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I am honored to have been invited to speak at this grest Internalional
Symposium on Encymes, snd especially to be allowed to give s talk with the title
The Future of Inzyme Fesearchs This title suggests thut I think thnt I
know enough about the subject of enyymes to extrepolate its course into
the future = I do not = or that I hnve a sclentific e:ystal ball t'nt I ean
look into « I do note Wh=t I do hove is s deep bellef about the injortance
of ensymes a3 subjects for investigation, end a si-cere admirstion for
engyme chemists ~nd blologists; eand I am happy to be sssoclated with thenm,
even 1f only in the peripheral eupacity of an after-dinner spesker.

The probiem of enuymes encompasses essentially the whole of bloloiye
vhen we understsand engymes -~ thelr structure, the mech-niszm of their sirmthestis,
the echanism of their action = we shall understand life, except lfor irose
agpects of 1lfe¢ thut involve mentsl processes; snd I have no doubt thsut
enzymes are 1. portant for ihege too.

Tnzymes do =n extraordinary job = that of crusing cheuical r.actions
to take place in the holy, st body temperature, which without enzymes carn
be m de to t-he place :ly under ruch different co ditions or with preat
difficulty. The outstandirg chasacterlstic of ensymes Is tlelr speciflicity.
For example, the ensyme PBe.clsctosidsse is able ensily to hydrol, se s
galactoside, .- ervas it hns 1little effect on the lydrolysis ~f o |, luccaide,
which differs from the galactoside only in the s atlel ¢ niiguration shout
a single carbor atoms
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The specificity thai is shoun by enaymes in their activity is not
unique to these substancese It is found nlso in the ability of antigens
to produce s.ecific antibodies, in the sctlon ol drugs snd hormones, ard
in the action of genes In producing repiicas of themselves ard in serving
also to produce othor substances of well-defined gtructure. Of the various
molecules thot demonstrate specificity in their physiological activity,
genes arc the begte Antibodies are heterogeneous « they have the vower of
reacting not only with the antigen th-t caused their msrufacture, but also
with other antigens, more or less closely siuilar to the oripinal one;
enzymes nay serve to catslyse rcactions involving seve:el different,
somewhat related, substances, but genes seen to be nearly perfect in their
actione.

It 15 eas; to understand why genes come closer to perfoction than the
other moleculos with s ecific blolojicel activity = there is =n automatic
mechanianm for meking genes bettersl® The manufacture of an antibody molecule
is & proceas thet occurs only once, so fn1r as that molecule i: concerrieds
I think that in the manufacture of an antibody molecule the antigen serves
nt the template, the antibody being molded about ite If the cornditions under
which the antibody molecule is being menufactured be such as to favor the
formation of a good xnoleculepvith hich complementariness to the antigen
molecule, the resulting molecule will be highly specific in its sctivity -
it will be able to combine very strongly with the homologous antigen, and
much leas strongly with other molcculee;, but if conditions sre unfevorable
(inciuding the operations oi chance during the process of synthesls of the
molecule) the antibody molecuie that is formed mny h-ve only small power
of counbining with this antigen, and a greater power o coumbining with other

molecules. Lhere is no process of selection that operstes to lmprove the
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quality of the antibody molecules that sre¢ manufsctured with use of the
injected antigen sa the templaste. %The process of duplication of gencs is
different in nature: it permits s search to be nade for a molecular structure
with improved pover ol reduplications Let us consider, =8 =n exarple, a
gene thet has undergone mutatione %his molecule, which we nmay eall Al’
serves ns n tonplate for the manufacture of a complementsry molecule, Hye
ihis molecule, By may then serve as the template for the manufacture of
molecule,
another/K;, complesentery to By and sirilar to Aye By repetition of this process
the series of molecules, eunch complementary to the preceding one, is continued:
Bay Ass Byy R4y Byp. If at eny time in thiaf?facfffﬁg mgiecu}e An hapens to
be formed that is perfectly sulted to serving as f‘{he two-stage unnuiacture
of a duplicate of ilself, the process of duplicstion from then on would be
a perfectly reliable ones In this way, the mechn~isn of heredity peimita
the ultimate discovery of a gene with the power of duplicating itself ne:fectly;
or perhnps of a gene with such = structure that the process of duplication,
if not perfect, is quickly self-correctinge
In the shove discussion we have asasumed that blological specificity is
the result of complementariness in structure, rather then idertity in structure.
tach of these two alternatives hns its anpesls The idea thst there ore
special forces th=t operate betwecn identical molecuies hus been sugpested
to a nunmler of investigators by the resonance phenomenon in guantum mecl.anics.
It seems likely tlat the specific forces resulting from this phenomenon,
operating botween icderticel molecules, are so week as to be neglipible, in
the case of lerge molecules such as proteins snd nucleic acida.z There is
no doubt vhatever that the specificity of the interaotion of antibodies =nd

antigens is due to a detalled complementariness in surface configuration and

atructure that permits the antibody molecule and the antigen molecule to come
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into close contact (to within sbout 1 ¥ of the minimum distance of approach)
over a surfnce ares of epproximstel;” 100 g'z’ and that the integrated weak
forces of van der Waals nttraction, ¢ ulomb ettraction between positively
charged snc¢ negatively ch-rged groups, and hydrogen-bond formation between
complenentary hydrogen dovors snd acceptors lesds to 2 spocific bond of
significant strength between the complomentary moloculese I think that
complenentariness in molecular structure of tre same sort is responsitle
for biolo ical specificity in genersle In particular, I thirk thai it is
11kely thut many enzymes - perhaps all enzymes except those involved in the
transfer of electrons during oxidation-reduction reactions - are effective
because of a compleamentsariness in structure to the reacting molecuies. By
the "rescting molecules™ I do not mesn tie substr-te molecules themseclves,
with their normnl configurstions. If en enzyme were to heve g structure

molecules

complementary to thet of the subatrate/in their normel configurstions,
the combination of the su' stiate molecule with the enzyme would stabilize
the .ystem, and in this way w0.1d increase the energy of sctivation sssociated
with the rcaction, and hence decrease the speod of the roactione If, however,
the e:zyme werc complementary in structure to the activsted complex = the
lialf-way structure in the chemical reaction = and not t the resctant molecules
or the product moiecules, then the energy of interaction of the enzyme with
the activated compler would decrease the enerpy of activation, «nd hence
increase thic speed of the resction. This is a reasonsble picture of enzymic
activ.ty, =and one thet is supported Yy expe imental nformstion about ine
Libition of engyme resctions. We sce that a molucule of an excellent inhibitor
of an enzyme i1s one th t simulstes in its structure the ectivated compleie
By the contimuc( study of inhilbition of enzyme ruactione and determination

of the detriled moiecwi:r atricture of the inhibitors it may be possible
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to reach some relistle and detailed cornclusions ebout the structure of the enzyne
itself, in the region carrﬁing the activity.

In order to incrense our knouledge of the structure nni mecheniam of action
of enzymes more work must be done in ti.e field of moleculsr structures In psriiculsr,
the present structure theory of chemistry, which suplies in the wmain to subst-nces
in their noimnl ststes, must be extended to cover rlsoc t'e activated comploxeas
Becsuse of the brief period of tire during which the activated complexes exisat,
in the course of chemical resctions, the exverimentszl atudy of their structure is
diffiewdte I think th-t it is likely th-t the development of the field of structural
chenistry of activated complexes will be made In irrge part through the application
of theory - an extrapolation from the chemic:l structure theory of substsnces in
their normal states.

nsymology a3 a sclence now stonds where organic chen!stry stood n century
ago, before the structural fo:mulas of chemistry/égzz;uped. In the course of the
nany interesting papers about enuymes that were presented at the symposium today
there was not shown s single lantern sli.e giving the interniomic interrelationships
of an enayme and the activ-ted couplex for the catslysed reactione The time is
rapldly approaching when engyme cherdats will use structurnl formulss of activated
complexes, end atructurel formulas of the ensymes with all interatomic dimensions
correct; wren this ti-e comes, ensymology will hove resched the steye in its
development thet hszs now been reacled by organic cheniatrye

Enzymes are protelns. luring recent years we have seen the astounding
development of cherieal methods, including chromatography, to such power ns to
permit tho detoruination of long sequences of erino ncids in the nolypeptide chains
of proteinse. It is evident, however, that an underst-nuin; of the specific nroperties
of proteinas cannot be oltsined trrough knowledge of riinoencid secuences slones It
will also be nccessary to h-ve ¥novled; e of the way 'n which the polypeptide c!ain

is foltied, nnd the detalled configuration in spsce of the side cheins. I am
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confident thst the x=rsy investiyation of erystzls of globulnr proteins will be
guccessful in lesding to the complete structure ceterrdnstion - the locstion of
every stom - of the molecules of neny proteins long before the next fifty years of
enuyme research is overe I am willing Yo forecest that within ten yea:rs there will
hrve been nade such a complete structure determination of at lesst one ciyatniline
globular proteine.

It is he:d to forecnst to how great «n extent enuyme researcl. during the
next fifty years wil. Je-d to progreas in the ficld of nedicine. It iz now known
thrat s number of diseases are the result of some sort of abnormality invelving enaymesd,
end thet perhaps these diseasea shoulé be deseribed as molecular Uiseases, resulting
from the synthesls of enzymes of abnormal structure, which are not able to carry
out 1n a proper way the work that the erzyme rormslly doese Sickle eell ene-da was
the first disense to be recognised as resulting from the ;ene~controlled azynthesis
of an abnormsl molecule, in this case the Femoylotin molecules It k-8 ber: shown
that a condition that may be called a disease occurs in Newrospora as a result of
the manufacture of sbnorzal molecules of the enzyme tryptophan synthetasee The
diseaseﬁiﬁnylketonuria, which lends to mental deficlency and other menifestations,
secns chearly to be the result of a gene-controlied fsilure of the irdivicusl to
manufacture an effective eniyme tiet normslly catslyses the process of oxidation
of phenylslanine to tyrosine. Perhaps the genie -bnormality 1s such =8 to lead to
a complete lrterruption of the process of monufseturing this erzyme, or perhap
an abnorzel molecule is mrnufactured, which does not hrve the nors-1 enzyrlc setivitye
A score of diseases hove s0 far been recognized as enayme disenses, nresumably
resultl: g frou the manufacture of sbnormal molecules i+ plnce cf the active cuzyme
moleculsss 1 tiink that it is not unlikely that therc sre hundreds or thoussnds of

such disenses.
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I foresee the d»y when many of these diseases will be treated Ly the use of
artif ¢ial ensymese “hen our unde:stencing ol ensyme nctlrity becomes reat
erou h, it will be possilble to synthesiae a catalyst for the oxidation of
phenylalarine to tyrosine. * snsll amount of this catalyst iay then be nttached
to s reticulnr fin owork inside of - snall open-ended polythene tube, which ean
be permanently pisced within sn srtery of s neweborn child vho hea becn shown
by tie presence of phenylpyruvie scid in the urine to heve Inhaerited phenylretonuria;
through the action of the catalyst tle child shoula tien develop 1» 2 noral usye
This laea seems Tantastic now, but the world of 1956 1s a fantastiic uworld from
the viewpolnt of 1905, snd I hnve 1ittle doubt th-t my pr.diction sbout the world
2005 w111 twn out mtfbeto a bold ons, but rather a timid -nd unima;instive ones
Inaymesa ars wonderful substances = they consist of wonderful rolecules. Ve
do not know vory much about these molecwles as yet, “nd 30 £a: durdr, tiia
Internationsl Symposium on Enzymes t ere hirs boon very 11ttle discussion of the
new exnerimentnl Informntion =bout snzymes in relstiion to th¢ detniled molecular
structures of the enzymes and the rescting molecules. I am sure t'»t the fileld
of enz; e resesrch will be much Giffersnt even fifteen yoars from now - $hisi
tlere wil. then be :tuch grester knowled,e ithan we now have of stricture anc
activity of enirmese 1 hore tlat fifteen jyears from nvu the o will be awothor
inteinstions1l symnosius on onzyues here in Detreit, and thal | may have the
opportunit; to attend 1t « znd I »oredict that many of the sheskers ot this
sympogium,i1§70, will 11lustrate thelr papers by the use of sl.des showing
detslled wolec.dar astructures of ensgymes snd rescting molecules.
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Le Pauling in d scussion of ‘etion of Xer-ys ot ‘ow Temma. 4ures on the Gemetes
of Lrosophils, by L. Novitski, “mer. Nat., 83, 189 (1949).
2 Le Pauling -nd ile Lelbrueck, Nature of the Intermolecsr Forces Operstive in
Blological Processes, Science, 92, 77 (1940).
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