THE MOLECULAR BASIS OF GENETICS
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I an suse that noot mentel dissase is chamical in crigin, end that
the chanisal shmormalftiss that ave Lawvolved ave nsuslly the resalt of
almormalities in the gwnetic constitudion of the dmtividual. I thixk
that 1t 1 probadle thet mental fllness often resnlts fyom o QRaNSISWALY
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wmm«mmmm Presmably, the
aamufacture oF the retention of the mbdstence in too lavge amunt or teo
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for wmmpls, to the natore of the fuod tiat he eats. On the ether hmnd,
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the presence in the petlent of molesules that differ in their styuctire
fyen thoss that ave preseat in & nowwal humen badnge The namlasture of
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of the patient; e disesse 1s inherited. A dipsune of this sort, omased
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called a maleoninr discace.

The expression molecular disease is here used in a special way. All
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all dissases invelve thess meleculss, and perhaps alse the molesules thet
ke wp basteria and viruees, and that sssendingly all dissases are noleo-
ular diseases. The restrietion of the expression molseular disesse to
dissases that are dwe to almormal malesules, differing smmewvhat in steuee
wire fren related melesules thut are present in normal lamen beings, seems
‘o ™ 40 be & useftl ome.

Sisklewoall snemia was the first diseass to be shoun %0 be a meleculsy
dlsenses] In this disease the red calls of the Wlcod ave twisted out of
shaps, vhen they are in the wencus eireulation - they regain their norwal
shaps in the arteries. The twisted red cells beooms stieky, they clump
W.NWMM%M%M#M%*MM
the body and canes dewmgs by snoxda; they are also repidly removed fyem the
cireviation, ecausing the patiest to bescms anemiss Thw dissase seems t0 be
& dissass of the red ssll, a cellular dissasej however, it was foumd thet
in fast the hameglobin malesules mamufuctured by the patient ave adnormal,
differing signifisently in their styusture and yropertiss fyem the hemo-
Bobin nolesules numinetured by nemmal individuals, and it is elear that
the dissass 1s & dissase of the hemoglobin molseuls.

Although the eaplete molesular styustars of siekie=esll-anemis hemo=
mummm,u:mmmcmwmu
any other pretein, the way in vhish the mclesular slmovmality ceuses the
snifestations of the dimmase siekiewcell anemia is elesrly umderstoedi. The
m-&mmmmmm;mwﬁq
clthu%uﬂh,htmlmnﬁa,%lﬁuw%bdﬁ
%o produee a liquid arystal of the mmatis type. An this liquid erystal
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grovs ineide of \hw yed esll, it Decemws longer than the dimmeter of the
oall, and 1o its combimwd growth it twiste the eell eut of shaps.

There is streng evidasee that the somdination of the meleenles of
staklewonll-anmmtia henoglobin with eme another is cenised by a detailed
omplumentariness in strusture of one pert of the molesule and ancther
pat of the molesuls, sc theat the week intermolecilar foress that operate
betuwesa protein molesulss in general are shls to collaborate when the mure
fase vegion of ene nolesuls ommes into juxtaposition with the complementary
wriase region of s seeend moleeuls; forming a bend that holde the molesules
tightly together. This somplementarizsse in structure is destroyed vhen the
hameglobin molesule sambines with exygen, snd asoordingly the process of
sickling of the eslls is reversed vhen ths blocd is axygemated.

One of the properties in vhish siskle~esll-anmmia hemeglobin differs
fren noroal adult mmen hemoglobin is the electris charget moleculss of
the two kisds of hemeglobin differ frem ons ancther by abeut three elestremic
sharges. Ths way in whish sickle~callesnsmia hemoglobin was recognised as
& substance with different molesular strusture frem normal adult humen heme-
globin vas the nsammenent of the mobility of the two hemoglobins in an
alestris fisld, weing the Timslius electrophoresis apparatus. The gemetie
origin of the melesular almormality was olearly indicated when the hemew
globin fyem the parents of s siekle-oall-snesis patisnt vas stidied. The
hemeglobin of essh parent wes found to oonsist of a mixtwre of sappreximately
oial smounts of the two kinds of hemeglobdn. Accomdingly, the parents were
1dentified as heterogygotes, oontaining two allelomorphic genes at seme
levael in a pair of olrorosmmes. One of thess genes mmumfactures normal
adult hmmn hemoglobin, and the other one mumfastures sickle-osll-anemis
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bameglobin. The pavents are in good health, so far as the snemis is cone
oarved « the dilwiism of the adnowmal hemoglobin by the nevmal hemeglobin
prevenis the siskling process from osourring in the hetereaygetes, smespt
under wmiswal conditions, as at very high altitudes, vhere the partial
presmure of oxygen is lovw. Vhem two of the heteromygotes, the sarriers of
the siekle-ssll-anemia gems; marry, cnseq@aster of their ehildven mey be
expocted 10 have the disease siskle-eell anenia, cne~quarter 4o be mormal,
and coesbalf te be eavriers, like the pavests.

The quemtion of the ecntimmed high inoidense of the siskle-esll-snemis
geoe, despite its sontimmed loss Decanse of the lethal charmeter of the
hemowygous conditien, has besn raiesd by Heel,? who suggested thres alter-
mative explanations: (1) eontimmed profustion of the siskle-celleanenis
allsls thwyeugh asmtation) (2) the existencs of an adnorwal gemetis mechaniss
that favers the hwterosygens ewndition over the nemmal sonditiom; (3) o
mmmmwwwwmmmtmm
The first explanstion wust be rejected becense the rete of mubation thet
vould b required is far greater than axy that has ever besn chssrved for
any erganime. There now existe evidenoe indicating that the third alter-
native provides the ecrrect explametion, and that malaria is iavolved. It
as firet suggested by Bratn’ that the matere of the red ealls in the
sisklewsellegnania surriers might give protection against malaris paresites,
and thug confer an adventage that would balanes the disetvantege of the
lethal bomowygesity. A test of the hypothesis was sarried out Wy Allisen,®
vho infected fiftesn healthy adult Afrisans with sisklewcell-anmmis
heterouygeaity and fiftesn sinilar healtdy sdult Africens with neomal
hesoglobin with Plaseodiue faleiparus by subincowlstion with 15 ml. of
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hlood centaining a large mmber of tropboseites or by allowing them to be
mw&mwmmhlummn,mmwmm
of sporescites was confirmed by disseetion of the mesquitoes. The infeo-
tion was sstablished in fourtesn out of the fifteen Africans without the
sleklevsell-anemia heteresygosity, and in only two of the fifteen nemmal
Afrissns. It vas someluded Ry Allisen that the abtmowsal erytireeytes of
mwmmm;:-mwmwwwm
than are normal erythroaytes, and that sesordingly those individuals whe
are hateronygous fer the siskle-osll-snmmis allels hawve a sslective
sivantage over norwal individuals in reglons vhere malaris is Nyperendenis.

It is, of ecures, nct unreascushls that the sbmersal bamoglobin
wthuu.rrmmmmmummmmmg
noreover, it is known that the paresitised erytivooyte ussr wp oxygen 100
Lizes as fast as & nowmal erythregyte, and it might be expested, as
suggested by Allison, that the de-omygenated erythroayte vould sickle, and
tinus arash the paresite. Ascordingly, we have s molecvlar meebanism mot
only for the dissass sicklessslleanemia, but alsoc for the pretection thet
the hetervonygous sondition prevides against malarisl infection,

Sines the dissovery was made of the first simcrmal hemogledhin, about
ten nore have been dissovered, and about s dossn diseases, kimls of
beveditary hemalytic anemia, have been resognised as cansed by thess abe
sormal hemoglobins. ,

I think that it 1s 1ikely that meny kinds of mental vetarmdation cre
moleoulsr diseases, saused by the genewcomtyalled mamufacture by the
patisnt of abmoreal melesules in plase of noymal omes that ave mamufactured
by norual individuals. Thers is strong indication that phenylpyruvie
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sligoplrenia is a molecular dissase, or perhaps & complex of molesular
dissases. The ipwestigations of P8lling, Jervis, and others have showm
slearly that phenylpywvuvis aligephrenia is the result of a homosygous
gwnetic adnormality that affects an snwyms that norwally catalyses the
sxidation of the amino ssid pherylalanine to tyrveins. The patients
vith phenylpyruvie cligophrenia ave not shle to sarry ot this oxide-
tion effestively; they do not mumufasture an effestiwe snmyms to catalyse
the reastion. Ve may infer that the patient has inherited fyom sesh of
his parents an abnorsal gens, vhish lsads to the nazmfactuive of an alnorwal
molesule in plaoe of the normel snmymee The alternstive is that thers is e
tlock in the proesss of synthesis of the snmyme, so that nothing at sll is
mamufactiured = it may not be important to differentiate between the failure
to mamfactures the enwyme and the ability to manufacture sn abnormal
molegule that is not able to perform the eatalytic function of tiw snsyme.
1. Le Feuling, ife Ae Itano, S Jo Singer, and I. C. Wells. Sicklecell
Ansuis, a Meleoular Disease. Scisnse L]0, 543 (1949).
2. Je Ve Neel, The Fopulatien Geneties of Two Inherited Eleod Dysereasias
in Msne Cold 3pring Rerber Symposis, Guamt. Biol. 15, 141 (3951).
3. P, Brain, Sickle~Cell Anemis in Africs. Erit. Hed. J. 4§, 880 (1952).
4e Ae Cy Alligon. Proteotion Afforded by Sickle-Cell Trait Ageinst
Sultertiar Mularial Infection. Brit. Meds J. §, 29 (1954).

The first step in solving a problem is to wunderstand it. The discovery
of the abnormal hemogloding has provided us with a far desper understanding
of the hereditary hemolytis snemias than existed before. In the same way,
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msh ey bo dow in incressing our understending of phesylpyruvie olige-
phrenia. It mey be found thel there ave many different allelemerphie
geoss that ean oomtritaie to the preduetion of the disssse; that is, that
these geuan, Iin homesygous state or doudls hetercwygous state, may produss
any ons of a large maber of somswiatl diffeyent o-mditions thet ave now
grouped together,; and theat some of the pstisnts, who mesmfasture abnormal
angyms nalescles that retain s oertain smsunt of ostalytic astivity, mey
be sugosptille to treatment, A test that would distinguish the carriers
of phenylpyruvie oligophrenia would be ussful; it pertieular, the siblings
of a phanylpyruvis aligophrenis patisnt aould lewrn whether or not he is a
sarrisr of the geme, axd vhether or not he should avoild marrying ancther
A fou momths agoy vhen I gawe the Zdesl B. Ford Lesture3, I menticned
that a soore of disenses hawe so far besn recognised ns ensyme dissases,
Mmmmmmam%«umx
the astive susyme molesules, and timt 1t seems to me to be not unlikely
that there are thousands of sush dissases. 1 oomtimued by saying that I
feresss the day when many of these diseases will be trested by the use of
artificlial ensymes. when ocur vnderstanding of snayms astivity descows
great shough « and this will require that a deternination be mede of the
detalled arrangsmect of the thoussnds of stams thet make up one of the
nolesules of the enmymwe = 1t will be possible to synthesise a satalyst for
the exidation of pherglalanine to tyrosine. A mall smomt of this catalyst
say then be attashed to a retisular fremevori: inside of & small opsneended
polythens tube, whisch csnn be permanerily placed in an srtery of & now=bern
thild wvho has been shown Wy the prwesnce of phenylpyruvie asid in the urine



to have inherited phenylpyruvie eligophreniaj through the astion of the
oatalyst the shild should then develop in & norsal way. This idea seems
fantastic nov) tut the verdd of 1955 1s a fantastie world frem the viewpolsmt
of 1905, and I hawe 1ittle doudt that wy predtetion about the world of 2005
will turn cut net 40 be & Dold enc, twt rether a timid and unimeginative ome.
These hereditary dissases involve the genes ~ almormal genes, abmormal
molegules that we can nov safely identify as melesules of deaxyribossmmalele
soid, Reeent atvances in knovledge about the strusture of deomyribossmucleis
ssid have provided the basis for ectfident spesulation sbot the moleculer
nature of the processes of heredity. Yor fiftesn years thers has existed
strong support for the deliaf that biologieal specifieity in generel involves
a detailed complementariness in styucture of interweting meloeules,® and the
proposal vas made ten ysars age! that the mechanime of self-duplication of
the gene 1s a two-stage meckanism involving the use of « moleoule A s the
template for the smymthesis of s complementery moleesule A™L, and then the
uee of A"l as the template for the mamufasture of & moleculs ccaplementary.
to it and identical with A, Watsen and Criek® then nede an extreordinarily
attrmotive and stimulsting proposal about the strusture of deoxyribossnmuclsie
scid. They showed that the meray diffrection pattern given by fibers of de-
agribossausleis ssid is compatible with a proposed structure involving two
deexyribossmuslele aoid chains, eoiled about one another to form a double
belix. In each chain there are residuss of ens of the four nitrogen dases
sdenine, thymine, guanine, aui cytosine st positiens every 3.3 4 along the
axis of the double halix. The structuve is of sueh a nature that at eash
level the nitrvogen basos of the two residuss oonbine with ane another
through the formation of lydrogen bonds. The stable hydrogenwbonded styue=
tures that ean be formed are cnly four in mmberi they involve having ome
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or another of the four pairs sdenine-thynine, tiymine-adenine, guenine-
aytosine, or cytosine-guanine at eash level. The nature of the hydrogen
bonds formed by theze pairs is shown in Pigures 1 and 2 (thess figures are
fron & paper by Pauling and Corey¥s they aiffer from the proposal by Wateon
and Criek in showing tires hydregen bonds between guanine and eytesine,
ratber than enly twe). Acsordingly the distribution of the four nitrogen
bases along cme pelymicleotide elain is eumpletely determised ty that
along the ethers if adenine escurs at & given level in ane ehain, thymine
must oeeur in the other,; and so oo The meleculsr meshanisme of inheritance
proposed Uy Watsem and Criek is seeordingly that the double belix is une
twisted, and emsh of the palymuclectids chains, A and A™L, then serves as
the template for ths mumfacture of its complement, A"l and A, respestively.
Although there ave many detalls that need to be worked out, and wome
signifisent changes in this picture may well have tc be made, there is

no doubt, in my opinion, that Watwen ard Crick hawve mads a eontyibtution of
great importanss, and that we are nov resdy to attempt to formulate a
coupletely detatled malsoular mechanism of heredity, amd to verk cut o
thorough understanding of disssse in terms of moleocules. I en confident
that, in partieular, there will be repid progress in the fisld of mentel
retardation and mental illness, during the eoming deseds.
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Legend for Figures

Fig. 1+ Diagram showing complementariness in structure of thymine and
adenine, which form two hydrogen bonds with one another.

Fig. 2. Diagram showing complementariness in strueture of cytosine
and guanine, forming three hydrogen bonds.



