sccond
word war this thought became 30 imitatng and hurnilut
10g to basic scennsts that they decided to pumue the field
and comparstively seorift progrem has been schicved alas,
the field even became fashionable.

But the problem of the chermstry of heredity also has
most mportant practical applications, for the pracunoner
a3 well as for the researcher Let s look into these apphea
tons.

L HUMAN HEREDITY

A pumber of disesses or defects, of previously unknown
orgin, have been fonod to be hereditary Thrs number m-
creases rapidly e the famuly records of cases are bang
studied. In a few instances (to be discussed later) the bio-

vu



v THE CHEMISTRY OF HEREDITY

chemeal defect underlying the disease has been well
traced ochers snll remain 2 challenge to the researcher bt
if the disease 15 known to be hereditary there 1 2 good
chance of mapping the reacnons wnvolved end trapping the
defect, unually as a block 1n an enzvmanc svmem. Once
the biochemustry of the defect 15 known, an mrelligent
treatment can be (and has been) proposed

A related field 15 that of the hereditary susceptibilmes
to disease, Of these, the problem of hereditary sosceptibil-
1ty to vanous types of cancer holds at present a great deal
of interest. While the sutistical studies m human popaola
tions did not result yet 1n 2 unanimous opmion on thus sub-
ject, there 13 absolutely no doubt that m laboratory amrmals
(mice) the suscepubility to some types of cancer can be
hereditary The chemical basis of this hereditary defect 1
as y et completely unknown, the problem may have to wat
for the progress n the understanding of cancer in general

IL CANCER

The problem of cancer appears to be clostly connected
with that of the chemmiry of heredrty In the frue fly
(Drosopbile) and 1n certun fishes some forms of cancer
are hereditary The genes for 1t have been locared 1n the
chromosomes, like any other genes, and there 1 no reason
why they shoald not follow the general make up of the
gene. Thn zlone suggests that the study of the chemstry of
the geme 13 not without interese

One of the respected hypotheses of the ongin of some
types of cancer (also m man) suggess that the cancerous
cell occurs 23 2 mutant of a somanc cell if so then the

i y of o0 15 of derable interest.

Another hypothens mdicates that 2 virms may be 2 causa-
ave agent 10 some types of cancer As 1t will be thown sub-
sequemtly the infective agent of the virus (the “gene” of
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the virns) 15 @ chemical substance closely relared to the
substance of the genes of the host, the mteraction of the
two biochemcal systems B again an muportant problem 1n
the field of chemstry of heredity

Finally the mode of sction of some caranogeme agents,
the eluadanon of the npsetung of tiochermeal processes
m the cancerous cell, the modem chemotherapy of cancer
based on inhibition of synthems of genencal matenal of
cancerows cells, are all problems 1n the ficld of chemcal
genetics.

IIL PATHOGENIC MICROORGANISAIS

If the problem of infectious dusesses crused by bactern
and other fung: appears to us less menzcng than 1t did to the
previous generaton, it 18 only because temporarily thanks
to antibiotics, we have guned the upper hand in the fight
agamst these mucroorgznisms. As we know the mcroor
ganmms fight back, by muteung to struns remstant to ant-
biotics so that new antibioncs lave to be constandy dis-
covered. What if we slow down, or worse still, reach the
bottom of the barrel?

The study of munanons of microorgansms to antibrotic
remstance 15 one of the subjects m the rapudly expandg
field of research, mmcrobud gemetics The chenustry of the
gene m general, and of mutstion in parncular the transms-
non of genenic matenal from one cell to another arc agem
at the base of all the problems 1n thes field.

The chermeal substances carrymg the heredity of the
rruses have been extracted and are open to cheancal study
Thus study has ways of how to interfere with the
normul process of synthess of these substunces 30 &3 to m-
hibit the mulaplicztion of the virns The mportant prob-
lem of mutaton of viruses to the struns winch are more
wiralent {epdermology) or which are attenvated (for vee
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cnes) 15 also essennally a problem m the chemstry of mu
tanons. Recently the study of the chemustry of the viral
“genes” has led to the laboratory production of wiruses
wrth known chemical changes 1n their genes; thus viruses
which never emsted 1n nature have been obtained, 2 de
velopment of as yer unpredictable consequences.

LY

The rapid progress m the field of the chemmstry of the
genes has been greatly helped by the fact that the chemcal
basis of the genes 15 ementally nmlar 1n all living ennnes,
down to the smplest viruses. This obligmg crcumstance
allows the biochemist to work with genes of convement,
fast muluplying organusms such as bactena, and yet draw
vahd conclusons concerning the chemustry of human
genes. One 13 tempted to speculate that this s becanse these
chermcal substances (or ther prototypes) determming the
heredity must have been the fire heralds of hfe, indeed one
cannot visualze a by enuty which would not carry 13
own heredity Thus, of all the perplexing systems, the one
concerned with genetics 1s conmdered (by the geneticuss)
the most essentmal for the definron of life.
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Chapter 1
MECHANISMS OF HEREDITY

Ir we were ssked to dengn, m broad terms, 1 complere
mecharmsm for the ordedy transmemon of human herediry
by umog smple logic, how would we go about 1t?
Perhaps at firgt we would make rure thar we bave 2 way
of registering the mformaton for deternmmung how the
next human genersnon would be like. We would want ro
be sure that such mformsnon 1 never lost thus, whatever
vehicle we choose for this informanoen, 1t would
have to be 4 stable one. After all, 1t takes muny thousands
of years to gecumulate the buological expenence of the race
and 1t 88 a very pamful process, mvolving the elimnanon of
the less fit we would not want to lose thus expertence 1n 2
moment just becaoss the wnformanon carner wes wnrels-
ahle. Thuy, the first cssental elements m our demgn woald
be some rather mable, transmssible informston carners,
which st vanous tmes have been called genes, genenc de
termmants or heredity deternnnznes.  The name “deter
monant” wnplies that the Thing s not mercly pasee bur
scrmally determines what the next generution will look like
It 15 not cnough for the heredity determments to be
pased o the next generauon (through the fertilred egg)
for there are a great many cell dvions berween the egg
The gme cwy mem differert things to diferene aoamman; however
oExce the term = 90 w.ell eatrenched m she beerstere, & wall be oacd o

this book nde by nde wxh the better defined wrm “beredsty derermi-
mnt

-



4 THE CHEMISTRY OF HEREDITY

and the mature individual and every ome a cell dinides,
the heredity determunants would get dilured twofold, unal
pracucally none would be present 1 the cells of 2 mature
individual So of we want the 1nformation to be passed un
diluted and onchanged to one more gencranon, we shoald
make sure that our heredity determunants know how to du
plicate themselves (repheare) unchanged, preferably ever
ume # cell divides this way they will always be present
undiluted at a moment s notice

Thus, the heredity determunants are the first system
which we need. But ths, of course, 1s not suficent  1le
Lnow that the genes determine everything in the organusm
the blue color of the eyes as well as the mill. secretion. Bur
we would not want the genes themselves to have pigment
o to secrete mulk. What we need, then, 15 an intermedsary
mechanism which carmies the orders from the genes to the
are of execution of these ordery, that 15 the final chermcal
reactions. These reactions may take place anywhere m the
cell, sometimes even on the outer surface of the cell mem-
brane surely 1t would not be safe for the cells to keep
there ther most valuble records, the genes Our desym
would be wrser if the genes were locared m some vant
buried deep within the cell, such as the nucleus. But thar
of conrse, will necestate the mrermediary mecharusm we
yust mennoned To realize how much soch 2 mechansm
1s needed, one may recall that n some cells, notably motor
neuroncs, the up of the axon, where some gene-controlled
reactions take place, may be four feet away from the nu-
cleus’

Ve do not koow much what to requure of such an n-
termediary mech. we are now dengming but one thing
we do know we wunt this mechanssm to be pracucally
f g Weallon changes in the genes to be mam-

urid

mured 1o the final chemucal reacnions  otherwuse  there




MECHANIAMS OF HEREHTY 5

would be no cvolunon. But we do not want the

m the final chermeal reactions to be mansmitred back to the
geoes, because these chemical reactions mny be 1nfluenced
by the envirenment, and o changes. To give an cample
+ mechameal myury to the goeads may upset many of ccll
ular reactions, still we want the genes to remam
lodn:ourdn’]drcnbcbommtbommfurytod’mgomds.

This, then, was the second system which we need  the
intermediary mechanism. Finally the churd system requred
would be the fimal gene-controlled chemeal resctions of
the cell, which we may call the peripberal reactions Ths
should be 1 very intnicate system, meluding pracucally all
that 18 going on m the cell, because probably nothing can
go on without #n active or silent approval of the genes.
If we now examme the mechamsms of heredity scrually
exstng m pature, we will find that they correspond rather
well to what we have dengned m gentnal rerms vsing nm-
ple logic. Our present knowledge of each of these systems
luvuverymuchmbcdcnmd,mha.wm]ustmm
mg the vestibule of nfimry  Nevertheles, these three syx
tems are very real, as illostrated brefly by the followmg
comples.

There s 2 smbstance, called transf arming Prmnpl:,
which somehow can carry the genenc mformsnon from
onc bactenal cell to another More will be sad sbout dus
substance m the next chapeer here 1t suffices to mention
that the chemical natare of the substance 15 well known
and that the substance can perform 113 réle (carrying the
genetic mformanon) all by iself withour any necesry
of scoemory substanees. To be sare, we do not know that
the subatance can determune heredity unal the substance
has foand 1ts way into the Living celi but thes 18 not para
momt. the main point 13 that the substance can be extract
Which b scdemcs groatest charm,
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ed uninjured, punfied and thus separated from il the other
svstems, and that thus separsuon does not change the qual-
™y or qmn:‘?' of the genetic information. This n, then,
an example of an mdependent mechansm which we have
called the first system, the heredity determunants,

An interesnng example of the second, or intermeduary
systern, vwluch carnes the orders of the genes through the
cell, 15 furnished by an alge, dcerabularta The argamsm
looks like a slender mushroam about ane inch high, with »
rootler and 2 shank, on further culavanon, s emall green
cap 15 formed oa top of the shank Thm alge 1 snreresung
because it conmsts of a single cell 2nd has a single nocleus
pormzlly situated m the rootlet Suppose now thar we cur
off the nucleus-carrymg rootlet of 2 young alga which has
oot yet developed the cap One could think that since the
nucleus with the genes 1n it has been removed, the plant
will not know how to make the cap mnce the shape and the
color of the cap must be gene-determmed. Yet the alga
does know and makes itself a perfect green cap  m facr, for
st least two weeks after cutung the synthess of protein
proceeds at the undumrushed rate \Where was the gener
1¢ 1nformavon? It s believed that it bas been pawed from
the nuclear genes to the informnon-carrying second sys-
tem 10 the cytoplasm thrs sysrem can now perform, inde
pendently from the first system (heredity deterounans)
which has been hteralhy cut off

The separate third system was actually the eardiest oo¢ to
draw attennon of biochermsts m fact for many years the
exprasmon  chermcal genens” meant only & branch of
geneucs concerned with the effects of mutanions on the
pentpheral reacuans. Thus system 1 also the canest to scp-
arate from the others. The gene-controlled final reactions
m the cell are usually enzymanic reactions, the enzymes can
be extracted from the cell, punfied and often even crysul-
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lzed they can be made to work m vntre on ther appro-
pmmmb&amu,whmhma&nmcmdfmmdmceﬂ
or syntheuzed m the Liboratory the conditions costing 1n
the cell (pH temperature) can also be mmatazed Thus the
entire periphersl enzymstic reaction can often be re-cre
ated 1n the test tube, even though the heredity determinants
and the mformation carrying systens are no longer there.
It may be useful to correlate the biochemeal concept of
the three systems with the terms  genotype” and  pheno-
type wed m genenes. The geno 15 the gentoe make
up cleardy t}ndmmalbammr 18 the finr system
(herediry determinants) The phenotype 1s the phymeal
makeup the wuy the ndmidual looks. But the way the m-
dividual looks depends on what e like to Jook sr. The
color of the eye 1 obviowly a phenotype. But the chemst
prefers to look at the chemscal structure of the pigment
thus s phenotype, too So s the appesrance of the chromo-
somes, #0d even the chermies] structure of the gene- for al-
though an indinidual gene  makes the law” for the eell, 13
chemical srucrure most also obey the laws dictated by all
the other genes. Thus, the phenotype of an indvidual 1
the end product of the collabarenon of all three systems
with the canironment.



Chapter 11

HEREDITY DETERMINANTS AS CHEMICAL
SUBSTANCES

In ber torizbugs sunre docs wet xse  pital Letters 1t
& up te wy to distingmith be esrential frome the trrisl

T e previous chapter 2 menuon was made, wichout any
proof that a chermeal substance can serve a3 the heredry
deternunant Such propesinon 1 not obvious ar all, snd
therefore m ths chapter an evidence will be presented to
support the dea

The thought that onc s genes were so supenior because of
a mere substance, was likely to be unpopular for a long
ame. Students of the histony of saence cannot fail ta no-
tice how often the 1ssues most essenml for our species were
cononuously avoided. Thos, m general the science of
heredity which affects us more than astronomy was prac
ucally nonexstent untl the second half of the mneteenth
centuny although Vlendels conclusons (1866) were ac
tuslly much easier to arnve at and to accept than those of
Copermzeus (1530) or of Harvey (1628) As late 25 1872
Spencer wnres “1V ¢ are obliged to confess that Life m 1
essenice canmot be concened in physico-chermeal rerma.”

By the end of the first half of this centuny the founda
tons far chermeal explananion of several biologcal phenom
ena had already been lud However the phenomenon of
heredity w as not attractive to a chemust, perhaps because of
1 fear of the mulnrude of substances mvolved and ther in

8
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sumountsble complenty mndeed mn contrast to mmpler
biochemical funcnons, nothmg less than the whole organ
s, the whole cell or at least the whole chromosooml ap-
paratus scemed indispensable as beredity determmant. The
remans of this nebulous arutude sull hamper research on
the chemustry of heredity 1 g certam part of Eastern Eo-
rope  But even after the accepaance of the b cal
concept of a umt of heredity the gene, 1t was not clear
whether such 2 concept had 2 phvacal reality and even of
the gene was real presumably it could be somethmg other
than a substence. True, the chemucal subsmances are at the
buse of all livmg matter but the substances as such are not
the only things which can carry informaton. Consder for
2 moment a charcoal sketch. the information that the artst
15 trymg to convey ro w18 not tm the nature of chareoal
particles. The parucles are all alike but what 15 specific and
mformatoncarrying 15 thewr spectfic distribwtion on the
paper Now once knew for a long time that the chromeo-
somes are somchow mvolved m the orderly transmmsmon of
heredity 1t was therefore patural to think that 1t 1 the or
ganzauon of the chromosome, the speafic dutribuaon of
unspearfic, umateresnng molecules that 1 responsible for
determuning the

Soch sn hypothens was mdeed proposed It was stimmu-
lated by the discovery of a phepomenon called the post
uon effect (for a review see ) the acuon of some genes
pmvcdmdepcnd,tom:mmt,outhu:pouuunmung
the neghbonng genes. For example, m the frut fly Dros-
opbia, s chromosomal region may become mverted, or 1t
may become transplanted (trenslocated) into snother place
1 the chromosomes, such alteratons may result m o change
1 gene scnon. However 1t has been found thar this effect
1 by no means umvermal, cven 1 Drosopbile'  Thus alope
would speak sgainmt the concepe of the postion or dum
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bution as beang the unrversal baus of heredrry deterrmna
uon. Actually the posinan effect can be explatned as well
by the hypotheas that the information 1 carned by chem-
1cal molecules provided that there 15 some kand of inter
action between them a disturbance 1n the interaction may
result 1n 2 change in scnon. Indeed, some sort of mrerac
tion or linkage between the mformanon-carrying mole
cules 1n & chromosorne has been recently reported  Bat
the mosr decstve blow aganst the hypothens that the en-
ore mnformation 15 due to dumbution of unmteresting
molecules, was delivered by the drscovery of the trans-
forming phenomenon. In this phenomenon, the mdindual
molecules were extracted from the chromosoms, their spe
afic dummbunon wes completely destroyed since they were
ndependentdy moving in the solution, and vet they sull
carned unchanged penctc informaton  therefore, the
malecules themselves must have been mteresting But Jet us
first describe the andformung phenomenon from the very
beginnmg 1t 13 worthwhile to spend some tme on this de
velopment mnce it represents a major break throogh
biologreal thoeghts of our century
In 1928 Gnffith reported that when muce were inject
ed with hving non-encapsulated (R) pneumococer mixed
with heat lilled encapsulared (S) omes, hw&g 5 preu-
mococe: were recovered from the ammals parocular
mterest was the fact that the specific type of the S cells was
the ame a the type of the heat-llled cells rather than the
type from whuch the fiving R cells were denved (by some
previous mutation to the loss of cepsule) Onee the new
feature (production of the capsule of a speaific type) was
established, 1t was retamed and reproduced 1 subsequent
tions a3 1f a new gene had been edded o the genet
1c makeup of the or cells, indeed, such tansformed
cells, when heat kilied, could now serve to induce the
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tramsformation of R cells exactly i the same way s did
the onginal § cells.

Although this expermment was confirmed by other work
ey, it thd pot artract doe ertennon. despete cereful controls
1t still appeared possible that the geemungly heat-Xilled
prepantion contmned some heat remstant bactenral forms
so that the phenomenon wasa revival of the S cells rath-
er than the “transformation  of the R cells. The possibitity
of & heat resmstant virus also was not excloded.

In 1931 Dawson and Sis" reported that transformation
can also be demonstrated 18 vrtro These workers realized
that the phenomenon affects only onc out of many R cells
and that 1t 13 necessary to depress the growth of thus stram
to give the few newly formed S cells a chanee to muluply
to the pont of recogration. They therefore performed the
expenment 1n the presence of an mt-R serom, today this
method 1 sull the preferred one when transforming the R
cells into § cells.

Alloway was first to demonstrure that the presence
of the whole donor” (S) cells 15 not necesmry for the phe
nomenon. this mvesgator prepared cell free aqueous ex
macts of the hest-dalled S cells, pamed the extmact through
# bacremnl filter and demonstraced that the flltrate 1 stll
cpable of transformung the R cells into § cells. While thus
experiment excluded the presence of a non-filterable bac
teral form, 1t did not exclude the flterable virus as the
responsible sgent, the expenment was merely suggestive
that the agent 15 water-eoluble

In 1944, Avery Macleod and McCarthy' punified the
extuct further and found thar the le agent (the

wransforming prciple”) has all the propertics of a ughly
polymenzed deoxypentose nuclae aad (DNA) thus mngle
finding laid the foundanon for the study of the transform-
g poncple.
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The post war period wrmnessed several important contm
buwons to our knowledge of the phenomenon and 18 ramy
fications. Besides prcumococcus, the transformaton has
been accomplshed m Hemopbilus mfl: (Alexand
and Lerdy 1950)  these rwo bactenal species have stnee
served as dependable toals for sudying the transformmg
phenomenon m wreo and the behavior of the transforming
prinaiple m vitro The phenomenon has been also reported
in many other bacrena (for two recent reviews see ' )
It was also found that the fearure transferred (induced) m
the transforming phenamenoa 13 not Immited to the produc
von of capsular substences, Other transferable features n-
clude induction of fermentatton of salian, change m me
tabolsn of glucase and lacne acd, Producuon of manrutol
phosphate dehydrogenase, producuon of seversl speafic
enzymes 1n the biosynthene ’Parhmy of tryptophane  or
vronic saids ®  Sull other features include the change m
the quantity of polysacchande produced m this case 1t was
suggested that the genes involved form a senes analogous
to whar 15 known in higher as an allelic senes.
Sull other transferable features, first reported by Hotch-
lass™ include the change from sensiuvity to resstance to
peneillin, sulfanilanude, sreptomyan, erythromyan ete.,
and even a reverse change, from remsrance to senmnvity
Thus class of transformation phenoroena 15 of partcular m
terest because 1t involves gradations (one-step or muln
step acquution of ressrance) which resemble closely the
gradations acquired by a marural process, that 13 by sponts
neous mutation,

Some scientists feel that, of given enough effort, prob-
ably every feature could be shown to be transferable, and
that olumately the enure bactenal heredity will be ac
counted for by the extractable substance, namely DNA
Other saenusts are more cannious  perhaps there are some
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heredity festures carned by enother substance? The ev
dence that some features indeed are determmed by some
thing m the cytoplasm (though stll under ulamate cantrol
of the nuclear genes) will be grven 1n Chapter V when we
will discoys 30 called  cytoplasmic inhennance. However
thn gurilary mhentance seems to be nether esential nor
mdependent, sod nowadays scientrsts 1n general sgree chat
DNA 1 the only substance which enjoys the evidence for
carrymg the man” heredity of the bacterul cell

As mumated above, when one looks at the resuls of
transformation (acqunuon of & capsule or scqumsition of
4 rewstance to antibiones) one camnot help notang ther
great sumilanty to ordingry mutstions. Yet the mechanmum
of the two processes seems to be different 0 transforma
non we «dd 2 new molecule of heredity determumant, in
mutanen we chamge the exsing one. Not all the sctenuss
sgree with this view  some feel that mnce we do not know
eractly what happens in the cell, we cannot exclade the
possibility thet the entenng molecule of DNA does not
2dd meelf but merely changes the cusung molecules, es
peaally ar the ume of their replicanon

Whatever the details of the phenomenon, the p(mhi.:z
of wodang with the hrtherto mviolable matersal of the
lnlar muddens 15 of great miportsnce the violanon of the
stomuc nuclens by the phymaists was louder but 1n a long
run the tinkermg with the genes may be of more conse
quence. As & modest beginming onc can already exract
from the “donor” bacterml cells the —carryng
DNA, punfy m like any other chamcal substance, study
s phymcal and chermes! properties, subject it 1 the tex
tube to phymcal and chernesl agents, and then 1ntroduce
it 10to the receptor cell where 1t wall mill work and deter
mme the heredity of dus cell, lile any other gene (for two
recent reviews, see )
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While this was gaing on 1n the field of bacteriology the
scentists began to look for amilar evidence n other Irsing
ennties. Vinuses, being smpler then bactens, secmed 2d
mirzble marenal and anracted moch atrenuon from basc
saentiso.

In 1951 Lederberg and Zmder notced that when Sal-
monella cells with certam heredrtary traes are lysed es-
pecially by weakly lytic bactenophages (bactenial viruses)
the lymate conrans a filterable agent capable of inducmg
these trais 1n other Salmonella cells the phenomenon has
been given the name  transduction™

The cause of the phenomenon was eventually found to
be assocuared with 2 bacreriophage  presumably senmg
as & carnier for the material which changes the beredity of
the host (receptor) cells. The nature of this phenomenon
sull ot clear If the heredary matenal trensferred 2
chemcal substance (DNA) then the phenomenon can be
called a special case of transformation {or vice verea) how
ever if the transferred marenal 1 a bactenzl chromosome
or 165 part then the phenomenon may be of @ different na
ture. Moreover far thrs study 1t should be stressed that the
heredrtary maternl, when outnde of the cell, seems to be
completely protected this 10d thar the ph:
does not lend 1melf to physco-chemical study of the m
terizl at vitro For this resson, the phenomenon, though un-
doubredly very interesting will not be discussed further in
tha book

\ore meght into the chemeal nature of the genes of
viruses was furnshed by the expenment of Hershey and
Chase* These ipvesngators grew bactenophage in boetens
1n the presence of rdicactive sulfur and radioacnve phos-
phorus. Sulfur 15 present in certain amuno acids, therefore,
the viral protewns having these amno acaids became labelled
with radtaactivity On the other hand, phesphorus s pres-
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eat m the noclac aauds and 10 this way the latter became
labelled with radicactivity Next step was to infect the host
cells with such doably labelled phage and then to search for
the presence of mdicactive sulfur or phosphorus wrthin the
bacter. if only the radioactive phosphorus were there, 1t
would mean thar only the nodleic 2aid of the phage pene
trated 1nto  the host cell of only mifur 1t would mean thar
only the protems did. The result was that pracocally only
the phosphorus was radiozcive, clearly mdicaning that the
mfection meant the pasage of essentally only noclesc aad
of the phage mto the host cell In addiion, since the only
muclec acid found 1n phage 13 DNA, the conclason 5 that
the DNA slone 18 the infective matenal of the phage. This
conclusion, now widely accepted, was another important
development 1n our understanding of the chemustry of
heredity

It must be noted that thos far the attempts to infect the
host cell with DNA aloae have been unsuccessful the pro-
teins are still necded, as suxiliry subsrances for mfecoon
thongh they do not determine heredity However the
work m thrs field 1s progreysang a recent study® has shown
that 1f onc removes the cell wall from the bactern! host
cell (formmg a so-called protoplest™) then the eell can
become infected with & phage which 13 50 1njared a3 ro be
come ¢ half way form between pure DNA and the miact
vinm.

As will be discumed below the presence of DNA 110
genernl a charactenstic of larger viruses many smaller ones
contam RNA a3 the only nucleic aad. Among these stud
ted early were the plant viruses, first obtamed m crysmllme
form by Wendell Al Stanley' The schuevement, for
which Sanley received 2 Nobel Prize m 1946, had « most

muudpm-mommyuduD\Ahhsmmqhmdt
cell, » belered to v mervly = sccemory ride
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While tus was gomng on in the field of bacternology the
scxentsts began to lool for smilar evidence in other hvng
entinies. Vicuses, being mmpler than bacrens, seemed ad
murable matenal and ertracted much attention from basic
scientisty.

In 1951 Lederberg and Zmder noticed thar when Sal
monells cells with certun hereditary trais are lysed, o-
pecually by weakly lynuc bacteniophages (bacterial viroses)
the lymate contans 2 filterable agent capable of mducmg
these trams m other Sal lla cells the ph
been given the mame  ransduction™

The cause of the phenomenon was eventually found to
be assocuated with 2 bacteriophage® ** presummbly serving
as a carner for the matenal which changer the heredity of
the host (receptor) cells. The narure of tus phenomenon 13
sull not clear If the hereditary matenal transferred 15 a
chemical substance (DNA) then the phenomenon cen be
called a specazl case of rransformation (or vice verma) how
ever if the oansferred maternal 15 @ bacrenal chromosome
or its part then the phenomenon may be of a different na
ture AMoreover tor chus study 1t should be stressed that the
hereditary matetial when oumnde of the cell, seems to be
completely protecred chus md that the
does not lend itself to physco-chenucal srudy of the ma
terial m orro For this reason, the pheomenon, though un-
doubtedly very interesung will not be discussed further 1n
this book

\lore maght nto the chemical narure of the gemes of
viroses was furnshed by the expenment of Hershey and
Chase  These investigators grew bacteriophage in bactens
1n the presence of mdivacuve sulfur and radioacnve phos-

phorus. Sulfur 1 present in certan amme acids therefore,
the viral proteins having these amino acids became labelled
with radroactrviy On the other hand, phosphonus 13 pres-
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Two hybnd” virwses resuleed NaPs aod NaPa, where ™
stands for nuclec sad, and P—for proten. The problem
wss now  whoch of the o components will the hybnd
obey upon reproduction? Will 5t follow the nuclac sad
(NaPa to become NaPa and NaPa to become NaPr) or
the protean (NAPs to become NaPa and NaPa to become
NaPa)? The sswer was unequivocsl the hybnd sloys
followed the smuclerc acid component, the protemn wax -
rusteral for the determination of herediy Thus, the nu
dete actds proved once more to be the sole carners of go
netie information

Were the nuclere scyds alone sufficwent for sfection?
Tha question was soswered by the stodies of Gerer ond
Schramm®™ and Fracahel-Conrst™ Gierer and Schoaomm s
methods of separsting the nucleic scid and the protew were
such thar the proten became destroyed m the process thy
sppeared unfortunate since they could not recombine the
W0 componeats as described above As it often happers in
science, the unfortunate simaton proved to be most for
mmate  when wowed on & plnt the noclac scd slone
proved to be wfective! Fracohel-Conrst reexsmuned hus
two separcied components and found thar while the pro-
ven was sndeed completely non mfecuve, the nodeic aad
had some infectiviny

Sonley® gocs as far a1 to may that the nuclee sad i the
winus. To be sure, the complete vires w more infecure than
nogdee sad slone bur the saentsts feel chat the rdle of
protewns wm smproving the infectviny 13 merely lccrso:y
pethaps they serve 2 2 prsect n agunst the
tsching the nuclexe a0id, or perhaps they produce e im-
provement 1 virns attachment but as far a3 heredmn
concerned, the nucleic aad 1w all thee 13 necesary

“eediess t wy scennsty were now nterested m finding
s srnular beha or for ammat viruses The speed  { devel
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opments m this field was mdeed remarkable, mdicanng
that at last the weight of such discovenes was fally restzed.
Withun two years, the infecinity of ribonucleic acd from
Mengo and West Nile  encephahing virus (from Ehrhich
ascites curmor cells) polio vires’  2nd Eastern equne en-
ccphalomyelrus virus - was reported. The finding of the in-
fecuviry of the polio virus RNA 15 of particular mrerest
The infecnion with such RNA ean now be accomplished in
ningle lay ers of hurman cells 1n tssue culture  The infected
cells form dead spots (plaques) if the RNA 13 destroyed
by the enzyme nbonucleass, there 15 no infection and the
plaques are not formed (Figure 1) All these findings are
too new for us to predict furure development but un

doubred!y they will put our Lnowledge of the correspond

ing discases on anew logical level In particular the recog

nution that dhe mfecuve agenns are nuclec aads should
help us to desgn safe vacanes in which the infective agent
s destroved a5 will be mentioned further m, our knowl

Fuo. | Dead o (plaques) produced by the infeen  rihonaciee soud
(RNA) of the polo  irus on the ongle Liyers of haman ceth in mue
colture. Leftacth RANA rpht.RN\A detroyed by enryme nbooo-
chexse (Courtesy D 1 Voegan Vountam )
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edge of sgents capable of destroymg the nucleic aads 3 by
now qm[e extennve. Of

In suommary then, the heredity determinznrs of certam
(usually smaller) viruses are ribonuclac acids, while those
of larger viruses (bactenophages) and of bacterm—deoxy
ribonuclerc acsds. YWhat aboar hgher organisms, especully
man?

In all honesty m must be adoutted right at the start that
our cvidence about the substance determmnmg heredity in
hugher orgenusms 15 not 25 convincmg as 1t 15 for viroses
10d bacter

Tramformanon m higher organisms has not vet been
proved  though several laboratones are attempung to do 1t
One guesses that the story nmst be smular because so many
banic processes are mmilar m gl hving thrngs; one has some
mderect evidence that 1t 1 30 and one has pauence.

Let ws Jook, however ar ths mdirect evidence. The
chromosomes, long recogmized &5 the most essental part
of the spparatus for the orderly transmson of herediy
show the presence of a large smount of nucleoproten,
this compound, the nucletc sad 1 of the deaxyribose type
(DNA) (for 2 review see ) The speomatozoon, wiich
carnies the enare heredity informanon the male i cver go-
mg to transmnt to the next generanon, conmsts of over go
perceat of nucleoprotein (on a dry bams) m rt, the DNA
content can be as nmuch as 2/3 of the rotl

The granules or bands of granules 1n the chromosomes
which can be seen i many cells, most dstinetly in the grane
chromasomes of the salivary gland of the frnr fy Droso-
phila (Figure 2) consst agmn of nucleoprotem of the de
oxyribose type. These granules or bands, dememstrable by
the wse of banc dyes or ultravialet Light, have besn known
to be amocuted with the acrual gene locs if the gene

Accordmg to onconfirmed reports it has been secomplibed m ducls.
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changes 1ts pomnon, so docs the corresponding band. All
these observanons suggest that here, too, the nacleoprotein
plays a very unpartant réle 1n the determmation of hereds-
ty But after these observations the unanswered question re
mans: what carries the wnformston the protem, the nu-
cec sad ar the speafic way the two are combined? Some
insight mto thes problem can be gamed by the analysss of
these components: 1t has been found that the composmmon
of DNA from epermatozos o the same as that from the
chromosomes of somatc cells of the mme specres (for 2
review see ) In contrast to this, the compoation of pro-
tem may change drasncally m the chromosames of spee
matazo the protein 15 a profanmne wheress m the corre
sponding chromosomes of erythrocytes it 1s ¢ bustone & pro-
tan of 4 very different composiion  The replacement of
tustone by protamine appeans to occur dunng an advanced
sage of spermatogencms ¢ One insuncuvely feels that
the substance which does not change (DNA) 15 2 more
rchable heredity camer than the one (protmn) which
changes 50 dramcally durmg the development for the sme
reason the bond between the DNA and the procem woald
ot be o reluble regater of the genenic mfarmanon But an
msnncave fechng v one thing and the scienufic proof s
something else

In 1949, Vendrely and Vendrely and subsequendy
Mirsky and Ris  found that the amownt of DNA per
(diplond) cell 15 the gmme m all argans of the mme species
(Table 1) 1n hapload cell (that s the cell with only one set
of chr ) such a5 sper this amonnt
fully half Th constancy applies to DNA only- the RNA
1nd protein content vary very much oz0a and
m thymus celis for example the amouants 0'2 the above sub-
stances are very somll, in hver cells—very large, Now these
findiogs already give sume, though sdll indirecr, evidence,
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DNA per mucicns,
FISHES 10w
Shark 667546
Carp 12349
Pke 17
Shad PN
AMPHIBIANS
188
Necturm 4
Frog 150
Tosd 733
Green Turde sar
Woacer Smal sm
490
BIRDS
Hen 2223
Pgeon 20
Pheagsat 17
\AVIMALS
Ox 64
Man 50
Horie 5
Rex 57
Rabba 53
Vooee 50
From

Indeed, the amount of substance suspected to be heredity
determnant, should be the same 1n 2ll cells of all che organs
of the same species because all these cells should carry the
mnme number of genes the amount should be twice lower
1n the spermatazoon, which prenmmbly carries half of the
heredity (the other half being supplied by the ovum) One
wonld not have confidence 1n 2 substance which vaned
from one organ to another
By this indirect enidence, then, the heredity deternu

nants should be DNA The evidence from an ennrely dif
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ferent direcnion was obrawned n 1941 by Hollaender and
Emmons (see also Zelle ez 4P} As will be discuseed forth-
er on, ultraviolet tradunon mdoces mutanons. Aotatons
by defiution are rephicable changes of the genes. Hallen-
der and Emmons determuned which wavelength of ulera-
violet light 18 most effective m mducng mutations, and
compared 1t with the wavelength most cffectvely absorbed
by cach of the two suspect  substances (protens or nu-
clec aads) The answer was agun unequivocsl the wave
length most effecuve in changmg the genes was the ane
most effecnrely absorbed by nuclec aaids and enorely dif
ferent from the one absorbed by protems. Thus, the naclec
acuds agun appesr to be the gemc matenal. Such an experr-
ment docs not tell us whech of the two nuclerc acads, RNA
or DNA, 13 most hlely to be the geme materral but soce
we know that the genes are srusted m the chromosomes,
the main component of which 1 DNA rether then RNA
it 15 agun the DNA which scems to be the responsble
ls'fﬂ(.

In summry then all posaible evidence mdicates that the
heredity determmames are special chenweal substances, 10
parncular all proofs indicate that these substances are no-
cleic sads, 0o evidence to the contrary ar evidence for
substances other than nuderc acads has ever been offered.

It would be of mrerest to see how the nucleic sads are
dusmbuted 1n natore (Table II) One nonces first that there
3 0o Lving enmty down to the st viruses, winch
would lack th substance. It can be scen that the
two kmds of nuclerc actd, the rbonucleic 1ad (RNA) and
the deotyribonuclac sad (DNA) are distributed very
uncvenly the smaller viruses, o3 2 rale, contam enly RNA,
the larger-only DNA. As explained befare, both are hered-
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TABLE It
T Occramence or Nucttic Actos i N mume
\ IRUSTS
Tobetco mosax: RNA
Poliocyelich RNA
Influenza RNA
Rabbk paploma DNA
Vaccina DNA
Bacterophage DNA
FUNGI (ioclodmg Bacterm) ALGAE  RNA and DNA
HIGHFR PLANTS RNA snd DNA
PROTOZOA RNA end DNA
HIGHER ANIAALS RNA end DNA

v deternunants in their respecave viruses. The cellular
organusms, startng with bactens, invensbly cootam both
kinds of nudleic 2cids, though s mentoned previously
only DNA seems m this case to be prinapal heredity de

termumant. It must be mentoned that the cellular nbona

cletc acrds, though belonging to the mme group of chemical
substances, may be quire different from the viral ribonu

cleic acids which are heredity deternunants; in particular

the latter seem to have a lugher molecular weight, resem-
bling 1n this respect the deoxynbonuclec acids, all of
which seem to be heredity determunant.

The situaton for the cells of higher organtsms resembles
thar for the bactenal cell The amamts of DNA for mdt
vidoal species (regardless of organ) have been presented n
Table I the amounts of RNA will vary from organ to or

g'l.ﬂ

‘The dutnbunon of the two knds of nuclerc zads (DNA
and RNA) within the ccll can be studied by cytochercal
methods, unng basic stuns speafic for onc or for the other
In snother method, onc can digest away RNA or DNA by
means of enzymes hnown to be speafic for one of them.
Such crzymes arc- deomyibonuclease (DN\Aase) which
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cally breaks down DNA and rbonuclesse
(RINAase) which speafically breala down RINA. After
digestion, any bane stan will reveal the locanon of the re
mamuy (wntouched) nuclac scrd.
\icre quantsnve 13 the method m which the nes are
d end the mdmdual cell p we sep-
uued from esch other by differenmal cenmfuganion (cem
mfng:nmntunmn:fmtds) Fach fracoon can then be
analyzed separaiely wung convenremt colonimernc meth-
ode*  The remln of such am amalymy for & tymeal cell
TABLE 1t
N awuc Aco Cowmeer ar Faunouan Coseonest
o Vorm Lo Ca®
R
Celi owprnent RNA DyvA
Nuckw n
Maochandrs i
Mucrosomey ®
Noa-perticalsze fraction 15
"

sooll

(mous: hvcr) are gn':n m Tu.blc HI It wall be seem that the
sads are aghowe the cell snd

may comcavably serve for many different parposes, oo the
othcrhsnd.D\{Aufoundmﬂymd\cchmmm,rhu
33 m the apparatus for the orderly transmusmon of heredry
Thus mreauon exes m alf hving cells which were cxemened
thos fart

It 55 worth whike to spend sometme to e bot. the m
clacsadscan sore the genete mformation and how thas
mformauon can change 1o the process of motanon th
sabjeet will be discumed m the neat chaprer

Soch  medhod csa of coarw be peed abo for whokt celle (nchedwg
bacteral cvlls}

*Ex ept of conowe the camey M R DNA-comumog  mm or ek
ectess s aded the o roplam




Chapter I
THE NUCLEIC ACIDS

Beross we begin the discussion on the mode of acton of
nucleic acrds, it 15 1mperanve to refresh our memory sbout
the basic ponts of thar chenustry The reader who 1s f2
milur with the genersl structure of nuclerc aads may be
tempted to bypass the first part of chus chapter however 1t
may be poinred out that new facts about this structure are
comstandy forthcoming in ths book an attempt will be
made to describe the structure as we know 1t at present

The molecules of nucleic acads are grant molecules of
tugh complexity they can, however be broken by appro-
prate means, to smple building blocks called mucleotdes
Each such nucleoade 15 composed of one molecule of a
mitrog base one molecule of 1 sugsr and one molecule
of orthopbospbonic acid (Figures 3 4) There s nothing pe
cubar about this phosphonc gad but the sugar part 15 1n
teresing ’l‘hcsug:ruofd-rcpcntmetvpe(s carbors) *
Two kands of pentose sugars are found in nuclec 2ads
one 18 D ribose which occurs m nbonudec aads (RNA)
(Figure 3) the other 15 2-deoxy D-nbose, deoxyribose for
short, which occurs in deoxynibose nuclec sads (DNA)

Pt dmd b DNA of phage (n sdds

occury ;o ceran n
e pemons ot i peeatarny

26
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(Egm4)-bcnccrhtmmofthcxnudncmd1Thcde
oxyribose differs from ribose only m that 1t hes one les
oxygen srom on the sccond carbon. Ths small differesce
must have very smpartant implicanons m pature- however
except for the fect that deaxyribose 1 2 bt more reacuve,
we are at a loss to grasp winy one sugar should be chosen
far che nuclerc acads of ampler viruses, and the ocher sogar
for the nuclac acds of larger virwes and for the chromo-
somal nuclerc aad of higher ofgansms.

The r g P the mirog) bases, are
most mteresang They can be clasufied mito two categor
tex the purmes and the pyrmmdmes Each of the two nu-
cleic sads contuns, s major componeats, two kinds of
punnes and two kinds of pynodines, ene for each nucleo-
ode. These arc adenme and guanine (purmes m both
RNA and DN\A) cytosne (2 pynmudine: in both RNA
and DNA rmussing 18 DNA of certan bactenophages)
uraal (s pyrmpdine: m RNA only) thymme (s pynm
dine- mamly m DN\A) s-hydroxymethylcytonne (s pyn-
mdine- 1n place of cytomne m DNA of certam phages® )
In addrion to these mmn components, small amounts of
variows nitrogenous bases were recently reporred m both
RNA and DNA. These bases (not shown on Figures 3.4)
are- s-methylcytosne (a pynmedine: 11 DNA of higher
orgamuuns only)  6-methylanunopunne (2 punne- 1n m-
crobisl DNA snd RNA) ¢ 6-dunethyhmmopurme (s
punne m RNA)  z-methyladerune (2 punne, i mucro-
bal RNA)" z2-methylguamine (a2 purme m nucrobal
RNA) 1-methylguanme (2 punine 10 microbial
RNA) thymne (s3 & mor component in mcrobal
RNA)™

As mentioned before, all these bases are locsted m ther
respective nudeonder, which bear corresponding names
thog, a2 mucleotrde composed of adenme, nibose and phos-
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phoric sad 15 often called adenine ribotde- one composed
of guanune, deoxyribose and phosphate—guanme deoxynbo-
tde ete Other names used for these nucleondes are adeny

lic 2cxd and deoxyguanylic acd respecnvely Nucleosde
13 the general name of s compound cbtamed by the com-
binanon of such & base end the sugar (or else obtamed by
the removal of phasphonc aad from a nucleoude) The cor

responding names would be ademne niboside, gnanine de

oxyribonde etc

All these components are Itnked together m well defined
ways, presumzbly always the same for all punnes, and the
same for all pyrimudines. All nucleotides, in turm, are linked
together formng very long chams. Figures 3.4 give exam-
ples of such linkages. One notices that the phosphonic eerd
groups repeat themselves with sriking regulanty The dus-
tances between these groupn are always the mme- o 35 one
mubonths of a millmmeter ¢ 18 exactly the distance berween
the mdividual amino acids m g protein chain. Thus, the two
substances, nuclec acids and proteins are made to fit each
other nucleotndes of one combimng with the basic ammno
acids of the other formng nucleoprotan. Indeed, nudec
acids are never found m nature as such, but always a5 no-
cleoprotans from which nuclec acids themselves can be
obtamed only by removing the protein part ( deprotenn-
mation )

It mrght be too bonng for a non-chemust to srudy 1n de-
tail all linkages in the DNA molecule. As a marter of fact
1t mught have been already too bormg to follow all these
chemical names and formukas, o let us step nght here and
yust Jook at che smpl. The implications are thac the
structure of nuclec acd 13 very complex not Jess complex
tiun the structure of protemn, vwluch as we know arc capa-
ble of such an astonshing specificty like ammo sads m
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protems, the bases 1n nucleic acids may be responsible for
this speaafimty
What s acrmlly the g
Andhuwunnmdmﬂeurrvm‘rmforrmnou"?
Consder a single nucleoade. By the virtue of s aadic
group 1t will partcipate m some reacnon, by the virtue of
lu}mcgroupsuwlﬂparmrx:mud\mltmyﬂmw
alyze certam reactions But the sze and shape of the mole
cule and the distribution of electrical charges in 1t are such,
that 2 nocleotide will by no means parnapate indisenms
nnelym:llthcmcnomnhemolcculcudmo?' 1t has a
certam speaificity In other words, by wirtue of being 1
self the molecule carnes certam chemmeal infarmanon. the
lnsrucnon a3 to reactions m which 1t should parncipate
(a3 2 reagent or as a canlyst) and as to those 1n which it
should behave indifferendy

The amount of information carmed by 4 mngle nucleo-
nde s small 1t 1 such 2 small molecule. Bur 1f one links to-
gether 4 great number of them, then the individual small
patterns of clectncal charges are added and form a large,
very complex pattern  the molecule will now be very
choosy indecd Bat there are only four different major nu
cleondes (two purme and two pynmdine nuceotndes) in
cach nucleic sad, and therefore they are repeated. If the
foar are repested in x regolar way always 1n the same or
der the pattern would become monotonous and no further
gmnmcomp!mty or tpecuﬁdgcwuuldmrbepomble-

1 exsctly the resson why the chemusts for a long ume

d-lsbcl}cvcddntthcuuduc acads, especnally DNA, could
serve #3 1 carner of genetic informnon. they thonght that
the nuclec acids conmst merely of wnuts called
teranucdeondes, composed of one of each of the four nu-
cleoudes’  Souch & repetitions molecule woald be very un-
mformatve, mdeed moreover 2l the molecules of DNA

of ch 1 fian,
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of all the speciet would have to be the same and obviousy
could not serve as carriers of different hereditary charae
ters. As will become clear further on, the sequence of nu
cleotides n nuclerc acid 13 very mrreguler and the “retra
nucleonde” ume mmphy, dots not exsst but some thurreen
years ago few would dare to doubt 1t, such wus the author
ity of the author of the tetranucleonde theory 2 disun-
gushed scientst P A. Levene. One chemust (Lehman
Lchrernachr) even reporred the scromal solanon of th
(purely ficoaous) tetr {eotide® and 1gly the case
was cdlosed

Not quire. The tetranucleotnde theory was amply based
on a wroag chermcal analysss, sccording to which the four
nucleoades were present i equal amounts. In 1947 Gul-
land reported that the resuls of titranon of nudec scid
someftow did not support the theory However Gal
land s datz were also wrong Chargaff and hus collaborstors
undertook the gccurate analyms of noclerc aads chey
found that the four nucleotrdes were presenc 1 very un-
equal amounts and therefore the retranucleoude theory
cannot be correct™ The proportions of ndividual punnes
and pyrmudines were different in DNA of different spe-
aes (Table IV) therefare, there must be not one, bur
many different nucleic actds. On the other hand, the DNA
from different organs and different strains of the sowe spe
cres extubnt the same proportions of mdividual purines and
pynrmudmes (Table IV) These propornons are independ-
ent of the envirooment, AMoreover as mentioned sbove,
the sequence or distribution of individeal punnes aod pyn-
midmes mn ezch nuclec 2ard 15 most wregular® Now this
ntuation 15 to be expected if vanows deoxyribonudlerc eads
are to be heredity determmang- they sbonld be different
1 different species bat sunilar in different strams or differ
ent organs of the same speces. The molecules of DNA
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TABLE IV
Tre Proyoanong of Inoniogat Poaras o Pyenuooas
DNA or Sevruis Seroms
Voler Rattes
Adenine %h_.g Purines
Sewrce Gurmime  Cytedms_ Pyrimedous
ANIALS
Mant (sperm) 15 17 o4
(thymy) 147 175 187
(Hver) 142 10 109
Ox (sperm) 129 131 103t
{thymms) 119 3 11
Sherp (spheen) 126 13 10
Gosz (sperm) 131 13 103t
Horme (spleen) 19 137 1
Ret (bone mwrrow) 134 139 100t
Hen (erythrocyren) 145 129 %
Tartle (erythocytes) 131 131 103
Sakmon (sperm) 143 143 1m
Hermg (wperm) 125 %7 14
Troot (sperm) 132 136 11
Shad (reses) 13 143 101
Locos {whote) 14 141 o9
Sex Urchin Ecbisoscrdivm Cordawm 193 179 100
HIGHER PLANTS
When (grrm) 1 18 100%
LOVWER PLANTY
Saccharomy o5 erevites
(Baker yems) 167 192 100
Escherichis col 104 093 101
Serretm marcesceon 076 043 o5
Mycobactemium taberoaions o4 o4 1"
Hi Ieflmensse 178 154 101
Strepnececcis puewwsonion 144 139 100
RICRETTMAL
Ricketrou procareks 109 207 112
ANMAL VIRUSES
Gypay-moth polyhednal  oos o7 i%23 107
Vaclals o 143 18 190
BACTERIAL VIRUSLS
E eliphepe T 153 158 L
From a
1 The data tirs marhed mckode $-methyicy tosine,
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should be complex and irregular to be able to carry very
speafic information

The further we probe into the structure the mare wetrd
1t appears: tracs of punnes followed by tracts of pyn
mudines may occur m certun secuons  complex irregu
lanty 1n others. All these parterns are sull meamngless
to us we have not yet been granted the wsght into the
mast valuzble of matures wnungs. But we know enough
to suspeet chat this pattern or sequence 15 the very code
of beredity the device to preserve genenc contmmty If
we calculate the number of possible patterns, just by
changmg the posraons (sequences) of mdmdual purines
and pynmidmes 1n a molecule of DNA (of just one over
all compontoen) we amve ar the figure of 10! ** It xs
2 large number certanly large enough to take care of all
the genes which ever did or will eustt And all ths was
based on the esumpuon of four bases only As menuoned
before, there are abso present 1n DNA small quannues of
addinonal bases, and chese, bke ramns m the cake, c2n add
a lot of flavor to the speafiary of DNA In sddmoen onc
must not forget that our knowledge of the DNA molecule
1s actually 1n 1ts infancy thus, many other features which
add specificity could sall be dscovered

\Vhile the discusuon above centered speaifically around
DNA, much of it can akso be sard about RNA. mole
cule of RNA may be somew hat smaller bat 1c 15 sull suff
ceatly long for speificity It 13 just that we do not Lnow
o5 much about RNA as we know about DNA The reason
for 1t becornes plain upon looking at Table 1T agam. The

The disibotion of amano sckds in protens b alwo most [rregubir ;0
thit the Istter too, can cxTy  very wpectfic information, thoagh not
genene mformation.

It @ be eamly calcubsed thar the manber of mdrvidusls which ha
ever exixced k1 oar specis coalkd not b been higher than B and

w13 probebly bower thm 10
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DNA 1 otuated 1n the chromosomes only 1t scems to have
only onc funcuon and 1s conndered to be one type of mb-
stance. On the other hand, the cellular ribonuclac 2ads
scem to be everywhere each in i3 own sitc may serve a
different functon and be a different substance Indeed,
rboruckc acids from different parts of the same cell were
fornd to have different compomuons (review m*™) Such 2
sitmanion was bound to dow down the research on cellular
RNA. there just arc not encugh serentists to go around On
the other hand, the heredity determining RNA of virnses
are angle substances, and connderable progress has been
tcheved erpecully 1n the study of the RNA of tobacco
mosa. virns. Such RNA has gunt molecules, thoogh ap-
parmﬂynocquncnspmtnsDNA the latter may have a2
molcculuwug-ht of 6 pnllion (abowr 20,000 nuclevades)
the former 300,000* or z millon The tetramucleoude”
theory 1 RNA 15 just ay invehd o 10 DNA, and the 1rreg
ubar distribunon of individual pormes and pyrmidmes—
]mt:sbcwﬂdermg There may be, hawever some dffer
ence 1n the spactal arrengement of the two nudec sads.

While the scientists were enjoying the umplicanons of
the sregulerstier m the structure of nucleic acids, certan
regularies were also found  The most mportant of these
1 the fact that the rano of all punines to all pynmdines m
any DNA 11 always equal to one. It 18 o5 1f one purme al-
ways formed 2 pur with one pyrmmudine Thus thoughe led
to one of the most esthetic concepts in modern brocherms-
try the now famoas model of the DNA molecule of War
son and Cnck*!

It was suspected for quute some ume that the molecules
of some protems may have 1 spiral configuration, and that
two or more such spirals could be wound around each oth
er m space, hke threads of a screw Now the dutriburron
of atoms m a molecule can be messured by means of 1 spe
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cral techmque called x rey diffraction. On the basis of sach
measurements for purines and pyrmtdines™ * Watson and
Crick proposed that the DNA moalecule 13 composed of
two complementary sprral strands which are woopd around
cach other (Figure §) Each strand would sctually be a

&
N

Fo. § Wanon—Crck model of  molecale of DNA The rw - ribbam
;mlhnommchmmddnmﬂhnn—&:p.m

of bases bolding the chens together (Sce Fap. 4)
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smng of nucleondes, a3 shown on Figure 4, except thatit s
2 sprral 1 space and not a flat figure. The arrengement of
the spural 18 such that the phosphate bonds on cach of the
two spials suck towards the outude, wheress the purmes
ad pynmidines-towards the msde, facmy the comple
mentary and purmes of the other spinal. Here
VWatson and Crick utilzed the previously found regulanty
(number of purmes 1 cqual to number of pynmudines)
the most Jogical model 15 such that a parme 1n one strand
always faces 2 pyrmmdme m the other The members of
such @ pur (punne-pyrmudine) are getuslly so dose
space that ther most proxnml groups can form chenucal
bonds. These bouds are of the “hydrogen bond”

they are not &3 srong s for exsmple carbon to carbon
boads m chemenl compounds, however since a molecule
of DNA may have as many as 10,000 of the purme pyn
midine pary, there are s0 many of these hydrogen bouds
that they mpart to the DNA molecule quite 2 remarkable
sability As will be seen further on, some DNA molecules
will withstand boiling for one hoar few if any brologically
scuve protans would be thar stable.

According to the calculstions for dstances m space, the
parts do ot fit together if & punnc faces mercly any py
mmdme 1t hes co be always so that adenme {aces thymune
and gusmne faces cyromoe, or vice verss (Figure 6) Each
of these 15 what v called & “complementary par Now 2
moment of thought will convince ws thar ths nnanon re
suls m that the two strands are also ementary 1
srand with a speafic sequence of mdividwal punnes and
pymimudines can parr only with # very specific strand that
n, the one with the complementary (but not the same) se
quence.

Thus, each srand determmes the sequence 1n 1ty part
ner- each, then, must carry the enure mformanon Thes~
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Fi 6. Purmg of puries end pyrunedimes i the VW stoo-Crck model
A-gdenne; G—gmanne; C—cytoame T—thymme. S denores sogar (de
avynbose) end P—pboq:\h:m Lres—com alent boods; broken brey—
hy drogen borde.
connderatons led Watson and Cnck to the second
posal of a mechanum w hereby the malecule of DNA can
repheate without losng or changing any of s informa
uon The mechanum 1 besutfol m 1 smplicay  w hen
ready to replicate, the two strands seperate (by vn wind
ing) and each rebuilds 1ts musang partner Each strand can
theorencally do 1t because each carmes the full informanen
conseq v there will be two 1dentical molecales w here
one existed before.

Now most screntsts are artists at heart and they were
moved by the logical esthetics of these models s a result,
the acceptance of the models did not encounrer the renst
ance w hich osually meets new and bold concepts. Bur some
saentsts recall the purf:lh in accepang a concTpr because
of ws swmphery  the x theon,” @asenen
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ane cxxmple, The cntes pocat cut that the x-rav diffrecuon
srudies, on wiuch the model 1 based, account 3t bese for
only half of the strocture the other balf like the other
helf of the moon, s mvuble and concmivebly cn far
rush some surprscs sach as short sde chams, chenucal nk
sges different from the sccepred oncx, erc. In pamcular
it 1 sull dfficult to fir into the model some of those bases
which are present in DNA m smull quantities’ By and
lasge, hownrer it 18 felr thar sith all the musoon: m
mind, the Weson and Crick model solf fis dhe

miental dats best for ar leam the essential part of the DNA
maolecule The ongnal concept of the mechansm of reph-
cunon {separsnion of thresds) s rumulared considerable
speenlanion @ @ result mamy eennally equialent mechan-
sm of rephcstion have been proposed (renew m ) The
bame conceps of W awon and Cack has recently been sup-
parted by the reml of che inpenions expenments of Mes-
cloon and Swmht  These saentan grew bactena on medam
contmmng & heavy sotope of mrogen (N ) 1o thae alf
the substances m the cell, mclodmg DN\ A, became labelled
with heavy nsrogen. They then grew these bactera for
two generanons on ordinary mrogen (N ) nolated the
DNA and, by means of an ingentows new centnfaganon
method, determuned how the hesvy nitrogen was dutnb-
wred woong e DNA molecales. The romlt was dur half
of the malecules had some N label and the other half—
enly ™ A moment of thought will comvines us that th
resale clearly zoppors the Wamon snd Cnch modet of
DNA rephoanon dunng the firt divison on N medivm,
the two strands of each molecnle labelied with N became
wcparated and esch rebuwlt e g wtond, wsng the
only svailable rurrogen that s ordutary N exch malecute
gdun w0 of pasees o pyroudines % b for the aare moke-
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consisted of one old strand labelled with N and onc new
strand Labelled with N' - dunng the second division the
strands separated again and the ones contmming only N
(half of all the strands) rebuilt the mumng ones, also with
N —consequently such complete molecules (half of all
the ensung ones) will contan only N

Thas, 1t 15 very likely that the individual strands do not
break down dunng the replication and that Watson and
Crick were correct about their suggestion as to how the
molecules reproduce 1n the cell Well, ocbviously m the
cell ” After all, one cannot reproduce nucleic sad m oiro
that would almast be the creanon of new genes in the test
tube, 2 science ficuon suff

One cannot? As m many other fields, scrence 1 catching
up with sctence hiction and below 1 the report of such re-
cent fasamanng endeavors.

In 1955 Ochoa and Grunberg Manago were working 1n
New York University on an enxyme polynucleonde phos-
phorylase which removes the second phasphate from nu-
cleonde diphosphates and attaches 2 phosphate from the
mediam instead. Now  this second phesphate 1n nodeosdes
15 8 very mueresting one- 1t 13 linked to the fint phosphate
by 2 so-called “pyrophasphate™ bond which 1 known to
carry high encrgy  thus, such 1 nucleogde diphosphate v
capable of many reactions requinng energy such as syn
thetic rezctions. \When thus resction was performed under
specral condinions, the hiqmd became very viscous ' and
would not even flow out of 1 beaker turned upside down
Evidemly the cnxyme in the beaker had synthenzed 1 fugh
molecular werght substance from the small fragments. The
scuenusts realzed the umportance of ths duoovtrﬁ and de
voted therr full effort to the eluaadanion of the p
involved It was soon found thet onc can obtan at will, a
product which has only one lund of nucleonde (for ex
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ample a paly adenylic aad) or 2 product which has two,
three or all four ths last subsrance was smmiler to 3 nbo-
nucleic scid. The gross chemical compostion, the lund of
chemreal bonds, the strocture 1n space, even certan auxil
1ary biological properties, all were cquivalent to those of
matural RNA (reviews in ) But, a5 will be docused
later on, the mam biological réle of cellalar RNA 1s largely
unknown, and o 13 a chemical method for findmg the fine
strucrure of RNA. In view of the lacl of these one canmot
be sure that the RNA like substance mdeed has a proper
sequence of nocleotides or carnes the proper chemaal
formation. What was worrying the scientists was that they
could not put thar finger on anything m this beaker which
would tell the newly synthesized substance what thes se
quence or mformation should be. The synthemnng en-
zyme? No, this 13 unlihely because one enzyme 15 supposed
to synthesnze all kands of molecules of RNA. Some sort of 2
starrer (here called pamer”) which would make the new
molecnles wto s own mmage? That would be most logrcal,
1t would also best fit the concepe of RNA rephcanion m
oro To date  such & pnmer has not yet been found. Per
haps it never will be pechaps the synthens of RNA 1 more
complex and less mdependent than one thought. It 15, how
ever of 1nterest, to note that the small fragments of RNA,

few speaific nucleondes, were found to speed
up the synthess of larger fragments contaming these spe
atc nocleondes, thus serving o5 2 Jand of sunphfied p-

mer
Vhile this was gowog on m the field of RNA studics, 2
group 10 St Loms under the leadepstup of homberg dis-
covered another enzyme which synthazes DNA 1 wriro
(remew 1n ) The enzyme, fint found m bactena (Escher
1chua coli) bur recently reported to be present abso 1n mam-
March, 1959
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conmsted of one old strand labelled with N and one new
strand labelled with N ¢ duning the sccond divson the
strands scparated agamn and the ones contaruing only N
(half of all the strands) rebuilt the mussing ones, also with
N —comsequenty such complete molecules (half of all
the exsting ones) will contain only N

Thus, 1t 1s very likely that the mdividual strands do not
break down duaning the replicanon and that Watson and
Cnck were correct about their suggestion as to how the
molecules reproduce i the cell Well, obviously “in the
cell  After all, one cannot reproduce nucleic acid m ortro
that would almost be the creation of new genes 1n the test
tube, a science ficton stuff

One cannot® As in mzany other fields, science 1 catching
up with science-fiction and below 1s the report of mich re
cent fascinammg endeavors.

In 1955 Ochoa and Grunberg Manggo were working 1n
New York Unrvermny on an enzyme polynudeonde phos-
phorylase which remosves the second phosphate from nu-
cleonde diphosphates and attaches a phosphate from the
medium mstead. Now ths second phosphate m nocleoudes
1 a very interesting one 1t 15 linked to the first phosphate
by a so-called pyrophosphate bond which u known to
carry high energy  thus, such a noclesside diphosphate i
capable of mamy reactions requinng energy such as syn-
thetic reactions. When this reaction was performed under
spectal condinons, the hqud became very vicous and
would not even flon out of a bealer turned upnde down
Evidently the enzyme in the beaker had synthesized a hugh
malecular weighe submance from the gnall fragments. The
screntists realzed the mmportance of this discovery and de
voted thar full effort to the eluaditon of the pf?nmomcn:
involved. It was soon found chat onc can obtam, #t will, 2
product whuch has only one kand of nucleonde (for ex
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wruple 2 poly-adenylic 2ad) or a product which has two,
three or all four this last substance was srmilar to 2 ribo-
nuckac sad The gross chenmeal composition, the land of
chemical bonds, the structure m space, even certam auxil-
mry biologrcal properucs, all were equivalent to those of
netural RNA (reviews 10 ) But, as will be discussed
later on, the main balogical rdle of cellular RNA 1 bargely
unlmown, snd so 1 2 chermical method for finding the fine
structure of RNA. In view of the kick of these one cannot
be sure thar the RNA-lile substunce mdeed has 1 proper
sequence of nucleoudes or carnes the proper chemical -
formation, What was worrying the saenusts was that
could not put thar finger on snything m this beaker which
would tell the pewly syntheszed substance what thus se
quence or mfarrmation should be. The syntheszing en-
zyme? No, thus 15 unlikely because one enzyme s supposed
to synthesze 2l kinds of molecules of RNA. Some sart of 2
surter (here called prmmer’ ) which would meke the new
molecules 1o 1ts own 1mage? That would be most logrcal
1t would abso best fit the coneept of RNA replication m
ouro To date such 1 primer has not yet been found Per
haps 1t never wall be- perhaps the syathess of RNA s more
complex and less 1ndependent than one thought. It 13, how
ever of mterest, to note that the small {mgments of RNA,
contaming few specific nocleondes, were found to speed
up the synthens of larger fragments containmg these spe
afic nudeondes, thus serving as 2 kmd of amplified pn
mer’"

While thus was gamg on i the ficld of RNA smdiey, &
group m St Lous under the leadership of hornberg dis-
covered another enzyme which synthemzes DNA m oitro
(reviewn ) The enzyme, first found m bacteria (Escher
ichua coli) but recendy reported to be present also i1 mam

‘March, 1959
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mals  secms to work on a different prinesple than the en
zyme which syntheazes RNA For one thmg the starang
materials for DNA were the deoxyribonucleondes carry
g two, rather than one, extra high en phosphure
groups. For another thing the synthess would go onlv if
all four deovynbonucleotides were present indiczting that
the enzyme has indecd all intentions to make only 2 good
DNA. Bur che man feature was thar the enzyme really
needed @ prmer a pre-custing molecule of DNA Once
such 1s present, the synthesis goes ahead, and the newly
made DNA (up to twenty times more than oniginally put
n) has the mme base composnon as the pnmer®  The
ongin of the emxyme does not matter the enzyme from
bactenum Eseberrchus colt given human DNA a5 2 pnmer
will synthesize a product of the bage composition of human
DNA. The proportion of the ndividual nucleondes m the
muxture does not macter etther the product slways follows
the pnmer
One now asks again  does the product passess akso the
fine composinon (the genenc mformsuon) of the natural
DNA grven as pamer? To answer ths question one should
use 1 pnmer having some biologicsl acuvity (such as the
tramsformung poinciple) and then test whether the syn
thetic product also has thus acuvity To date  such an ex
could not be performed because the preparanion
of the synthesmmg enzyme sll conraned as mpuntes
some deoxyribonucleasi, gn enzyme which causes raprd
destrucnion of the transformung prinaiple  (see below)
\Vhen the expenment will be finally performed st may stll
turn out that all the enzyme can synthesze 1 an arnfact
devoid of genenc informanon (so called  nonsense
DNA”") Should, however the synthexs of the active trans
forming pnnaiple be attained, then we would be witness-

\arch, 1959
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1ng 2 true reproduction of naked genes in 1 test tube, 2 fan
tastic, perfups frightening achevement.

In the meantime, orgamc chemists are striving to syathe
sze fragments of nuclac amd 1 o purely chemcal way
withont the enrymes. Vanous starting marenals (nucleo-
tides, both ribo- and deoxyribo-) can now be syntheszed
at wil, doe to merhods developed mamly by Todd™
(Nobel Prize 1957) Usng these building blocks, Michel
son* has succeeded n synthenmng fragments of RNA,
and Khorama —fragments of DNA, by pure organic
synthess, withont enzymes or pnmers. Morcover the com-

and even the fequence of nucleotides can be con
trolled at will. These fragments, however sre rarely looger
than 15 noclkeoades; natural DNA my have as many as
10,000 1 one¢ strand, 0 1t 13 still « long way to go. Further
more, although the fragments are most wseful for many
purpases, the synthess of 2 nudetc 2ad carryrag genetc
mformuon 1 unlikely to succeed 1n this way m the ab-
sence of & prumer who 13 gowng to tell the chemmts which
sequence to choose, out of 10 ** possible ones?

In all our dmcusnons we have used the word male
cules, m the plural form thus, however should not imply
that the molecules of DNA, from ooe cell for example, are
all alke. How could they be? After all, they muw represent
different hereditary charucters. The scientists long fele that
such molecules indeed must be different  perhaps each
molecule of DNA 1n the cell s different. The
enidence for thus belief was furnmhed agam by the trans-
formung phenamenon (sce previous chapter) 1n trensfor
nanon a3 a rule only one hereditary character at a tme 15
transferred, as if each character were mdeed nruared 1n 2
different molecule  thus, the molecules must be different
The dicect f that they are different hes been furnshed
by Chargaft et o mdc:ém * It was found that by spe
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cal methods one can separate the DNA (from one type of
cells) mto separate frections which differ in their base com-
posttion Thus, the composttions given 1n Table IV or m
deed any other chemical or physeal properties reported for
DNA, are always merely the sverage properties,

Now 1t would be very nice of every gene” would be
located 1n 2 different molecule of DNA but one nught ash
an cmbarersing question are there enough DNA molecules
mn a cell to go around? The gmnwer 15 1n many cases not
nearly enough. Take for example a cell of bactermum
Hentopbilus tfluenzae 1t 13 a small cell, but nevertheless
very much alive. Now one 15 accustomed to think chat
there are milhions of molecules of every substance within
the cell yet dus cell hes only 200 molecules of DNA *
That 1s all Clearly a hviny, cell must have more than 100
genes or characters. Perhaps, then, there s more than onc
gene to 2 molecule of DNA? Recent evidence indrcates
that this indeed may be so Upon closer exanunation, 1t was
found thar m some transformation expenments two char
scters may be wansferred rogc&nulfizwm heked
10 one molecule of DNA™ In chs way were obtamed
which never exsted in nature  monsters having two cap-
sules 1n place of onc In another case, the linkage of o
characters has been obtained as 2 normal feature 2nd m
recent years numerots reports indicate that chis o5 mdeed
2 rather common phenomenon. Just how many herediry
determunants can find & place on one molecule of DNA?
Recent speculations, based on the deternunanion of the vul
nerable segment 1n 2 molecule, indicate that one can drxde
the maolecule 1nto 6 to 1o parts and such parts will sull be
acove” ™ But from the field of bactenophage studies
comes another approach Benzer’ has performed a pains-

A lecper bacoerml cell, of Ercbenchas bl bey sboot 1000 molervles of

DN\A,  homsm baplold celf b sbour 150,000,
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slang study of crosung-over i phage ( 3 process sk

g-over m the ch of tugher organusms)
-ndcnmewdu:condcmondntouducbam;u:;ﬂoé
heredsty (stnet; Lmg » wait of crosng-over)
bcnohggudn);??rwnm}chcx,wa there would be
thousands of smeh ity per ope molecale of DNA. In any
case, che fecling 1 chat the old notion of one gene per male-
cule n definirely outmoded.

Closely coaneered wath the coneept of the “sze of the
marker” s the problem of (ust how much one can njure
the moleenls of DNA wirhouy produciog sts mactivanon or
clange. The problem 1 unporaar o hat bearmg oo che
phenomencn of killmg by rediton and the process of mu-
nnons.

Before we can embark on the problem of mpry w DNA
we mos dectde what we want to call the prinjored o na
uve” DNAL

Ac present 11 nox known whether an even most care
fully rmotared DINA preparanon can in all regpeers be iden
neal with the DNA s (¢ ensred m the ang cell the DNA
w never found i the cell as such bur mesely a1 part of 2
nudeoprortin, which m turn, may have bonts 1o soll other
substarrees. The term  nanve” when applied o the
nmofﬂ\\mwﬂosmaﬁmnd\crmnlndmgp:gt
ths usmlly means o that such 3 preparason exbubits cer
win features which 1t sy have had when 1t was 10 the
fong ceft The most obvioos and the most impormant of
these features 1 the proper profogical sctvity It 19 mdeed
1 frature of which ane can wftly sty coald nac have been
created arnficslly by the proces of solanon Sach a 4c
uve DNA prepersnon may be called  fupctionally fmtect™
30d can serve 43 s yardsuch, obviously s properncs are
more consrant atd are of more mrerest than the properes
of the products of a0 underermmed degree of denatars
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non” in parncular the studies of the funcoomally intact
DNA preparation may lead to correlanon between the
function and the stracture.

As discussed before, the transformmg actvity s such 2
proper biological actmity which can be demonstrated
cerraun bacrenal DNA preparations: these can therefare
be called functionally meact Having this yardstich we can
now subject the DNA preparations to vanous treatments
and see what these treamments do to the brological zctivry
and what they do to the phyncal and chemucal properues
of DNA One conspicuous property of DNA n solunion
13 13 high viscosity  this property s common for all fughly
asymmretrie parucles. By asymmetric™ it 18 meant thar the
molecule i much longer than 1t 15 wide, and DNA 15 1 typ-
1cal example It has been mennoned that DNA has ¢ high
molecular weight (abour 6 mullion) because 1t 15 compased
of so many nucleotdes, a compound of this sort 1s called
@ mgh polymer As stated previously these nucleotides are
arranged linearly (sec Figure 5) i the form of two long
ntertwined  threads, so thar cach molecule 15 about
8/10,000 of a mullimeter long though only t/400 of that m
dumeter mdeed, @ highly asymmetncal strucrure when
fully extended. If we now hear the molecule above 180 F
for one hour or so the malecule will collapse and become
less asymmetrical therefore, the solution will be less vis-
cous. At the same moment, the bralogrcal actuvity will de
crease, and this scrves as one of the mdicanons that the
brological acuviry 13 indeed vested mn the bigbly polymer
rzed urunjured DNA  Other 1njunes can be caused by
2ad (below pH 5) or allah (above pH to0) acd, for ex
ample, can break some of the phosphate bonds or split off
punncs this will make the thread shorter and devoid or
ongmal mformanon”—again the loxs of viscosty and the
Joss of brolomeal setviny stare at the sime momene De
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oxvribonudease (DNAsse) the emryme which bresks
( depolymerrzes”) DNA, and DNA oaly s even more
harmful. Strong DNAases are present in pancreanc jymee
and m the secretion of certan hemolyuc sreptocoeay, bar
speafic DNAases are present in every cell though they
may be inhibsted so0 a3 not to cause too much damage when
the cell i sill alive Now 1f one confronts DNA with o5
fittle as one mllionth of 18 weight of pancreatic DNAasc,
the hatter wall break enough phosphate bonds so 15 to com-
pletely destroy sl the biological acnwity wrthin 20 min-
utes che decrease m viscomty follows later on. The actien
of this speafic enzyme was one of the onginal proofs that
the transformmng prnciple 19 mdeed DNA.

Many other agents can readily destroy DNA Among
them, the most interesting are those whuch are also Lnown
to be ndagenic agemts This mbject will be discumed m
the next chapter
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ton” 1n parncular the studies of the functiomally intzct
DNA preparanon nmay lead co correlauon between the
function and the structure.

As discussed before, the munsformmg activity 1 such a
proper biologtcal acuvity wiuch can be demnonstrated 1n
certam bacterial DNA preparanons. these can thercfore
be catied functionally inteer Having thus yardsnck we can
now subject the DNA preparations to various treatments
and see whar these treatments do to the bralogical activry
and what they do to the phywcal and chemmeal propemes
of DNA One conspicuous property of DNA 1n solunon
13 108 hugh viscosity this property 1s common for all highly
asymmetric parucles By asymmetnc 1t 1s meant that the
molecule 13 much longer chan 1t 13 wide, and DNA 13 a typ-
tcal example It has been menuoned that DNA has a high
molecular weight (about 6 million) because 1t 8 composed
of 50 many nocleondes s compound of this sort 15 called
# high polymer As stared previously these nucleotdes are
arranged hinearly (ree Figure ) in the form of rwo long
mrertwined threads, so that each molecule s abour
8/10,000 of a milimeter long though only 1/400 of that i
duameter indeed, a highly esymmetncal structure when
fully extended If we now hear the molecnle sbove 180 F
for one hour or so, the molecule will collapse and become
less asymmemeal therefore, the solutton wall be less vis-
cous, At tie same moment the brologieal acovity will de
crease, and this serves as onc of the indscations that the
brological actnivity 1s indeed vested m the bighly polymeer
reed upinjured DNA® Other injunes can be caused by
aad (below pH 5) or alkalt (above pH 10) aad, for ex
ample, can break some of the phosphate bonds or split off
purines this wall make the thread shorter and devoud or

informanon”—agam the loss of vscouty and the
loss of biological scnsity stare ar the same moment De
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As ducusied 1n the previows chapters, the only chenueal
substances known at present to fit the rdle of herediry de
termimzne are nucleic scids. One should not exclude the
powsibilicy that some other substance such a3 protan mmght
some day be dmcovered to also possess the propernes of
heredty determmants. But nght now we know only about
nucleic acuds and thac 15 4!l wre can discuss. We know for
mrance, that 1if we mfect the cell with nudesc aod from
1 munnt viros, 1t will reproduce m the cell o nucleie aod
of 1 mutant vires. 1f we transform the bactenal cell with
DNA from o mutant cell, such DNA wll reproduoce as the
one from the mutant cell m other words, the mnutared
DNA will reproduce &3 mutated DNA. Now what 1 2
mutated nucletc 2ad® What change 1n what feature of the
sucture of nucleic aad 1 retuned upon reproducnon? In
ocher words, what 13 the chermeal bems of muranon? The
amswer i we do not know but we can make some mtelly
gent guesees. As mentioned i Chapeer T one gucss 1 thar
the speafiary of nucleic acmds may rende chiefly i the
sequence of various nucleondes. If the momuon were really
= ample 13 ths, then mstanon woald be jos o change
the sequence of nucleondes. It woald be difficult to vismal
ze how such a change could come about, unless 1t occurs =
2 fault durng the rephicaton of noclac and. Indeed, en
dence has often been presented that mutanons can occur
mlydumgmndxvmm(»e.dumrgducmnhsuofnu-
dec aads) But emdence to the contrary has been e
ported a3 well, in Drosophile old spermmtozoa inchude
more mutants than the young ones m bactern, 2 certan
proportion of mutations also occurs dunng the
(stanomry) stage (Ryan et al®) It that the de
emon for 4 munmtional change can be
mtht resung” molecule of nudec acid though the sctual
execution of the change order occurs larer a1 the nme of
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cell divigon. What could possibly be the form mn which
such a decimon to mutate 15 xmpninted upon the molecule?

It has been obsersed that in many cases 2 delay exusts be
tween the moment of acnon of mutagens and the sctual
production of a mutant in certain instances the prospectine
mutants can stil recover during thus ame

All these observanons talen together have led several
scientusty to suggest that perhaps all the muragens do u to
bnng the gene to an unstable state, from which che gene
can erther revert back to normal or turn wto a mutated
gene chus latter process could take place even in the ab-
sence of the mutagen (for @ revien see ') Such a hypothe-
s would also explam why mutagens which exert npon the
gene an enarely different influence (such as irradianen and
mustard gas) may result in prodacnion of the same kind of
mutant,

Usstable genes that 1s genes which have high spontane
ous muranon rates, have been found in panure 1n many or
gusms  (Drosopbile maze  bacteri ) The
strains carrvang such genes are not necessarily freaks they
may survive and even accelerate evolution * Unstable
genes can also be produced 1n the laboratory (bactena )
by treatments m vreo mmilac to those which will produce
unstable DNA m entro perhaps we are dealing with the
same phenomenon The chemical pature of the njury 1n
volved 1s not clear some bonds must be broken w hich ren
ders the molecule lem ressstant or less ngid, though sall ac-
e If the injury 1 not repured upon reproduction, a per
petually unstable stran may result.

Turming now to the dscusmon of the mutageme s
themselves, one stumbles upon the rextbook divinon of mu
tations mto two classes. spontancous and induced A mod
ern scienast w ho doces not bebieve in muracles, must assume
that the ¢p 2re also indeeed by muta
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frems bat the latter are larpely unknown xnd ace with v ol
rh:unn.'ﬂrcpmhlcmuotyummmporm the phe
nemena mvotved may govern the spontancous tnadence of
some tvpes of cancer and some hereditery diemses, the

P PP of r to anhbtoncs 1n -
crootganisms, and {ast, but not leasgt, evolunon. Accordmgly
the saentsts have given consderable sttennon to the ques-
non of what these unknown aperns could be Pcrhnpnrhc
oldest and sull respected hypothesss 1 that the culptits are
the thermal osallanons which of courss are slways with
w  such oscillanons on rare ocramons may mfhct sn m-
jury (or cawse faulty reproduction) wn 2 large molecule of
the gene Another suspected ceuses were nstural radianons
(mmncrays,ndmcuvtdemenumﬂwunh)wlud\m
known to mduce mutations sod are always with w. How
ever 1t has been calentated that the level of such mdiations
war* 00 low to sccoumt for all spootaneows mutanoms.

Thea, there are chemscal mutagens ro conmder The
known chemucel mutgens are ducussed below (under “in
duced mumanons”) but there may be may unknown ones
within the cell the muefly occuming sdenme’  and nies-
mm C (ascorhic sad)  have also been reported 1o mdoce
mutstions. These two subwrances are necessary for hife dus
my antomancally mem that we cannot live wathout -
aoons and evolution.

Some of the recorded spontaneows mutanon rates for a
few repeesentanve organmus are bsted m Table V 1t can
be seen that, 1n general, 1 & rare ph by
and large, heredity proceeds without doturbaces. Some
specrey, the famous African fish coelecanth, repnle matara,
trd even che ordimary oporum and cockroach, are report
ed 1o look the mme today a1 they did over 50 mulbon years
g0 the mowtion rares in these speaes may be quite low
Belore the momec gt
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TABLE \
Exanries or Srovtammoes Aot mox Rams

Matrion
Species Gene Rete Referense
Bacteriopbage  Hom renge 104 10
Eschenctia cell
Sublesrale  Serepeormyem resiseance 10- 108
Streptonycm dependence 10! 108
Phage resitence 100 10 108
lind 108
Lactose noo-{ermentacion - 1.2
Hmidme dependence 10 108
Unsezble strums Lactoss non-fermentstion 1 10 101
Histsdmne dependence 10- 100
Re ershon to full szze colony 1o~ 116
Ze wuys (coen)  Shrunken seeth 104 10
Purpt colar 10 10
Dresepbils Average bethal gene o the
L second ch 104 10
e Epllon 104 10, 109
Retmoblestoma 14 10% 10,109
Albaonm s 107 10, 107
Coungeninl total color blindness 28 104 10, 109
Microcephaly 10 10 10,109
Hemophila 12 104 10,109

indeed. But, 1n gencral, one cannot say that a given spon-
taneons mutability 1 a characterstic of a species- a3 men
voned previously (see akso Table V) unstable genes may
cnst even 1n otherwse stable species. In extreme cases stud
1ed m Drosopbia up to 5 per cent of the progeny are
mutants’  Ths really looks Like a break-down of the order
ly process of transmmmon of heredity Such phenomena
have been alled muss mmutations they occur rarely and
thus far have been reported for single genes only  other
wisz the argansm probably could not survive. But in less
extreme cases, the mereased spontancous mutabibiy of sev
eral thongh not all genes m the same cell has been found
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™A1 \What iy the chommeal bass of 1t? Some len stable
DNA molecules? A selecave mutagen in the cell? The
wniter of thes book (wrho, madennily 1 tuesed) theaks
that thet 13 2 very mmportant problem.

The mduced mumnoos are produced by subjectng the
genete materal to 2 vanety of known egeans (mutagens)
the comparatively hugh rates 1o obtamed are g
penmpaosed on the ratdwr low sponttneous mutaton rates.
Some of the typscal strong nratgen are fised in Table VI
The tble akeo lists the possible effect the agent could have
on DNA

The most proncanced havoc smong the seems w
be due to the acnion of lntle gremims called free redrals

TABLE VI
Exavoim or STeowa AMotaacac Acom

Fractwmtian of
?NAH-hx
Nawse Portibls Effect ou DNA m&,
RADIATION Largely nkn w  probably
X-ovve canwd by fres redicsl pro-  Srong
&oaced by t agene
HEATA Beeaking of H-bondy, collspm-
ng tha Scrony.
SELF-OXIDWZING
AGENTS Largedy  nkuo w ; probably
Ferrom won, aeed by free radical pes-
Ancorbic sckd doced by the epent Setong
MANGANOUS 10N Uninown Noae

Satfor end rotropm wos outficnion of phos-
mamerds, phonc schlt Scrong
Dinethy}- snd

doeckrrl mllms,

medey] lodide,
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The free radicals can be described as very short lived and
therefore very reactive chemical fragments (such as HO,
or OH (not 2 OH 10n) They are produced by the action
of radiation on water by sclf-omdizing substances (such 2
ferrous 10ns, ascorbic 2ad etc.) and by many other proc
esses. The chemreal nature of the action of free radicals on
DNA 1n a liming cell 13 stll not clear despure the volomunous
hterature on this subject

The action of mustards and other so-called alkylaang
agents 15 betrer hnown. These agenes attach therr alkyl
group to the purines (bur not pynmidines) of DNA on the
mirofen m posnon 7  ceusng this mutrogen to assume a
posave change. The agents also produce estenfication of
the phesphate of DNA Both chese effects ace likely to
cause dstarbance (unstabilization?) of the DNA molecule
we do not know s yet which of the two 15 more harmful.

Tt 15 probably caner to destroy a gene than to change 1t
while still acnve It has been suggested  that the processes
leading o muranion and to desth, caused by mutagenic
agents, are cssentually the same, with the exception thar the
lacrer 15 secompansed by more extensive molecular changes.
If thuy 15 indeed so, then the mactruation of DNA by these
agents could be a demonstrynon of a “roo strong mutanon”™
(mutation which 1s lethal to the DNA) In Table VI the
mactvanon of DNA (transforming principle) has also
been mdicated, It will be seen that, m general, the trans-
forming principle 15 senstave to all strong mutagens. This
fact may suggest agam chat the DNA 15 mdeed che site of
their mumgeme action.

It has also been found that the indinidual genes n the
same preparation of the transformung principle (DNA)
may have different stabilntres towards mozagenic sgents®
Thus, if a cell s kalled by wrraduation, some of the genes are
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macuve wheress others may remam ecave. The physco-
chemeal nature of this difference 15 still unknown the dif
ference in length of the mdimdual molecules of DNA has
been indicated 1 onc of the fectorn

Inssaruch as mutations are seriously consdered to be one
of the causes of some types of cancer 1t 1 of interest to
discuss the carcmogemic 4gents from the pont of niew of
thetr acnon 8 mutsgenic agents m general, and of ther
reaction with DNA 1n parncular These agents can be ar
bitranly divided 1nto two clases- 1) those which are m
questtonable strong mutsgens (e.g rnadismon and mos-
tards) react strongly with DNA and even 1n mmnute doses
macovate the ransforming poncrple  and 2) those which
are weak or questionsble muugens  (eg caranogemc
hydrocarbons) do not react with DNA and have no effect
upon the wansformung principle. While the first claws firs
nicely to the theme “cancer—munauon—DNA,  the second
class docs not, and the speculations concermung ths failure
bave not been very frntfol.

Cloeely connected 18 the subject of caremontasic agents
Le the agents winch check the growth of the cancer cells
Theorencally any agent winch interferes with the bfe of
the cancerows cell m, m a way also & carcnosutic agent.
The chotce 13 narrowed, however by the requirement that
the sgenr does not interfere senously with the Life of the
normal cells. Among many agents m ths now very actve
field of chemotberapy of cancer the favored ones are those
which inrerfere with the DNA of the cell Here, too, the
agents can be arucranly dinded into sevenal classes.

To the first class belong agents (c.g., vanons mustards)
which are known to be munageme (review i ) react
strongly with DNA and imctivate the transformmg prn-
aple- 1n foct 1t has been shown that within one group of
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orostards the order of thewr potency aganst one type cancer
(Walker carcmoms) corresponds closely to the order of
thar potency to inacuvate the transformuing prineiple!
One could speculste that the action of the carcinostatc
of this class 1$ to make the DNA of cancer cells un-
fit for reprodacnon. Obvicusly this s still far from proven

The second class mclades chemmcals (e.g., analogues of
natural substances) which interfere wach the synthess of
essentnal cell copsatuents. Some of them are known to m
rerfere with the synthens of DNA or RNA bot 1n general
the chetucals m they class are not srong mutagens, they do
not react with the nudec ead already made, and do not
mactvate the transformmg pnnaple. The third class in-
cludes empuncal drugs whose chermical action 1 sull large
Iy unknown.

An old dream of geneticsts 15 to mduce “direcred muta
tions  this would lead wathout waste to mutants with de
nrable farares, and 1n tme—to new specres, ps even
to the next human species. But, although m a few ctses the
type of chemical reaction of the mutigen with DNA can
be esumated, the actial outcome of the mutation 15 large
ly unpredictable Some genes are more senmnive to onc
mutagen, differeat genes—to another sill, one mutagen may
produce il sorts of Th 15 understandable when
one realzes that the chaice of which molecules and which
spots on the molecule of the gene are to react are largely be

d our control Mennon has been made of different sta
ilnies of indmidual transforrmng prmaples thus, m o
specified genes may become deliberately destroved where
13 ochers remam active . However the corresponding mu
tation m vitro has not yet been achieved As to the expen
ments fx orvo & suggesnion has been made to make the mora
gefic geyon more speafic by focusing the ultraviolet rays
on 1 particnlar spot of the chromosome’ & ' however
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soch methods arc sull rther crode.  Perbaps most resem-
bling directed mutanons are certam types of mranforma
tons known under the name of “all c”  the rans-
formed cells exhibat  fearure different the one carned
by the tramsformng prnaiple applied. Tt s as if the orany-
formng prnciple, (DNA) upon entering the host cell re
scted with the DNA of the cell to produce & new DNA.
The case of “linked™ charectens mentioned m the previons
chapter scrves a3 o typucal example the DNA derermmnmg
the capsle of type 5 (DNAs) enters the cell carrymng
DNA to deteronne capsule « (DNAL) The resolt 51 cell
with two capsales, £ 3nd & such cell now contamns 2 new
DNA (DNA.) which carnes both fearures (s and 5)
presumably m ene molecule. The results of much expen-
wens are bargely predictable—hence dmsmficanen s “d
rected nrutetiom.” Ths change (DNA+DNA—~DNAL)
cannot be ed by merely omxng the two DNA
1 a test tube only the cell ean do 1t. For this reason many
saenuss shudder to call 1t 2 mutanon they prefer to use
the term “crosang-over within @ molecule.” Perhaps there
13 00 sharp dmding line betwesn these two renms.

In recent years, an eonrely different kand of change m
nucleac acd molecules became feasible. Beochemusts have
been expenmenting for quite some tune with anslogues,
that 13 substanees which look like the natural ones bat not
quite: they may have, for mstance, & wrong chemeal group
m 2 nght place of the molecule, or a right group m a wrong
place. As mennoned 1n the discumon of caranemzne
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agents, such amalogues, when properly demgned, inhibit
the growth of the cell, largely because they compete with
the natural substances One group of such analogues, de
signied by Hitchings and Ilion  has @ halogen (bromune,
chlonne, 10dine or fluonne) in place of methyl (Le. on
carbon number five) of thymne, which 15 an essential com-
pounent of DNA (Figure 4) \When bactenal strans w hrch
peeded thymme to grow were culavared 1n the presence
of such analogues (especially one called § bromouracil)
the DNA of the cells was found to contain up to 50 percent
of g-bromouracl m place of thymme *** Tt was asif the
cells mstook s-bromouracil for thymne, because of ther
resemblance indeed, of all these halogenared analogues, the
one best resembling thymuine in sze (s-bromouracil) was
also the one which fooled the cell most camly  Mareover
bacteriophage grown on such cells also conmuned 5 bro-
mouraal in place of thymune  Such cells or bactenophage
parucles remuned alive  moreover they now contuned
2 high proportion of mutants which pernsted even when
the org were subsequently on normal
media * ¥ 5 Bromouracil 1s apparently quite selective
thart 1t Jikes to induce some mutanens more than others *
m'll,t:‘:?: number of genes 1s affected

R y the incorporation of other analogues nta bac
tenal DNA  and into bacternal and viral RNA ™ has
also been reported

Thus, onc can now 1aduce the cell to make unnarurel
genes yee, the “direcred mutanons” are almost as remore
1 ever Te obtan advantageows muwanons one sall has to
resort to a wasteful procedure of inducng many and select
the few desred zll one can do 13 increase mutanon fre
quency by the use of strong mutagens or unstable genes,
the former procedure (strong nadiation) o now wied on
plants in Brookhaven National Laboratory




Chapter §

INTERMEDIARY SYSTEM AND CYTOPLASMIC
INHERTTANCE

Aﬁnncxmmm(luptal the miermediary system car
ries the orders of the genes to the site of the final penpherst
resctions. [t 18 obnioos that this syseem mself o5 also under
geoe contral snd can self be conmdered an interexung
object of study

About thut intermediary system we koow verv Iirdle. The
iformaton carned by the symem o very complex and
therefore ont sospects that the system wself 1w comples. If
the mfarmanon 1 carned by substances, they must be fair
ly compley, too wotans, nocles sods or both woald fir
thes rdle. Tf it » noclec aad, then 1t must be RNA because
DNA 55 1 rule m not foumd outnde of the nudens. There
e seports that something vistble cames out of the nudear
membrane wo the cytoplism ¥ there are other reposts
that RNA pastes from the noclens to the cytoplaen = But
the evidence carching the D™ A m the ect of handing the
orders to a0y other substance (RNA?) s il von-enstant,
Instead, i recent years more attention has been devoted w
the other end of the fine the RNA handing the orders to
the proteum. Evdence 18, indeed, aceumulating to mdicate
that the RN4, 13 evsennal for the synthens of protmins and
stelligent guesvey are made as tohow the former determunes
the structure of the latter It was obrerved long ago that ccily

1113
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which do not produce protens (such as spermatozos) con-
tam very hittle RNA, whereas those whose main function
15 o produce protan (e.g, glands) contan large amounts
of RNA, moreover the gland cells which produce protem
intermittently contun mare RNA dunng the period of
protem synthess than dunng the remaning period. An m
spection of Table 11T reveals also that those parts of the cell
which are known to be concerned with active proten syn-
thews (mucrosomes) contem more RNA than any other
parts of the cell. Recent experiments have shown thar the
synthests of protein stops short if the RNA 1 removed
by extrection, destroyed by enzyme ribonuclease or pous-
oned by analogues (recent review m* ) upon the additon
nfRNA,rbesymhemsmncd.Ituﬁpunnawdutrhc
ammo acids which became  sctivated” by a speaal process,
can attach themselves to smaller molecules of RNA or
RNA fregments™  and eventually grve rise to = proten,
1t 15 there that the informauon remding in the sequence
of nucleondes of RNA 13 believed to be translated into the
mformaton remding in the sequence of amno zads of the
proten, The reverse process, the synthess of RNA can
also tz2ke place m this sygem The whele sirmaron 15 sull
far from elear but at least a begmmng scems to have been
made.

Since the nite of the iatermediary system 15 1n many cases
mlhtcytophsm,ltuﬁmngmdimhmthcpmblcmof
cytoplomac mberstance

From the previous ducussion one may get an mmpression
that 1 the cell the sclf-determmmg particles, the genes,
must rende exclusvely m the nucleus. Thus impression rc
sults from the study of the precise mechanum of cell di-
vision which assumes that each davghter cell receives one
of cach hughly specalized nuclesr paracle, the chromo-
some. No mechanism assummg an even dsenfbanon of cy
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toplasmric particles upon cell drnson has ever been dis-
covered thus, onc arguts, the cyro) cannot determane
heredity because upon exch dison the dasghter cells
would be unequally eadowed with hereduy evalynion
wouldbenumBm,xfoucconmmdmko(mtig;for
her has nover been ad oven. True,
T e e sopoud sty A oo b caed
by chromosemes. But every hugher orgemsm nhenis the
ennre cytoplasm of the egg s thu end other cytoplsms
entirely devord of genes?

The problem of the genes m the cytoplasm, the 5o called
cytogemes or plesmagenes occupeed the sexennists for s long
tme. The problem goes back to the dncovery of & ratan
e of maternad mberitence: the inhenance
of certam features from the mother and not from the fath-
e The came of mberitance of the direction of shell coilmg
m poad s s 2 clameal emmple (review 10 ) Conld
there not be  grear sumber of such features which we
henit m the tgg from the mother only ruch o8 the ey
manc starteng dowry wihuch determanes the embryome de
velopment, makimg m man and not rat? Sysems whuch are
hidden becanse they are 50 obvions thar we ke them far

There could be, But the evidence to dare esther refures
this notion o else revesls thar only fow features are carned
bycywp.!mnc genes  bender, even thase are not mde
Pmdcmbﬂxu:emnnl}edbynndmrgmlnd\cmof
mhenmence of the direcuon of cailing m snuls, the fearare
o mhented from the mother however st i3 derermmned by
soemal chromesomal genes. It just so happens that the m-
formaton w lud down even before the egg 1 fertdaed s0
that the conmbanon of the father will be felt only 1 the
next generation. The best case for cytoplasmic mheneance
wonld be if one conld find in the cytoplasn some sort of
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self-determumung  self reproducing particles, lke those n
the chromasomes. For a while 1t was thoughe that such
were found 1 the case of the Rappa parucle i1 che proto-
zoon Paremecnions (review in ') those cells which are “in
fected by these mystenous parucles are able o produce 2
substance that can kill some other cells. The parncles were
ulamately under the influence of the chromosomal geoes,
still, the parncles could be called self-reproducing because
they were not lost after many cell divigons and becanse the
nuclear genes could not make them unless at least one par
ticle was present. However 1t wus soon discovered that
these cytoplasmic particles contumed DNA snd were ac
onily ricketmz like invaders. The proponena of the cy
toplasmuc inhentance mantun that 1t 1s merely a matter of
sermanties whether the parocles are called gn invader
(which unplies 2 different specres, nckettma or virus) or
a nop-obligatory component of the cell * perhaps some
day 2 companson berween the DNA composttion of the
partcles and the host will sertle the argument

The phenomenon of the maternal inhentance of sennitry
ity to carbon dioade 10 Drosoplrls  also belongs to this
category such mhentance was found to be due to a virus
cammied by the egg cyroplesm. Bat the cases of mhentance
of the plasnds 1n plants (review 10 ') cannot be shaken off
so cauly Plastuds are integral parts of the plant cells sl
though under nuclear control, plastds are endowed with
the power of self reproducnon 1n the grropbsm the
heredirary defects in plasuds are transmutted almost exclu
avely m the maternal line mnce 13 1 mule the male pollen
does not carry them. Many cytoplasmic partcles contam
RNA, it st toxpcculan:durthuRNAudrcwlf

reproducmng cytoplasme mformaton-carner
ps the most interestng expenments are those that

involve transplantsuon of nuclet m amoeba (review m )
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and hybndization m certan planm * ' the maternal”
cyvtoplesm changed somewhat the information carried by
the paternal” nuclews and contimued to do %o for countless
generations since there o no ogn of dilution of ths me
ternal informanon, some self reproducing cytoplasme par
tecles can be suspected again.

The concept of cytoplasuc mutants has also been intro-
duced. The cytoplasme mutants woald duffer from the
normal truclear or chromesomal ones m that the farmer are
ot subject to Mendelran segreganion. Actoal cuses have
been reported by Ephrusa m yeast “ and by Atchell in
the mold Newrospora  In the case of yeast 1t was found
that the cells which normally form large colorues on an
appropraate egar medrum, in about 1 per cent of the cases
rmay form only small colonies ( petite ) Tlus groweh n
hitlinon was eventually traced ro the lack of cytochromes
€ad b msuch a peme srun. The peates always
reproduced a5 pentes” ome sort of hereditary process
was obviously 1nvolved. But 1t wes not an ordimary nuclear
heredity For one thing the mutants did noc obey Mendel s
faws: they did not segregute i expected ranos m subse
quent generanons. For another thing the mutanons were
completely irreversble—a rare phenomenon indicating the
complete o of some factor By sudying the pedigrees of
noroml and pentes, Ephruss came to the conclusion that
one deals here wnth gelf reproducing cytoplasmic particles
whose presence determune the noemal production of cyto-
chromes. The particles can become wreversbly lost by o
cytoplasmue mutation which can be enther spontaneows or
induced by a cytoplasmne mtagen (voch s acnflavine)
1n both cases a petre serun results. One must stress char
the cytochrome production, like everything ebse, 15 also un-
ddzzmmolofor&nlrynucld:gﬂn;mfmmmn

The cyvochrome wystem n caentlal for the respirsimn of the cell
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get “petite” by a normal reversible muraoon of the nuclear
genes. However the cells which have nuclear genes to pro-
duce normal cytochromes, are unable to do so unless at
least one self-reproducing cytophume parnicle 15 present
An analogous nruation exss 1 Newrospora (cytoplasme
mutant “poky” which also lzcks cytochromes « and 5)

In summary mhentance by self ucng cytoplas-
mic partcles exuts beyond doubt. Why then, does one
suspect that most essential hereditary informanon cannot
be camned by these parncles? The te” furnishes a par
tal answer- of the cell divides much faster than the partcles
are reproducing some of the daughter cells may end up
having no particles—a defecuve peute” remls®  ths,
as discusaed above, 13 due to the fact thar the cyroplasm
lacks the apparatus for the preaise transmssion of heredity
(chr ) One that heredity as a whole
coald not be a5 orderly s 1t 1 1f 1t depended mostly on the
unrelable cytoplasmic whertance. Bur, ebviowly much
more research 15 needed to transform thus suspicion into
saenufic truth.




Chapter VI
THE PERIPHERAL REACTIONS

le'ﬂ:sprmomchiptmwehvedﬁcuncd(hcﬁmryt—
tem, the heredity determunants, which maue the  orders,”
10d the eecond, mtermedury system which carnes these or
ders to the given location 1n the cell (Figure 7) We men-
toned thet certam parncles m this second system may
enjoy some lrmted local autonomy they mey self repro-
doce (cytoplasmic nhentance) while constantly under the

Fn7Trdudpmcdmm&nmum N—
rackum CH. Ses ouxt foc
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watchful eye of the noclear heredity determmants. In ths
chapter we shall discuss the third system the penpheral
reacuons which are the final effect of these order-gining”
and order-carrymg events,

As mentoned in Chapter I, the scope of this subject 15
almost as vast a3 the entire biochemstry of the cell, for ev
erything 1 the cell s the resule of herediey In ches chapter
we shall only mention a few charactersnc examples.

The general scheme of typical events o represented

schematcally m Figure 7 The third system, may for in-
sance, connst of @ sequence of reacnons to change sub-
sunce A to B to Cand to D the final product D 15 either
unlzed by the cell, or secreted, # 1 glandular secretton, o
waste et¢ As 2 rule, cach of these reactions can occur only
if a speafic enzyme us present thus, one (favored) way the
gene can control every step m the peripheral system 1 to
allon b or prohibit the production of the partcular
enzyme. It i not the only way of course. Instead of cn
zymes, the change may effect the co-factors, so called
coenzymes which are the same for several enzymes, or the
general condinons such s pH Entire sets of condiions
mmy be changed by 2 sngle gene mutation and thus affece
a great many penpheral reactions at once. To this belong
gross morphological dunges, che blockng of permeabulity
of the ccll membrane towards nutnents or excrenen prod
ucts etc. A bacterrum Escberichia cols serves as an example
of the latter block 1t mr23y possess the erzyme to utilize cx
rate as the only carbon source but 25 2 rule 1t cannot do so
because the bactenal membrane 15 impermeable to crtrate
(review ) 1t does possess the enzyme lactase to fer
ment lactase  but certain strains caomot conanue the fer
mentation because che bactenal membrane 15 1m ble
to lsctose. Eventually all the changes of morphology or
per bility will be probably traced to changes 10 enzy
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maue ety however for the tme betng we camnot
study them o couversently s3 we can the simple enzymatic
reacnons. Let m then go back ro Figure 7
Figure 7 deprcts also chromosomal genes affectng the
mdividual enzymanc resctions. For smphiaty they are ar
ranged m the chromosome i the same sequence as the en
Tymane reactions controlled by them. But, one may dunk,
1t would be too nave to assume that mrure will follow the
sunplicrty of the Mlmstrstor Too narve? At Jeast two cases
were found where this smplaty e followed The cases
wexe the known reactions leading to the synthess of wyp-
or hisdine, the two emsentw] soune acds (review

m *} When the sequences of the correspondiog genes m
the chromasomes were determined by tramduction snsly
51, these sequences o ere found to be the same s the known
squences of enzymatic reactions covitrolied by chem (re
newm ) One cxmnoc be sure why this s so bt one fecls
thear there m a Togieal beauty 1 this nataral mechanmn,

As mentumed throughout ths book, *ll three sysems
ste subject to disrurbances. Obwiously she systems are ex
urene whether heslthy or almg ¢ sclf reproduciog gene
malecube 11 & chempeal reality whether 1t 3 & “nommal (s
called x4id) or & mutant gene But st 1 eanest to notyce the
presence of 2 gene or 2 system which was twken for grane
ed, when st changes or fads. Thuy, the bulk of our Loowk
edge about the three systems comes fram the studies re
lated to mutent genes swhich fml to perform their “normat”
funetons. The effects of ruch gemc fartures upon the third
(penphieral) systems are known s genesic blocks

Connder for istanee & mutanon, in wiuch the gene
comtrolling the enzvimatse rescnen (~+ D (Figure 2) mu-
wtes 1o 1 e e varrety {allele)  the corresponding en-
zvme wall not be prsduced snd che reacnon between C and



68 THE CHEMISTRY OF HEREDITY

D wall be blocked The consequences of thes bock for the
cell depend opon many factors. The prodaet D nught be
ufmclmaﬂnmuﬁcmccmmnuﬂ selection {eg., some
anmportant pgment) in that case the mutent and the
stram it anginates may survive without thus product for a
long wme. On the other hand, the product D may be esen
nal for the Life of che cell, a5 1n the case of an ammo sad or
a vitzmn. In such o mtuavon 1t 13 sud that the cell has ac
quired #z sbsolute requarement for the metabalite D The
cell can sull Live provided the metabolite D 15 supplied and
can reach the mmde of the cell. It may also happen that the
rezenion C— D 15 blocked not completely bur parmally
some of the product D 1s manofactured, but not enough of
1t. Such case 13 referred ro 23 2 partiel requarersent and sch
& mumnt, m laborstory pargon, 1 called a leaky ruramt
But suppase that 1n @ mutant wiuch has an absolure require
ment for substance D this substance cannot be supplied,
or of supplied, cannot reach the mtenor of the cell. In ths
case, the cell will die- 1t s one example of 2 lethal wmtation
The example of the sequence of enzymauc reactions s
represented m Figure 7 1 ¢ very smple one. More often
than not, the reactions are likely to pursve g venable maze
with by panes, ade entrances and cxxos, and traps, as sug
gested by an imagimary exemple shown on Figure € to
make things worse (for a scaennst) some may be re
versible and some pot, some slow and some fast some end
crs may mhibit the actvity of the preceding enrymes

(so called feed-back comtrol) so that not too much of the
cudproductbcmdc,ctc.Aﬂdmtdung!mpbcl(e the
study For example, 1 scaentst will produce s block be-
tween D and E hopmg that dus will result in an absolute
requirement for E, to his dumay the cell may oatwit him
by starang to manofacture E through ¢ by pass B-¥—G
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for conversion to A{ and 1 decuving stmaton resules.

Two other decerving cases, where the inabiliry to uolze
atrate or to ferment lactose was due to the fault of per
meability and not to the lack of enrymes, were menaoned
previously

these difficulnes, the genetic blocks proved most
useful for the unraveling of pathways of synthesss in the
Livmg systems (reviewed in ™) The argamsms most osed
were the mold Neurosporz (Beadle, Tatum and others)
and bactera (Davis, Lederberg * Ryan and others) how
ever there 1 lietde doube that the mformetion gained here
is tnn most cases applicable also to hugher orgunsms, includ
mg man. One cxample of the reasorung used 1n such a study
will be explaned below with reference to a ample scheme
shown on Figure 7 (review in ™)

Let us ssume that the sequence A—B— C—~ D 15 un-
known, all ooc knows s that A 15 somehow converted into
D One produces (eg by irredmtion) several different
mutants which caonot manufacture D but can hive of the
latter 5 suppled. One of such may ac lare 2
hitherto upkown substance C if given this substance, the
mutant cannot utilize 1t to make D The smspraron s that G 13
an mtermediate 1n the synthesss of D (a precursor of D)
the substance C accumulates because it Leeps on bemg man-
ufectured by the cell but cannot be removed by conver
sion to D the block m this mutant 15 then, most likely be-
tween C and D Another mutant may accumulate not C,
but a new substance B 1t cannot make D 1f B s given, but
can make 1t 1if C 15 supplied. Thus ponts to B as an inter
medute before C the block 1s now only berween B and C.

By this pamstakmg research many synthenc pathways
have been dlanfied and many hitherto unsuspected inter

Nobel prize 1978
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medites dscovered. It goes without saying that thus
Lnowledge 1 of umost mmportance, not only for the basc
understanding of the chemstry of life but also for many
practical purposes the knowledge of the steps 1 natural
synthens leads to logica! rather than empncl, desgnmg
of means to wnterfere with them (amlogues carcnostanc
agents) of to remedy them, if defickent. An aesthenc ex

ampleofmchap:thw:) 15 sWustrated oo Figare ¢ (biosyn
thesis of threomme and metinonine.)

—»CTAT wE

—*-uqu‘(

THREONTME
Fi. 9 Brorynthesis of threonine and methionioe (from 1#)

In the above dscuwsmon 1t was tecatly wumplied that the
mutswon of one gene can abolish only the acoon of ome
enzyme. Is this necesmanly so® It 15, accordmg to the so-
called one-gene-one-enzymte bypotbesis (remew m* ) The
propoacnts of the hypothess quote mumerows cxemples of
oxe geno produang (or failng to prodoce) only ome en-
zyme. The hypothens was very anrectove and therefore
was prompdy artacked by ocher sciennsm who were eager
to pont out examples to the contrary such &5 one mutston
sbolshmg two of mare epzyrmanc reactons st once. One

CYBT  IOWINE —» HOMOCYSTE NE—> ETHION €

threomune and methionme. “Th—the proponcots reply—s
merely due to the compleuty of the mtuation. Just take one
look at Figure g tgam. obmiowly a mutston blockmg one
enzyme producang homosernne, will result 1n the failore o
make both threonne and methionme. Thus far the pro-
poncnts were able to answer 2ll the cases of cnocm, ex
cepe the one that chus far the term  gene” rsedf s not well
defined from the biochermucal powt of view
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In all of the above discusson, the mutstions menuoned
frequently were the loss mrutations some ability which the
wild stram had, became lost The question frequently ashed
2 Are all munanons Joss matations? If they are, how can
mutznons be the source of raw matenal for evolunon?®

The biochemst s answer to the first question 13 the usual
one we dont kmow A mutanon may appear to be 1 gam
mmuomsuchnsngmnmmmzymeorm-“ncw“m
bolic pathway actually as we have discussed above, thus
new” enzyme or pathway mught have been there all the
ame but was mhibited or 1nacave: 1t mght become acave
by a loss of mhibwtor a block m g normal pathway or in
side-enit. One must not forget that a new funconal en
Zyme requres & new very specific and complex nmr of
gencue mformanon, and an mjury to 2 gene 5 more likely
to destroy a umt of mformanon than to create one from
nothmg The kast word on this mmportant subject has not
yet been sud however one must t, anty proof of the
newness or gan 18 to be . Thss ficld of saence
3 at bewt fifty years old, but the history of any species—
probably more than a hundred rhousnd can one gnarsnree
that what we regard as appearing new has not been stored
mn the genetse memory of the species?

Mare can be said about the second quesnon how can
loss mutanons be the source of rnw mateml for evolution?
The mutanion may result 1 a los, but the degree of harm
may be so smull that the strain may survive for quite ¢
while. In the meantime the conditions may change so that
the lost substance 15 no longer necessary  this would make
the mutant a5 good s the wild stran. Or even berter In
many cases one could demonstrate (in bactena) that 1n the

of the metabolite m the medium, the mutant
which lost the to manufacture thus metabolrte out
grows the wild stram which can mannfacture . Ths
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scennngly parsdomcal mtoanon rmay occur becawse the
wild stramn sill keeps on manofactunng the metabolite,
thus wasting time and energy on an unnecessary synthenc
pmog(hccdnhmd.drc"hmdlmpped"muum
sumply tekes the ready metabolite fram the medram. Some
scientuss beheve that this s how parannc speaes (requirmg
vu'ycompl:xmc&z)cumcmmcxmrncc-mdllpcau
have lost the abilry to manufacture many mersbolites bat
survive very well because in the coume of evolunon the
hosts which sapply these metabolites became readily aval-
able. We ourselves have lost the ability to synthesze mary
metabohtes, such = the so called essential armno acads and
same vitmmms, however we do not worry sbout 1t becanse
we are parsutes on other anmnals and on plante
Many mutenons are reversible- the procesy, called re
eTse Ptation or back wiutation may partully or com-
pletely restore the ability lost by the first (forward) imurs-
umlfoueuwungarcuhcmctxbdmpnthmy:mmdby
the revene mutatian, it will be found that m many cases
soch & pathway o1 the angmal y of the wild stran,
nothmg seems to be gumed or by the full cycle “for
wurd reverse.  Bat m cormin cases the mutanens 1 not to
the orginal but to e enurely different pathway™ 1n such
1 case the cycle may have an evolmnonary sdvantege.
Well, anyhow possible or mpossible, evoluron occurs,
and mnce nothing better than mutation was ever discov
crcdn-nwmt:nxlformlunon,wcmynwtﬂmccpt
1t for the nme bang But another quesnon 1 whether or
not the evolunion proceeds by the dow accumulition of
soull mumnons (scrownmatons) While the majonty of
beheves that such 15 the case, few vorces are also
hesrd  favormg explinaton lving lanon,
that 13 large genenical opheavals (macro-mmtations) which
would change whole blocks of emennal fetures at
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once'* * Just how the organism could avoid 2 brochem
1cal mess m such an upheaval 15 not clear However onc
most admut that the mstbihtes (high mutabihioes) of
whole blocks (if not all) of genes at oace occanomlly do
occur'®t  as mennoned 1n Chaprer IV 1instabiliues may
escape elmmunanon by natural selection ' and may play
some réle m evaluuon.



Chapter V11
HEREDITARY DEFECTS IN MAN*

Iruubeenmamonedmdmpmomcbaprmthn,
thenks to the amilanty of cmental metbolic pathways m
all orgamsms, many of the findings m microargumsms spply
also to man. The queston of just how many will be an
swered when enough biochermesl research will have been
conducted on human cells 1n usne cultare 4 y
when grown m swspession, not unlike bacternl cells ¢ 1
But for o phymcran rt » of more mterest to conmder the
organtsm a3 a whole- can we understand any of the heredi-
tary defects m man?

We can, bat thus tar only & few defecn. To be sure,
rmany defects are known to be herediary many of them
are sospeceed to result from @ biochemmeal disturbance
(Table VII review m 7 “) Bat 1n most casces we can
not put our finger on the exact cheoncal nyrure of the
trooble The studses 1n humans are understandably dow
there = the difficolty of obtammg old family records, ha

mumwmunnwmwun

1o genertl, the sodies of homan cells m woe culrurs bold grest prom-
i for the foure of Imesm gencncs Pare s from ooghe cells can
begrow  © end generke deffarences bers em wdridoa] etraing deter
mioed 1 4 Hemmaa cetie £ Tetre can bo subjectad to radion sad the
tadnced ¢k | sbooreal 45, 4, wndoobendty ot

motegenic sgerts Wil alo be spplicd befors Jong.
75
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TABLE vl
Derrers e AL N
Naowe of Distcse Brocheweical Symisoms Referenc
Albexism Faulors oo manofsctore melnn 10
ADaproesrie Fafture o0 oxdize homogendeic sod 175 169
Cyntinaris Abnocma] excretion of cystine, lyyine,
argmmse and omithune; oooary calenh 170,17t
Galrcromernfa Falore o coavert gulactose-1phos
phate inro glycose 1-phosphate s 12
Gaocher'sdmerse  Depostiion of sboomal smoooey of
keoysin m the cells of retcnloendo-
thetal graem 19
o . A lethon of fycogen i the hyer
heart and spleen 1%
Got Edevated blood aric sad end depon-
ton of sdmm brmrste o the tagnes o
Hemolytlc ancme
{eperocytad) Defecr it giyoalysis [ad
Hemophillh Miwmg blood clotting factor 109
Hypercbolesteralerra Llevated blood cholesrernl 109

Hypophosptistasls  Abniormal ranenalizstion of bones di-

" Letion of ephiogoayelm m che
h‘dh,, besia celly 1
Excrerion of pereose sytn fn o
Perxosarse . Ity
Pherylketoemuria Fallure to convert phenyitbame 1o
fytoane 177 118
Pocphiyrie Excredon of the porphyrse o the
wrine and feces 7

Spotadic cretmian Defectve synthess of thytold har
with golter mons
Tyroketomria Fadare co coovert phydroxyphenyl

\WEson s disense Defective copper metsbolm
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man reproduction s dow md.,lbovthnll.t:bereud't;dtfc
culty of cxpenmenting with living human tssme. In
fcwtyumw!nchweduundumd,dmdxsmrbmcumrmd
out to be nmple genetic blocks cavsed by mutations, jus
as the ones that occur 1 microorgantsms described 1 the
previous chapter These cases are dncumed below

The best understood blocks 1n man concern the metbo-
liem of the ammo acid phenylalanme. In the normal course
of cvents, the excess of phenylalamne from the diet s con-
verted 10to tyrosme some of the larrer 8 unlized a3 such
and the exces 1 changed along two metabolic pathwrays
(Figure 10) In one of these pathways, tyrosine 18 coo-
verted by the emyme tyromnuse 1ato 34-dihydroxy
phenylalanine (called DOPA) snd then by 2 stnes of re
sctions—mto the mgment melmsn Now some rare indid
uals, the albmos are unable to produce pigment—a striking
defiqency early recognmed o heredirary defect. Upon do-
ser mnvestgation 1t wes found that the albines bek the en-
zyme tyroanase. One sssumes that, a3 m the cases smdied m
mucrootganiuys, one deals here with 4 smple genenie block
(A on Figure 10) due to 2 mutanon.

In the second of the metzbohe pathwayy, the excen ty
rospe 13 normally converted into p-hydroxyphenylpyruvic
aad, then to 2 §-dihydroxypheny] c 2c1d and then
homogentune tad ( slkapton ) which » eventually me
tabolized to COx and water (Figure 10) However 1 some
rare inchviduals the homogentnc aad 1 not further metabo-
lzed s0d B excreted as such m the urne the latter on
standing turns black due to the ondation of homogennmc
scid In later bife, the tents may also develop black pig
mentation of the (ochronosts) pmb:hly-hodm
to the ondanon of homogentac acd. The disease was

m:oﬁ:m:dubanghcn:dmry(nnmpl:mgmc)
by brilliant work of Garrod  who was also the first
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to develop the concept of the mborn errors of metabo-
Lo The disease was called dkeptonurua, 1t was the fine
brochermeal murant recognmed a3 such. The mability to
metabalize homogennne aad wus eventmally waced to
the fact thar the alcaptonuncs ecrually lack the enzyme
homogentiic acid oxdase which 1 present m the blood
of normal persons agun, we are dealing here with
a2 umple genetic block (B on Figure 10) due to a mutanon.

A duscase called trroketomuria w characterzed by the ex
cretion of large amount of piydroxyphenylpyrunc aad.
The discase x 30 rare that one cannot even be rure thet
18 hereditary One suspects that the block prevents the con
vernan of p-hydraxvphenylpyruvic sad to 2 s-dihyroxy
phenvlpyravic aaad (C on Figure ro)

Returning to the discusson of phenylalamine, one noaces
that tho excess of this amino scid can also be converted 1nto
phenylpyruvic scid. Normally ths producr does not appear
n the unne 1t docs, however 1n certan patients, who
srungely enongh, arc also mentally deficient. The disease
pbenylketonuna, was found to be hereditary (a angle re
cesve gene) The connecuon with the mental deficrency
1 snll not clear but the biochemical mde 1 camer to com-
prehend 1t was notced that phenylalanme itself pales up 1n
the blood of the pasents abso they are often albinos. These
two facts 1ndicare that the block 13 between phenylalanine
and tyromne (D on Figure 10) the increased level of
phenylalanine resnlos then m the sppearance of phenyl
pyrunic scid m the unne It 15 of great mreerest wo
note that the condinon of mental deficieney could be and
has been slleviated by Limiung the amonnt of phenylalanme
m the diet (review m )—a tangible dividend from chem-
1cal genetics.

Another mportant and well worked out mcubohcg:m.h
way o dhat of glyeolyes, the amacrobic breakdown of gh
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cose. In 2 group of hereditary docases called comgenntal
bemolytic anermas glycolyns i red blood cells has been
found defective (review 1n'') A detaled study pomts
agan to g smple genenc block the enzyme mvolved scems
to be ether enolase which converts 2 phosphoglycerate to
phau'phocnolpymvntt, or the phosphofructokmase which
converty fructom—¢é-phosphate mro fructose—1 6-dphos
te.

pha

Sporadic cretmism wnrh goiter appears to be a heredita.
dnaxcmnrdbiv\vmcmtnntm) stage of the synthens
of the thyrowd hormone (review m') Three mechan-
ums have been studied In one, the block due to a lack of
the oxdative enryme causes 3 falure n such ndriduals
to produce mono- and duodotyrosine from 1odide and
tyrosyl remduoes. In another mechansm, the duodotyromne
malecules fail ro couple with sufficient speed into thyrovine,
presumably due to the failure of the ling enzyme. The
third mechamsm deals with the of the abore
mennoned precursors, mono- and duodotyrostne. Dunng
the process of thyrogiobulm degradanon the above pre
cursors escape from the thyrad gland into the blood, and
normally are rapsdly des ted by the enzyme 10doty fo-
nine deshalogenase whereby the odme 1 made avalable for
reutiliration. If the emxyme fails (due to a geneuc block)
the 1odinated precursors escape o the anne and 2 ®now
1odine deficency may resub.

Galactoserna 13 & hereditary discsse charactersed by 2
fadure m the membobsm of galictose (review m )
[ the normal metsbolic pathway galactose s fint con
verted by means of sdenosine tiphosphate (Ao'}'P) :hmn

ctose 1-phosphate  the hater by meams undine
E[i‘;msph:m glucose (UDPG) 15 converted into glucose
t phosphate which enters as such mto the narmal pathway
of utilization of glucose. The enzyme imvolved m thes b
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reacuion, P-galactose-undyl wansferawe, wes found o be
lackng sm the erythrocyres and the hvers of galsctoseme
panents’  Thie genenc block resulo m en accommla
won of galactose 1 phosphate which seem to prodoce
tssne damage and growth inhibution, The exclowon of
galasctose should prevent ecowmulsnon of galactose 1

it was found that wndesd the galscrose free
diet prodoces s reversal and, ofren, com| clesrance of
all symptoms, wath regoration of n health,

Tn all the above connderanons we referred to the *fail
ore of the enxyme™ or “lack of the enzyme.” However
the lack of the enzyme does not necemanly mean that the
molecule of the enzyme (or of the protan n general)
musung ahrogether it may aften mean that it 13 defective
e changed 50 03 to be partally ar totally mactive. Just
bow much hax to be changed to czuwe 1sctrestion? What
ts the smaflenr change 10 the emn winch the mmtstion
has to produce to make iteelf y felo?

One example of the amswer to these questions fiss been
provded by o mudy of s heredmary disease called ackle
cell enewris The dmesse, cynsed by s smgle mutant gene,
ﬂt*nrltxeruedbyd:cprucnceu{ddmvccry!fmxyfu
which are m the form of sickles. Tho defect was traced
to defecve hemoglobm and the problem was to determme
what 13 the chermeul nature of the difference between ths
defective and the normal hemoglobun.

Paobng snd his colleagues subjecred the rwo kmds of

1o clectrophoress and foond thar the two have
dfferont eclectne dwrga ™ Ths behavior  suggested
some difference i the amino aad comportcn. Bat how
many were different? And which one? A molecule of
hemoglobin hay same 600 smano acady, of 19 different kunds,
mdmcpxobkrnnught}nrcgp?mtdhopdm]rwu
wolved cight yean larer by Ingram’  wrho heoke the mole
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cule mn half and then nto 29 smaller fragments (pep-
udes) When such fragmens from normal hemoglobin
were compared with the corresponding fragments from the
defective hemoglobin, all were identical, except one And
m this fragment, all amino zaids were idenncal ezcepr one
Thus, the dsease was caused by a change of one amino acid
1n 300 (glutamic acid replaced by vahine) Thus 1 all the
mutation had to do to make itself senomly fele. One 1s
tempted to speculate that the corresponding change n the
hereditary determunane (DNA molecule) was just ss small

perhaps 1t wes s change 10 g single nudeotde.

.

AQl this 13 @ mere beginmung But the beginnmg bar been
made. And one 13 inclined to agree with Albert Emnsrein *
that the most mcomprehensible thmng abour nature i that
L8] comprehensble



APOLOGY

The wnter feels that he owes several apalogies.

Finst, an apology to the reader For the book bang 5o
long yet failmg to offer real amswens to many formulated
quenes. The wnier s excuse 15 that the subject 1 but an
wnfant, 1if we heve become able to ask narmre

ons, 1t 13 already 2 crack 1n the wall And an apology
ar the book beng so shoct. The discaxson of many heredr-
tary dmsexses and of the cancer field has been omtted,
partully because these subjects belong to specwal meanses,
md partially beesuse ther connectron with the chemustry
of heredity 15 mercly the object of furnre study

The wnter ako owes an apology to the saenusts whose

rescarch he had no chance to deseribe 1n @ book
of thus sze. The reader can be comnted upon to realize that
i the backgroond of every spectacular achicvement there
arc handreds of publications winch prepare the soil.

Bur there o sull another spology a more grave one 2n
rpology for the atrempiy, by all chemcal genenaiss, to
tamper with neture s most closely guaeded secrets. A con
trol, at wll, of the of virulent nucroorgantsms and
of men may resalt from these artempts. Like the release of
ftome the control of heredity may be utlmed
for the total destruction or for the benefit of our speces.
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