Molecular Biology of the Gene Draft: Final Copy: Chapter 1

Publication/Creation
c.1965

Persistent URL

https://wellcomecollection.org/works/zdhpn35a

License and attribution

You have permission to make copies of this work under a Creative Commons,
Attribution, Non-commercial license.

Non-commercial use includes private study, academic research, teaching,
and other activities that are not primarily intended for, or directed towards,
commercial advantage or private monetary compensation. See the Legal
Code for further information.

Image source should be attributed as specified in the full catalogue record. If
no source is given the image should be attributed to Wellcome Collection.

Wellcome Collection

183 Euston Road

London NW1 2BE UK

T +44 (0)20 7611 8722

E library@wellcomecollection.org
https://wellcomecollection.org



http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/legalcode
http://creativecommons.org/licenses/by-nc/4.0/legalcode

THE MOLECULAR BIOLOGY OF THE GENE

The Mendelian View of the World

Cells Obey the Laws of Chemistry

A Chemist's Look at the Bacterial Cell

The Importance of Weak Interactions

Coupled Reactions end Group Trancfers

The Concept of Template Surfaces

The Arrengement of Genes on Chromosomes

Gene Structure and Fumction

The Replication and Genetiec Organization of IMA

The Transcription of RIMA Upon DHA Templates

Involvement of RHA in Protein Synthesis

The Self-Replication of Viral RHA
The Genetic Code
Regulation of Protein Synthesis

Brief Loocks at Embryology, Antibody Synthesis, and Malipnant
Cell Growth




Topics in “haoter It The Mendelian View of the World

1.
2,
3e
Le
Se
6a
Te
8s
Pe
10,
11,
12.
13.
1.
15.
16,

The @ell Theery
Hitosis maintains the parental chromosome number

Helosls reduces the parental chromosome number
The Cell Theory is tiniversally applicable
The laws of Mendel
Prineiple of Independent Segregation
Some genes are neither dominant nor recessive
Principle of Independent Assortment
The chromosomal theory of heredity
hromosomal determination of sex
The importance of the tiny Drosophila
Jene linkage and crossing=-over
Hany genes control the red eye (or any other complex character)
The origin of genetic variability through mutations
sarly speculations about what genes are and how they act
Preldninary attempts to find a gene=protein relation

SUNEALY




=

Lesands for Pimwes and Tables of Chaptar rg

‘The in primary cellulose cell wall and the nucleus, containing a prodnent micleolus,

the th

Fimure I-1: Electron micrograph of a thin section fronm a cellof the African viclet.
arc clearly visible., The oytoplasmic pround substance is heawvily laden with spherfcal
parifeles, the ribosomes, visible as small black dotse The profiles of a netwool of
hollow membrancs, the endoplasmic reticulum, can be seen scattered throughout the
cell, (Supplied by Dr. K.H. Porter).

Pimwre I-2: A ghematic view of the plant cell shewm in Figwe I, The various components

are not always drawn to scales The plastid shown in the bottom of the cell will
eventually transform into a chloroplast, the chlorophyll~-containing site of photosymtheais

izure I-3: The haploid complement of chrom>somes from the leopard frog (rana pipens)
magniiied 2125 times. This photograph was taken with a light microscops by T.E. Fowell,
of the B ological Laboratories, Harvard University. It shows the chromoscmes when they
have duplicated to form two chromatids held together by a single centcomere.

Figure I<it Diagram of mitosis in a haploid eell containing two non=homologous

CHIMOMOSom2S s

Fimure I-5t1 Diagram of mitosis in the cell of an organisn containing two pairs of
nomologous chromosonzs,

Fimure I-6t Diagram of the altermation of haploid and diploid states, which comprises

: sexval cycles The chromosome set derived from one parent is shown in black, and

b
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hat derived from the othar parent, in red.

“imure I-7: Represontation of how lendel's First Law (Independent Segregation) explaing
tae tlree=to=one ratio of dominant to reco:sive phenotypes among the Fao progeny.

(A) represents the dominant allele and (a) the recessive allele. The shaded eircles
represent the dom:nant phenotype, the unshaded eircles, the recessive phenotypes

Firure I-83 The inheritancoe of flower color in the snap dragon. One parent is homogygous
for red iTowers (AA) and the other homozypous for white {lowers (aa). No

lcminance is present, and the heterozypgous flowers are pink. The 11211 ratio of
redipinikiwhite {lowers 1s shown by appropriate coloring.

figure 1-9: Schimetic drawing of how Mendel's Second Law (Independent Assortment)
operatose In this exanple, the inheritance of yellow (Y) and green (y) seed color
is folloved together with the inheritance of round (R) and wrinkled (r) seed shaped.
The (R) and (Y) alleles are dominant over (r) and (y). The genotypes of the various
parents and progeny are indicated by letter combinations,and the four different
phenotypes distingulshed by appropriate shading,




Legends for the Fipures and Labhles of Chapter I (page I1)

I-10= Schematic rep-esentation of how the sex chromosomes can determine sex.
Here is shown a case in which males contain one x and one y chromosome, and femalees,
two X chromocsomes Pl is the situation in both humans and Drosophila. In other
species there is no y chromosome, and so diploid male cells contain one less

chromosome than dipleid female cells.

! LEUr

I-1la and Hlb: The inheritance of a sex-linked gene in Droscbhila. Genes
i on sex chromosomes can express themselves di Terentially in male and female
This is because, if there is one one x chromosome présent, recessive genes
in this chromosome are always expressed. Here are shown two crosses, both
¢ a recessive gene (w, for white eye) located on the x chromosome., -n (a)
carent is a white-eyed (wX) fly, and the female, homozygous for red eye (WW).
In (b) the male has red eyes (WY) and the female, white eyes (ww)e The letter
Y stands, here, not for an allele, but for the ¥ chromosome, present in male Drosophila

in place of a homclagous % chromosome, There is no gene on the y chromosome

corresponging to the (w) or (W) gene on the x chromosome,

Fipure I-12: Janssens' theory of crossing=-over,

i‘a‘::.le I-1: The eighty-five mutant genes reported in Dposophila melanogaster in 1915.

The mubabions fall into four linkage groups. Since four chromosomes were cytologically
cnﬁeﬂved this indicated that the penes are situated on the chromosomes. Notice that
ﬂutatlonu in the various genes can act to alter a single character, such as body

coleor, in different ways.




THE MENDELIAN VIEW OF THE WORLD

It is very easy to consider man unigque among living organisms. He alone
has developed complicated languages allowing meaningful and complex interplay
of ideas and emotions. Great civilizations have developed and changed ouy
world's environment in ways inconceivable for any other form of life., There
has thus alwvays been a tendency to think that something special differentiates
man from everything else. This belief has found expression in men's religions,
which try to find an origin for owr existence and, in so doing, to provide
vorkable rules for conducting our lives. It seemed natural to think that,
Just as every human life begins and ends at & fixed time, man had not alvays
existed, but was created at a fized moment, perhaps the same moment for man
and for all other forms of life.

Thie belief was first seriously gquestiomed just over 100 years ago vhen
Darwin and ¥Wallace proposed their Theories of Evolution, based upen selection
of the most fit. They stated that the various forms of life are not constant,
but are continually giving rise to slightly different animals and plants,
some of vhich are adapted to survive and to multiply more effectively. At
that time, they did not know the oripgin of this continuous variation, but
they correctly realized that these new characteristics must persist in the
progeny if they were to form the basis of Evolution.

At first, there vas a great deal of furor against Darwin, most of it
coming from people who did not like to believe that man and the rather obscene-

looking apes could have a common ancestor, even if he occurred some 50-100 milléon

years in the past. There was initial opposition also from many biologists who
failed to find Darwin's evidence convincing. Among these was the famous Swiss-born




matuwalist Louls Agassiz, then at Hervard, who spent many years writing

against Darvin and Darwin's champion, T. H. Huxley, the most successful of

the popularizers of Evolution. But by the end of the nineteenth century, the
scientific argument vas almost finished; both the current geographical distribution
of plants and animals and their selective occurrence in the fossil records of the
geological past were explicable only by postulating that comtimuously evolving
groups of organisms had descended from a common ancestor. Today, the Theory of
BEvolution is an accepted fact for everyone but a fundamentalist minerity vhose
objections are based not on reasoning but on doctrinaire adherence Lo religious
principles.

An immediate consequence of the acceptance of Darwiniam Theory is the reali.
eation that life first existed on owr Earth some 1-2 blllion jyears ago in &
simple form, possibly resembling the bacteria, the simplest variety of life now
existing. Of course, the very existemce of such small bacteria tells us that
the essence of the living state is found in very small organisms. Nonetheless,
Evolutionary theory profoundly affects our thinking by suggesting that the
basic principles of the living state are the same in all living forms.

The Cell Theory

The same conelusion is independently given by the second great principle of
nineteenth century biology, the "cell theory”. This theory, first put forward
eonvineingly in 1839 by the German mieroscopists Schleiden and Schwann, proposes
that all the larger plants and animale are constructed from small fundamental
units called cells. All cells are surrounded by & membreme; and usually contair
an inner body, the mucleus, which is also surrounded by & membrane, the nuclear

mesbrane (Figure I-1). Most important, cells arise only from other cells by the

process of ecell division. Most cells are capable of growing end of splitting




Electron micrograph of a thin "ncgloﬂ from a cell of the
Ehin primary cellulose cell wall and the nvcleus, containdne a prom
ble. The crtoplasmic sround substance iz heavily lad

the ribosomas, visible as small black dots. The nrofiles Df a
low membrares, the endoplasmie retieulum, can he seen scattered throughom
upplied by Dr. K.R. Porter)
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roughly equally to give two daughter eells, At the saxme time, the nucleus
divides so that each dl'nahttr cell can receive & nucleus.
Mitessis maintaing the pParsnia| Shremcsicime admbe
Mwﬂmmﬂunnﬂxﬂmﬁwoflmm called chromosomes
(Flgure I- < ). Before cell divigion, each of the chromosomes divides to form
two chromosomes identical to the parental bedy. This proeess, first accurately
cbeerved by Flemming in 1579, doubles the muber of nuclear chromosomes.
During nuclear division, one of each pelr of daughter chromosomes moves into each
dsughter nucleus (Figure I« % ). As a result of thes: eveats (now termed
"mitosis” ), the chromoscmal complemsmt of daughter cells is usually ldientical
to that of the parental cells.
During most of & ¢sll's life 1ts chromosomes exist as highly extended
linear cbjects. Prior to cell division, however, they condemse into much more

compact bodies. The dupli-ation of chromosomes chiefly ccours vhen they are in

the extended state characteristic of lnterphase, (the various stages of cell

division ere defined in Figure I-{ ). Ome part of the chromosome, however,
alvays duplicatas during the contracted metaphase state: this iz the centromerve,
2 body which contrals the movement of the chromosome during cell divisioms.
The centromere alvayz has & fixed location on & given chromosome. Its epecific
location, however, varies with the specific chromosome; in some it is near one
end, and in others it ocouples an intermediate region.

When a chromosome is completely duplicated except for the centromere, it
is said to comsist of two chromatids. A chromatid is transformed into & chromo-
mumuihmmhuﬂimmhmmmuﬂﬂﬁmﬁn
chromatid. As soon as one centromere becomes two, the two daughter chromosomes
begin to move apart from each other.

The regular lining up of chromosomes during the metaphase stage is accompanied
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by the eppearance of the spindle. This 1s & cellular region, shaped like a spindle,
through which the chmms;:;em ::ré higher organisms move apart during the anaphase
stage, luch of the spindle reglon is filled with long, thin protein molecules,

vilch soma ppople think are similar to the contractile proteins of muscleg. If

this rescublance is genuine, then perheps the same mechaniem which underlies the
contraction of muscles also underlies the movement of chromosomes through the spindle.

There are also present in the nueleus of virtually every plant and animal cell

objects called the nucleoli. Tuere is at least one nucleolus per haploid set of
chromoscmes, and at least in some cells the nucleolus is connected to a specific

chromoscme. Uatil very recently the functional role of the nucleolus Was completely

obscure, though some gytologists (eytology 1’ the study’ of cells) thought that they

might be related to the formation of the spindle. Now, however, there are some strong
hints that they are involved in the synthesis of ribosomes, small cellular particles
upon which all proteins are synthesized.

Melosis reduces the parental chromosoms nimber

One important exception was found to the mitotie process. At the conclusion
of the two cell divisions vhich form the sex cells, the sperm and the egg, (meiosis)
the mumber of chromoscmes 1s reduced to one-half of its previous mumber (Figure I- <),
in higher plants and snimsles each E:}a;g‘i& type of chromosome is normally present
in two coples: the homologous chromosomes (the diploid state). In sex cell formation
the resulting sperm and egg each usually encloses only one of each type (the haploid
sta.t?}. Unicn of sperm and egg during fertilization results in a fertilized egg
{;_:.r_;_o_p_q} containing one homologous chromoscme from the male parent and the other from
the female parent. Thus the mormal diploid chromosome comstitution is resdored (Figurel
e

Waile in higher plants and animals most cells are diploid, in lower plants and
bacteria the haploid state is the most frequent conditlon, the diploid number existing

only briefly following sex cell fusion. Usually almogt lmmediately after fertilization




I-la
meiosis occurs to produce haploid cells. (Figure It ).
Tae cell theory thus tells us that all cells come from pre-existing cells.
All the cells in adult plants and animals are derived fram the division and growth
of & fertilized egg, itself formed by the wniocn of two other cells, the sperm and
the egg. All growing cells contain chromosomes, usually two of each type, and

bere agaln,nev chrcmoscmes always arise through division of previously existing

boddies.




Caromosomes aomge visible 0s Sng\e shands.

) Two pairs of homalegous chvomosomes Gre
Prophase I f [ZN} showh i TS maginary diplod cell.
) ;
~L -

Homol0ogous chromosomes undergo pdiring

Prophase Ta {f % [21\5] Lotz edch chromosome tacomes Vislole
|

0s two dvomafids | Cossing ouer ocurs
o s potnt |

~~
Orizrtaion of pawed chromosormnes on the

Metaphase I === @) %ﬁ%@m@%mﬂﬁmmmw

Hommgous Qzihromerngs move 1o oppotsiie
poles of the spindle . Telophase T follows. s
and consttities e firet maiohc dwision

[FiraT MEIOTIC DVISION |

Nudear membovane formed
Clhhromosomes lenmga’tz.

Interpnoee T -

' Lot Prophase TE and mefpphose TT. Centromen:
T divide , fouowed by migration of

A %” ﬁtﬁmmdogmfs chv?mﬁggﬁs & oppostie poles

; 1 [2-N] \IH !
o v }}/’
Q)c{"dr*'y ﬁﬂaphaﬁﬁ.ﬂ ‘q"""? . r
_1/?__-1-}_______ - X Y- - - 7 — — T{SECOND MEoMC DIISION |
R The final

m _/(b\‘ [N] EEQ‘\ <¢") @sutt s four haplod aglls

Figure I-5 Diagram of mitosis in the cell of ¥n organism containing twe pairs of
homologous chromosomes.




o
DIPLOID C.EL.I_LE N|

REDUCTION DIVISIONS
[MEI0SIS]

HAPLOID GERM

CELLS [N]

FERTILIZATION

e

DIPLOID cELL [ZyGoTE]

| imermar

.
@

HAPLOID FERM
CELLS

6 :
Rgure I-& Diagram of fie Giternation of hapidd and diploid
| Statzs Whidh comprise e sexvol oycle . TME daromosome et
decived oM one panent is Swown black |, ok from the ol p.. it ved.




Although the cell theory developed from cbservations about higher organisms,
it holds with equal force for the more simple forms of life, such as protozoa
and bacteria. Each bacterium or protomoan is a single cell, vhosz division
usually produces & now cell identical to its parent, from vhich (% soon separates.
In the higher organiems, on the other hand, the daughter cells not only often
romain taﬂuthea., but l.lan often differontiate :Lntd:a ruﬂiullr d:l.f!‘mt eell tq;pet,
like nerve or mugcle -:elln, '1’-'.'4:1'1&é new organi sms u.r.tm from the hiahl; uﬂhmmtﬂ
epern and egg, whose uniom initiates a now eycle of division apd dlfferentiation.

Thus, although & complicated orgmalem like man coutédng a ver; Targe number

(w to 5 x 10%2) of cells, they all initially arise from A single esll, The

fertilized ege containg all the infermaticn necegsary for the growth snd develop-
ment of an adult plant or animal. Agaia the living s~tate per se does not

dempd the cospliceted interactions which ocowr in complex organiems: but its
essential propertica csn be found in single rrowing cells.

T™he lawa of Mendsl

e most = iriking attribute of o living cell is its abllity to trenssit
bereditary properties from ome cell generstion to enother. The existence of
heredity must have been noticed by cavly man ss he witnessed the passing of
charascteristice, like eye or hair color, from parents to their offspring. Its
physical btasis, however, was not wmderstood until the first years of the
tventiety century, vhen in & remfskable period of creative sctivity the chromo-
somsl theory of heredity was established.

Hereditary trensuission through the sperm and egg becrue known by 1860,
and already in 1000 Haeckel, moting that sperm consioted largely of nuclear
material, postulated that the nucleus was responsible for heredity. Almost twenty
years passed belore the chromosomes vere singled out as the active factors, because
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the details of mitoeis, meiosis and fertilization had to be worked out first.

Then it could be seen that, wnlike other cell constituents, the chromosomes
were equally divided between dsughter cells. Moreover, the complicated chromosomal
changes observed during meiosis which reduce the sperm and egg chromosome mumber
to the haploid number became understandable if the chromosome mumber had to be
kept constant. These facts, however, merely suggested that chromosomes carry
heredity.

Proof came at the tumn of the century with the discovery of the basic rules
of heredity. These rules, named after their original discoverer Mendel, had in
fact been first proposed in 1865, but the climate of seientific opinion had
not then been ripe for their acceptance. They vere completely ignored wmtil
1900, despite some early efforts on Mendel's part to interest the prominent
bioclogists of his time. Then de Vries, Correns and Techermak, all working
independently, reslized the great importance of Mendel's forgotten work. ALl
three were plant breeders doing experiments related to Mendel's, and each
reached similar conclusions before they knew of Mendel's work.

Principle of t tion

Mendel's experiments traced the results of breeding experiments (genetic
crosses ) between strains of peas differing in well.defined characteristics,
like seed shape (round or wrinklei), seed color (yellow or green), pod shape
(inflated or wrinkled), and stem length (long or short). His concentration on
well-defined differences was very important; previously many breeders had
tried to follow the inheritance of more gross qualities, like body weight, and
were unable to discover any simple rules about their transmission from parents
to offspring. After ascertaining that each type of parental strain bred true

(that is, produced progeny with particular gualities identical to those of the
parents), Memdel made & mmber of crosses between parents (P) differing in
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in single charscteristics, (such as seed shape, oF seed color), This yielded
the striking conclusion that all the progeny (F) = first filial gensration) had
the appearance of one of the paremts. For example, in a croas between peas
having yellow seeds end peas having green seeds, all the progeny had yellow
peeds. The trait which appears in the progeny is called dominsnt, while that
mmdnelmtlppﬂrmrlhulldm.

The meaning of these results became clear with the genetic crosses Mendel
ﬂdehetwmrl offspring. These crosses gave the most important result that
the recessive trait reappesred in approximately 25% of the progeny, while the
domipant trait appeared in T5% of them. For each of the seven traits he followed,

the ratio ia F, of dominant to recessive traits vas alvays approxizately 3:l.

mm“mtummmw-m{rj}mmuum,mm

F, peas with recessive tralts bred true (produced progeny with the recessive
tradts), vhile those with dominant traits fell into two groups: one-third
bred true (produced only progeny vith the dominant trait), vhile the remaining
tvo-thirds sgain produced mixed progeny in 3 3:1 ratio of dominant to recessive.

Mendel correctly interpreted his results as follows (Figure I-') ). The
various traits are controlled by pairs of factors (vhich we now call genes), one
factor derived from the male parent, the other from the female, For example
pure-breeding strains of round peas contain two genes for roundness (RR), vhile
pure-breeding wrinkled strains have two genes for wrinkledness (rr). The round
strain gametes each have one gene for roundness; the wrinkled strain gametes each
have one gene for wrinkledness (r). In & cross between RR and rr, fertilization
thulpmﬂ.malnrl plant wvith both genes, (Rr). The plant locks round because
R is dominant over r. We refer to the appesrsnce (physical structure) of an

individual as its phenotype, and to its genetic composition as its genotype.
Individuals with identical phenotypes may possess different genotypes; thus, to
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determine the genotype of an organisu it is frequently necessary to perform
several generatlions of gonetic crosses.

It is wery important to notice that a given gamete conteins cnly one of the
tvo genes present in the organism it comes from (for exasple, either the R or the
r, but never both), and that the two types of gamete are produced in equal mumbers.
Thus there Lnnﬁﬂ:ﬂcﬂnmthtusivmmﬂfﬂm?lpﬂﬂﬂlmmi
particular gene (R or r). This choice is purely vendom. We do not expect to find
exact 3:l ratios vhen we epamine & llmited nwsber of Fo progeny. GHowetimes
the ratio vill be ¢ ightly higher, and other times slightly lower. But as wve
look at inecrcesingly larger samples, we expact that the ratio of peoas with the
dosdnant tralt to peas with the recessive trait will more and more closely
approach the 3:1 retio.

The reappearance of the recessive cheracter in the 1‘2 gmeration indicates
that recessive genes are nelther modified por lost in the hybrid (Rr) generation,
bus that the dominont and recessive genes are independently tranmuitted, and eo
able to segreghtc independently dwring the formation of sex cells. This MEQ

of independent segregation is frequently referrved to as Mendel's First lLaw.

Some gemes are nelther dominant nor recessive ‘

In the crosses reported by Mendel, one of each gene yair was clearly dominant, \.{'*:..\_
and the other recessive., This behavior, however, is not universal. Sometimes N
the heterozypous phenotype is interwcdiate between the mwm.
For example, the cross between a pure Lreeding red snap dregon (Antirrhimon) end
& pure breeding white variety gives ¥, progeny of the intermediate pink color, '

IrthmeFlpmﬁwm crossed amouy themselves, ﬂwnmltingrgm

contain red, pink, and white flowers in the proportion of 1:2:1 (Figwe I- 7 ).
Thus 1t is posaible here; to distinguish heterozygotes from homozygotes by
thelr phenotype. Ve furthermore see that Mendel's laws do not depend for thelyr
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: St el . =

HQkLﬁZ Y == The inheritance of flo = color in the snap dragon. One parent
is nomozygous for red flowers (AA) and .i= other homozygous for white {lowers
(2a). lio dominance is present, and the . ‘erozygous flowers are pink. The l:2:l

ratio of red:pink:white flowers is shovn aonronriate coloring.




' aprplicablility on whether or not one allele of & gene pair is dominant over the
other,

The ciple of t mssortoant

Mendel then extended his breeding experiments to peas differing by more than
ocne character. As before, he started with two strains of peas, each of vhich
bred pure vhen mated with itself. One of the strains had round yellow seeds,
the other, wvrinkled green seeds. BSince round and yellow are domipent over
vrinkled and green, all the ‘.Fl generation produced round, yellov seeds. The Fy
generation vas then crossed emong iteelf to produce a mudher of I‘,L, progeny
vhich vere examined for seed appeerance (phenotype). In addition to the two
original phenotypes (round, yellow; vrinkled greem), there had emerged two new
types (recombinante): wrinkled yellow and round green.

Again Mendel found he could interpret the resulte by the postufite of genes,
if he assumed that during sex cell formation, each gene pair is independently
transpitied to the sex cell (gamete). This interpretation is shown ia Pigure I-. P
Any one pamete contains only ome type of inherited factor from each gene pair,

Thus the gametes produced by an F. (Rr¥y) will have the composition RY, Ry, i

&

rY, or ry, but never Rr, Yy, YY, or RR. Furthermore, in this exmaple, all the :
four possible gametes are produced with equal frequency. There is no tendency of 7
the genes arising from one parent to stay together. As & result, the F, progeay
phenotypes appear in the ratio of: 9 round yellow, 3 round green, 3 wrinkled

yellov, and 1 wrinkled green. This phenomenon of independent assortment is_
frequently called Memdel's Second Law,

The chromosomal theory of heredity

A principal reason for the original failuwe to appreciate Mendel's discovery
was the absence of firm facts about the behavior of chromosomes during medosis and
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mitosls, This knowledge was aveilable, however, when lendel's lavs were reannounced
in 1900, and seized upon in 1903 by the American, Sutton. In his classic paper,

Tbe Chromoscwes in Jeredity, he ecghasized the luportance of the fact that the
dipleid chrowdscme group consists of two morphologically similar sets, and that
during nelosis every gamete recelves only one chromosome of each bhowologous

palr. He then used this fact to explain MHendel's results by the ssswption that
genes ere parts of the chromosome. He postulated that the yellow seed and green
seed genes are carried om 2 certaln paly of chrcmosomes, and that the round seed

and wrinkled seed genes are carried cu a different pelr. This hypothesis iwmediately
explaing the experimentally cbserved 9:3:3:1 segregation ratice (Migere-Ia—):
Though Sutton's paper did not prove the chrosceowel theory of heredity, it

was immensely ilmportant, for 1t brought together for the first tioe the independent
dleeipline of genetics (the study of Lreeding experiments) and cytology (the study

of cell structure).

Chromosomal determination of sex

There exists one very inportant exception to the rule that all chromosomes
of dipleoid orpaniams are present in two copies. It wvas cbeserved as early as
1890 that one chromosome -« then called en accessory chromosome and now the
x chromosone -- does not always possesc 2 morphologically identical mate. The

blological significance of this chservation wee clarified by the American cytologist

i b

Vileon apd his student Stevens in 1905, They showed that whils the female F
contains & palr of x chromosomes, in the male the x chromcsome is present only
once. In pdditicn, in some specles, the male cﬂlu contain & unique chromosome,
not found in females, called the y chromosome. They pointed out hov this situation
provides & simple method of sex determimation: while every egg will contain

one x chromocome, enly half the sperms will carry ome. TFertilization af,.allﬁ'ru by
an x-bearing sperm leads to an xx zygote, vhich becomes a female, vhile ferti-




lization by & sperm cell lacking ean x chromosome gives rise to male offepring (Figure

I-110). These cbservations provided the first clear linking of a definite
chromosome to & hereditery property. In addition they elegantly explained how

rele and feemle sypotes are oreated in equal nmumbers.

The importamce of the tiny Drosophils
Iritially all breeding experiments used genetic differences already existing
in nature. For example, Mendel used seeds cbtained from seed dealers who must

have obtained them from farmers. The existence of alternative forms of the

same gene (alleles) raises the question of how they arcse. One obvious hypothesis

states that genes can change (mutate) to give rise to new genes (mutant gemes).

This hypothesis was rirst seriously tested, beginning in 1903, by the great

American bilologist Morgen, and his young collaborators, the geneticlsts

Bridges, Muller, and Sturtevent. They worked with the tiny fly Drosophila.

This fly, vhich normally lives on fruit, was found to be easily maintained

under laboratory coenditions, where a new generation can be produced every 1k

days. Thue by using Drosophilis insteed of more slovly multiplying erganisme

like peas, it vas possible to work widh at least 25 times faster, and also m

more cconomically. The first mutent found wvas a male with vhite eyes instead

of the normal red eyes. It spomtancously appeared in B éculture bottle of red-

eyed fies. Becsuse virtually all Drosophila found in nature have red eyes, the

gene leading to rod eyes wvas refurred to as the "vild type" gene, vhile the

gene leeding to vwhite eyes vas called a mutent gene (allele). re
The vhite eye mutant gene wes immediately used in breeding experiments{

with the striking result that the behavior of the allele corpletely parelleled

the distribution of an » chromosome (1.e. was eex linked), This irmediately

suggested thai this gene might be located on the x chromosome, slong with those

genes controlling sex. This hypothesis vas quickly confivmed by additional
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genetic crosses using nevly isolated mutant genes. Many of these additional

mutant genes also were sex linked.

Gene linkage and crossing over

Mendel's principle of indepemdent assortment is based on the fact that
genes located on different chromosomes behave independently during meiosis.
Often, however, two genes do not assort independently, because they are located

on the same chromosome (linked genes). INumerous exasples of non-random assortment
vere found as soon es & large mmber of mutant genes became available for breeding
analysis. In every well studied case, the number of linked groups was identical
wvith the haploid chromosome number. For example, there are four groups of
linked genee in Drosophila, and four morphologically distinct chromosomes in
a4 haploid cell.

AMmost as soon as linkage was discovered, it vas found often mot to be

BT wi g
complete, For example,—i¥s. genes assorted with each other 90% of the time, while

snother two assorted together 959 of the time. This meent that a mechanism
existed for exchanging genes on homologous chromosomes. This mechanism is

called crossing-over. Its cytological basis vas first described by the Danish
eytologist Janssens. At the start of melosis the homologous chromOsomes pailr
(symapee ), with their lomg axes parsllel. At this stage, each chromosome has
duplicated to form two chromatids. Thus synapsis brings together four chromatids
(a tetrad), which coil about each other. Janssens postulated that, possibly
because of tension resulting from this colling, two of the chromatids might
sometimes break at & corresponding place on each., This could create four broken
ends, vhich might rejoin crosswise, so that a section of sach of the two chromatids
ies joined to a section of the other (Figure I- . ). Thus recombinant chromatids
might be produced that contain a segment derived from each of the original
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homologous chromosomes.

Morgen and his students vere quick to exploit the implication of Janssens'
still wproven theory: that genes located close to each other on a chromosome
would assort with each other much more regularly (close linkage) than genmes
loecated far apart on a chromosome. This immediately suggested a vay to locate
(mep) the relative positions of genes on the various chromosomes (see Chapter IV
for the details). By 1915 more than 85 mutant genes in Drosophila had been
assigned locations, each a distinct spot on one of the four linkage groups or
chromosomes (Figure I- | ). The definitive volume vhich they then published,

The Mechanism of Mendelisn Heredity, showed the general validity of the chromosomal

basis of heredity, a concept which ranks with the theories of evelution and the
cell as one of the main achievements of the biologist's attempt to understand
the nature of the living world.

Many genmes comtyol the ved eye, (or eny other complex character)

Mere inspection of the list of mutent genes (Table I- | ) reveals o very

important fact; meny different genes act to influence a single character. For
exanple, 13 of the genes discovered by 1915 affect eye color. Vhen a fly is
homozygous for a mutant form of sny of these genes, the eye coler is not red,

but a different coler, distinet for the mutant gene, (e.g. carmation, vermillien).
Thus there iz not a nm-f.qhw correspondence between genes and complex characters
like eye color or wing shape. Instead, the development of each of these
characters is controlled by & series of events, each of vhich is controlled by

a gene. We might make & useful analogy with the functioning of & complex machine
1ike the automobile: there are clearly a number of separate parts, like the wotor,
the brakes, the radiator, and the fuel tank, all of vhich are essemtial for its

proper operation. VWhile a fault in any one part may cause the car to stop




Tablo I-| » The eiphty=Cive mutant penes reported in Drososhila melanornster

in 1915, The mutations fall into four linkasoe groups. Jince four chromosones were
crtolorically observed, this indicated that the genes are situated on the chromoscmags
lotice that mitations in various genes can act to alter & single character, such

as ‘color, in - different ways.
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functioning properly, there iz clearly mo reason to believe that the presence
of that component slene is sufficient for proper functioning.

The origin of genetic variability thvough mutations
It nov became possible to wnderstand the hereditary variation which is

found throughout the dlological world, and wvhich forme the basis of the Theory of

Evelution. OCenes are normally copied exactly during chromosome duplication.
hﬂly, hmu d‘!ﬂsﬂ (mhtim] ocour i.n genee to 511'- rise tu Altered

forms: , This prnealn is necessarily very ur-; orth«lm:e m:r smu mlll be

changed during every cell cycle, and offepring would not ordinarily resemble
their parents. There is instead, a strong advantage in there beings & smell

but finite mutation rate; it provides the constant sowrce of new variability
necessary 4o allow plants and animals to adapt to a comstantly changing physical
and biological environment.

Burprisingly, however, the results of the Mendelisn geneticists vere not
avidly seizsed upon by the clugsicg! biologists, then the authorities on the
evolutionary relations betveen the various forme of life. Doubts were raised
about whether genetic changes of the type studied by Morpen and his students
were cufficlent to permit the evolution of radically nev structures, like wings
or eyes. Instead, they beiieved that there must alse exist more powerful
"macro-nutations”, and 1t was these that mllowed great evolutiomary sdvances.

Gradually, however, these doubts vanished, largely due to the efforts of
the mathematically more poverful gemeticists, the American Sewell Wright, and
the Englishwem fisher and Haldope. They showed how, considering the very long
life of the earth, the relatively low mutation rates formed for Drosophila's
genes, together with only mild selective sdvantages, would be sufficient to
allow the gradual sccumlation of new favorable attributes. By the 1530' .,




biclogists themselves began to reevaluate thelr knowledge on the origin of species,
end to wmderctand the work ¢f the mathematical geneticlets.  Among these new
Darvinians were the blelogist Julian Huxley, (a grendson of Darvin's original
publicist T. H. Huxley, ), the Russian-bom American geneticist Dobzhansky,

the American paleontologist (student of fossils) Simpson, and the Cerman-bern
American ornithologist Mayr. In the 1940's all four wrote major works, showing,
each from his special viewpoint, how Mendelianiem and Darwinism were indeed

coppatible,

Earl tions about what genes are and how Rt

Virtually immediately after the rediscovery of Mendel's laws, geneticists
began to speculsate both about the chemical structure of the gene and how it
mcte. o real progress could be mede, howeved, since the chemical ldentity of
the gepetic material remsined wmknown. Even the realization that both nucleic
acids end proteins are present in chromosomes 414 not really help, since the
structure of nelther was at ell wmderstood. The most frultful speculstions
focused attention on the fact that genes must be, in some sense, self duplicating:
thelr structure must be exactly copied overy time one chromosome boosomes tvo,
The possibility was considered that the gene and the primery gene product (perhaps
e protein) vere one and the same; 1f this were true (vhich 1t is mot), them
one primary replication process would be sufficient for both the gene and its
product. Ideas of this sort imsediately reised the profoumd chemfcsl guestion

of how & complicated wolecule could be precicely sopiled to yield exmct replicas.

[
Some phyelcists also became intrigued with the gene, and vhen ri‘mntm

".}s‘mthmics burst on the world in the late 1020's, the poseibility arose that
perheps to vnderstand the geme 1t vould be necessary to master the subtleties of

the most advanced theoretical phyeics. Such thoughts, however, never really
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took root, since it was obvious that even the best of physicists or theoretical
chemists could not worry ebout a substance vhose structure still awvaited eluci-
dation. There was only ome fact which they might ponder: Muller's 1927

discovery that x-rays induce mutations could be used to estimate the sime of the
gene, But evem here so many special assumptions had to be made that virtually
no one, not even the estimators themeelves, tock the estlmmtes very seriously.

Preliminary attempts to find a gene.protein relation

The most fruitful endeavors to find a relationship between genes and proteins
examined the ways in vhich gene changes affect vhich proteins ere present in
the cell. At firet this was very Gifficult, since no one really knev anything
about the proteins vhich were present in structures like the eye or the ving.

It vas thus clear that only very few of the many genes then desceribed would

be suitable for an understanding of the gene-protein relation. One of the first
useful examples came from & study of a hereditary disease affecting amino acid
metabolism, There occur in humans spontensous mutatione affecting the ability
to metabolize the amino acid phenylalanine. When individuals homozygous for the
mutant trait feed on food containing phenylelanine, their inability to break
it down results in & toxic level of phenylalanine. The existence of such diseases,
an exapple of the so-called "Inborn Errors of Hetabolism”, suggested as early as
1909 to the Englich physician Carrod that the wild type gene is responsible for
the presence of a particular engyme, and that in & howozymous mutant, the enzyme
is congenitally absent.

This geneyal hypothesis of a gene-enzyme relationship was extended in the 1930's
by work on flower pigmente and the pigments of insect eyes. In both cases evidence
was obtained that a particular gene affected a particular step in the formation
of the pigwent. However, the sbsence of fundamental Imowledge about the structures
of the relevant proteins did nmot permit deeper examination of the gene-protein




rolationship, and re assurence could be given elther that most penes control the
gynthesis of proteins (by then 1t wes cuspected that all enzymes were proteins),
or tket ell protelns ere wder gone control.
thus bocamz obvious o the Menlellien gemeticicts es ecxly es 1935 that
the cort successiul in elucldeting the tasic features of
Mendelian genetics wvere wmlikely to yleld productive evidence about how genes act.
Instead 1t would be nccoszary to find blologicsl ogbjects more suitable for
chapdeal arelysis. They were gvare ﬂ:a.t-.thr: conterporexry state of chemistry was
corpletely inadequate for @ fvndezentel chemleol gttack of even the most suitable
blological systems. Very fertunstely, however, the limitations in chemistry did
ot deter then from learning how to €0 genctic experimente with chemlceslly
eizple molds, heoteria, and m____""fi"-” &s we chall see, the necessary chemical
facts bLeeeme availsble almost &6 scon 83 the gencticists vere recdy to use them.
Smer)
The study of living orgonisms at the blological level has led to three
great gemeralizations: (1) Dorwin's ond Wallace's Theory of Evolution by Hatural
Selection, which tells us that todayjs complex plants and animals are derived by

a continuous evolutionary progressicn from the first primitive orgenisms, (2) the

Cell Theory, the realization that all organisus exe bullt wp of cells, (3) the

Chromoscnal Theory of Horedity, the understanding that the functiocm of chromoscmes
iz the control of heredity.

Al eells contain chromosomes, walch ere normally duplicated prior to a cell
division process (mitosis) which produces two daughter cells, each with & chromoscamal
cemplement ddentical to that of the parental cell. Ino haplold cells tacre is usually
just cne copy of each type of chromosome, while in diploid eells there ave usually
two copies (pairs of homologous chromoscmes). A diploid cell arises by fusicn of
& zale and o female haploid cell {f_"crti.lizntion), vhile haploid cells are formed
from @ diploid cell by a distinctive form of cell division (meiosis) which reduces




the chromoscme number to one-half of its previous mober.

Charcmosomes control heredlty bLecause they are the cellular locations of
enes. The existince of genes was first discovered by Mendel in 1865, but
1t wasn't wutil the first half of the tuentieth century that their imporitance was
rcalized. Each geno can exdst in & variety of different forms called alleles.
liendel proposed that a gene for each hereditary trait is given by each parent
to caech of its offspring. The physical basis for this behavior is in the distribution
of homolorous chromoscmes Gurdng meiosiss one (randomly chosen) of each pair
of Lomolgmous chyomosomes is distributed to each haploid cell. When two genes
are on the sews chromoscws they tend to be inherited togeiher (linked genes).
Genes affecting different characters somotimes are inherited independently of
ecch other: this is becamse thoy are located on different chromosomes. Linkage
is, in any case, seldom complete, because during meiosis homolggous chromosones
eitach to each other, and often break at homologous end rejoln crosswise.

(crossing-over). This attaches genes indticlly found on & paternally-derived

chromosome to geae sroups originating from the moternal parent.
Different elleles of the sams gene arisa by inheritsble changes (mutatlons)

in the gene itself. IHormally genes are very stable and are exactly copled during

chromosome duplication; mutation normally ocours very rarely, and usually bhas
barniul consequences. I dose, however, play a pocitive role, since the gsecumulation
of the roare favorable mufations prdvides the basis for the genetic vardiability which
the Theory of Evolutica prosupposes.

For pany years the structure of the genes and the chemiexl way ia vhich they
control cellular characteristlcs were completely mysterious. As soon &s large
nuzbers of cpontaneous mutations hed been approhended, 1t bocama obwvious that a one pe
gene - one character relaticnchip does not exist, but that all complex characters
ara wder the control of many genes. The most sensible idea, postulated clearly

by Carrod as early as 1909, was that genes affect the synthesis of enzymes.




I-19

fowever, in general, the tools of the Mendelisn geneticists, organisms lik ¢

the corn plant, tho mouse, and ewen the fruit fly, Droconhila, were not cuitable

for chemical investlgaticns of gene-protein relations. For this type of anslysis,

o

work: with much simpler microorganisms became indispensable.




