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' SOME PROBLEMS OF MODERN BIOCHEMISTRY IN THE USSR

[Following is a translation of an article by V. A.

Engel'gardt in the Russian-language periodical Uspekhi
khimii (Progress in Chemistry), Moscow, Vol. XXVIII, No. Q,
1959, pages lCll~lO35 |

© Among all the divisions of wmodern chemistry, blochemistry is
a field of particularly rapid and impetuous growth. In this respect
it can be compared only with the chemistry of artificial polymers.
Those fields of biology which have been invaded by chemistry are be-
coming more and more varied. The most important functions and char-
acteristic specific features of living organlsms--heredlty, movement,
activity of sense orgsns, energetics, the nature of diseases, the
phenomena of immunity, and many others-all these fundamenteal manifesta-
tions of vital activity are becoming more and more the object of bio-
chemical ipvestigation with every pessing day. A truly unbounded
sphere of activity has been opened before modern biochemistry, and of
all the most vitally important problems of biology, it would be diffi-
cult to find any whick would not also be problems of modern Yiochemisty.
With the number and enormous variety of problems that face bio-.
chemical investigation today, certain dominant lines of investigation
stand out in bold relief. These have created the present-day image of
modern biochemical scicnce and have determined the paths of its devel-
oyment in the near future. One can speak of central, decisive areas
upon which research workers have concentrated their principal atten~
tion, and in which the achievements have been particularly great and
the tempo of development most impstuous. In organic, and to some ex-
tent in inorganic, chemistry, the dominsting place has been held in
recent years by the study of synthetic pclymers. In an analogous man-
ner, the predowinant attention in modern bilockemistry has been concen-
trated on the study of two classes of natural high polymer substances: '
on the one hand, protelns, and on the other hand, amino acids. Cf
course each of these two dominant areas of modern biochemistry includes.
a large number of varied aspects which are now growing intc large 1nupm
pendent fields of knowledge, e.g., the aggregate of problems of enzy-
mology, the vproblems of chemical genetics, etc. It 1s along these two
lines that it is expedient to attempt to elucidate certsin problems of
modern bicchemistry in this article. This restriction of the material
 examined is also justified Dby the fact that the great fields of research
' mentioned sbove are closely interwoven, so closely interwoven now that .~
it is-difficult to draw a boundary between them. '
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mhe role of the nucleic acils, or more precisely, one of thenm--
desoxyribonucleiz acil {TNA)--a5 a councrete chemical substance trans-
mitting hereditery information to e number of generations has now
become s0 generally known and so well substantiated that there is no
need toc &well upon it in a generelized mamner. The experinents snﬂWLng
that it 1s possitle to-use a INA preperation obtained from one type of
bacteria onr microbes of another type and cause them to be transformed
into the fiest type f“om which the DNA preparat*on had been made; were
2ecisive in this connzction. Since the changzs of propertles brouzht -
sheut in this manner is inkerited and meirsained in a long serizs of
subsequent generations, it is clear that the DNA acted herz as a car-
rier of genetic information. In this comnecticu, one shouid mention
the very elegant eyperiments conducted by Straub in Budepest, waich are
&5 yet less well krown (1]. They were concerncd with the utransmicsion
by meesns of DNA preparations of the properties of sensitivily cr vesist- -
ance on the part of microbes to antibiotics. It was kaown that it was
possible to cbtain streins of becveria thas wers resistant to penicil-
lin by cultivaiing them in .a medium containing flrst only very small,
then growing quancitiszs of this axtibiotic. The cause for this resisi-
snce lay in the development of a special enzyme by the m¢c20ues, ’
penicililinase, whizh destroyed the penicillin. Straub e ctabiished that
it was possille to cbuain a DNA preparetion from the resistant strain
he hal developed, and, Yy using tiis on a strain that was seansitive to
nenicillin, to transfowrm it Iato a penicillin-resistant strain despite
the fact that these bacteria kal generally never come into contact with
nenicillin. Con 1sequently, here too, DNA had acted as a carrier of
inherited information ana had brought aoout such a valuable properiy
as resistance to a bactericidal substance. It is easy 1o imagine vhat
scrs of proklems of peramount theoretical and practical signlflcance
origicate in observations of this kind.

The structurai model of DNA creatod by Cricrx. and watson fa] on
the basis of physical studies szpecifies a doukies heiix of two poly-
mucleotide chaing going in oyposite directions, with the starting .
pcints of beth chains so iocated that the adenire in one chain is &l-
wers cpposita thymine in the other chain while the guanine is opposite
the cytosire. Huth chains ere held in place by Lyrax rogen bonds which
are broken ab the timz of czil Civision, wiien 2ach single DNA cuain
that is formed acts like a matrix in forming & second compleme:zary

chain of the prev1ous composition [3]. This is shown in D 1agram
[ses Figure Appendixzl.
This mechanism of se_¢~r09roduction of DNA dur ring cell &ivicion,

whick wae formulated speculatively, can be followed v1sually by means
o@ an crdinary microscope. The cbject of stuly is first trpatna.w1th
Lymine tagged with tritium.  The tbymine enters the DNA rapidly, both
chains in equal measure., Upon division, each of the pasencal chains
serves to form one of the two resulting daughter chromosomes. It was




possible to see by means of radioautographs that all the chromosomes

of the first division (that is, in the first generation) contained a
tagged atom, but it was now in only one of the chains. In the following
{second) division it turned out that half of the chromosomes contained
a tagged atom while the others did not have one [41. This is explained
by the diagram in Figure 1. ‘ “ : .

Thus, the mecharism of the duplication of TNA molecules which had
been speculatively vostulated became: established. - : ‘

'The problem of genetic information acquires concrete form when
written in a chemical code composed of a four-letter alphabet. The _
role of this code consists in the fact that it determines the particuiar
structure of those proteins which are to be synthesized after cell
division. These proteins form end compose a mass of daughter cells.

Tt is postulated that each separate amino acid corresponds. to-a certain
combination, that is, the composition and mutual arrengement of three
pairs of nucleotide residues in the DNA chain. Here we have an example
of the previously-mentioned close interweaving of the biochemistry of
aucleic acids and the biochemistry of proteins. However, the actual
forms of this connection are somewhat more complicated. The DNA serves
a8 e matrix or e code of the first order.’ The synthesis of new cellu-
lar proteins is not carried out directly on it, according to the ,
present-day ideas. The DNA serves as a matrix on which the ribonucleic
acid molecule is synthesized, of course with a strictly-determined
alternation of its purine and pyrimidine bases, whose location is deter-
mined by the location of the nucleotides of the primary matrix, that is,
the DNA. Syathesized in the nucleus, on the DNA as on a matrix and =
receiving all details of its chemlcal code like a printed sheet from a
stemp, the rivonucleic acid (RNA) then fulfills the role of the matrix
of the second order. It is the RNA which participates as the direct
pattern in the synthesis of protein which takes place in definite ‘
extramuiclear sections of the cell, in its cytopiasmic formations. I
shall pass on a bit later to the form of the participation of RNA in
this most important process--the biologicael syathesis of proteins. .
First, I shall say a few words on the chemistry and the fate of DNA.

‘ ' The splendid research done by Belozerskiy and his co-workers
[5] kas shown that not only the fine details of the structure of DNA
(which we have not been gble to detect as yet, but whose existence we
agssume on the basis of iwndirect considerations), but even the gross
mnerical relationship of the components which make up DNA, reveals
characteristic differences in closely related types of microbes, or
even in artificialiy obtained modifications of the microbes. In con-
trast to this, the composition of the RNA turned out to be practicalliy
the same ot all times, thus obviously supplying all synthetic require-
ments of the cell with its components. - . -~

The biological task of DNA is to guard continuity in the change
of generations. Any changes in its structure will lead to some changes
in the progeny, to so-called mutations. It is natural, therefore, that
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+hea DNA itself should retain as far as possible immutability of struc-
ture. Thls requirement is satisfied by the fact that the DNA in cells
vhich are'not dividing displays an extraordinary .stebility - an extra~
ordinary metabolic inertness. The isotope method showed that in the
period between divisions, DNA is almost completely free of cycles or
rejuvenation in the cell. In this respect it differs sharply from all
the other cell components which rejuvenate at a rapid rate - proteins,
lipids, even ribonucleic acid. It follows from this thet mutation
occurs essentially as a result of imperfection of the process of self-
reproduction or duplication of the DNA molecules in the process -of
Givision. I ‘ o , _
' We know that if the stability and unalterability of DNA is a
necessary condition for the continuity of inheritance, then mutations
constitute a basic variability, and through this, evolution. Tarough
patural or artificial selection they ensure the possibility of the
improvement of organisms. We have the right to say . thet imperfection
in the self-reproduction of DNA is the basis of the improvenernt of
organisms. , , o . .“ o ‘
In its physical and chemical aspects, on the molecular level or
1n "molecular biology," modern biology can Tind no more vital or urgent
tack than that of explaining the mechanisms of mutation, discovering '
their chemical nature, and through this finding ways to direct these
mutations. o ST o : .
One lerge success has already been achieved along this path.
We can direct mutations ir a ‘guantitative sense, that is, increasing
their frequency by radiation or by chemical substances, the so-called
mutagens. It should e noted that both these methods for quantitative
influence on the process of mutation were discovered by Soviet scien-
tists: Nadson [6] discovered the mutational effect of X rays on
yeasts. Reppoport [7] discovered the mutagenic effect of chemical .
substances and found some compounds which had a particularly energetic
rutagenic action. No matter how effective radistion may be as a
mutagenic factor, it has one exceedingly important shortcoming: - accord-
ing to theoretical considerations one must expect that the character of
the mutetions caused by radistion will be completely random and that
one cannot count on any selectivity at all. In conrast to this, we
have a right to expect some degree of selectivity from chemical
mutagenic factors; thus they should be cf special interest. Experi-
mental evidence already exists in favor of the selectivity of tiae
mutagenic action of chemical substances.. When the action of several
mutagens was compared, namely: . 5-bromouracil, proflavine, and 2-
sminopurine (Diagram 2), it turned out that each of them caused the
appearaence, as Benzer stated [8], of "hot zones," that is, zones in
different places in the linear structure of the same gene, where muta-
tion could occur with particular ease. Even though this is stlll a
most incomplete result, it is important in that it provides evidence
of the theoretical possibility of selective, localized action by this
or that mutagen. - o
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In the case of the example given here, it must he emphasized
that the mutagens used had the character of the factors which have been
designated as "antimetabolites." These are compounds which have struc-
tures similar to the normal components of nucleic acids but still are
not identical to them and differ from them in a definite manner. One
is compelled to believe that their action in mutation is caused by
their being substituted for certain normal components in the process of
the selfnreproductlon of genes, thus giving rise, so to speak, to their
own type of chemical mutilations in the newly synthesized nucleotide
DNA chain. Consequently, we have here an exceedingly interesting
example of the application of the principle of antibiotics on the level
of genetic experiments. Undoubtedly this cen offer prospects enticing
to the highest degree. '

The problem of the chemical formation of mutations is indivis-
ibly ccnnected with the problem of the methods for the synthesis of
polynucieotide chains of both nucleic acids. Important progress has
been schieved in these methods in recent vears. The most splendid
achievements of biochemistry in the last 5 years must certainiy include
the outstanding successes achleved in the fermentative synthesis and
the contributions of Ochoa, Grunberg-Manago, and a number of other co-
workers [9] on the one hand, and Kormberg [10] with his group on the
other. A number of fundamental facts have been established, as for
exemple, the necessity for the presence of some "primer," that is,
preformed nucleic acid. It was established that in some cases synthesis
proceeds along the path of the splitting of orthophosphate; and in
others, the separation of pyropaosphoric -acid from the corresponding
phosphorylated forms of nucleotides. The possibility of building up a-
polynucleotide chain on two of its ends was demonstrated with the
hvdrox"l group in the third hydrogen pentose, or from the end poly-

vhosphate group as shown in Diagram 3.

‘The problem of the nature of the "priming" action and, along
with it, the problem of the factors which control the ordered alterna-
tion of the nucleotides in the chain in accordance with a definite
predetermined plan, constitute a larger problem of great significance.

' Whether the "primer" serves as a matrix, whether it acts only
as an acceptor of nucleotide residues for building up the chain, or
participates in the process in still some other mannrer, remeins une
known. In one way or another, from investigations of this sort we have
the right to expect to discover the nature of the mechanisms which con-
trol the alternation of the links in the structure of the nucleic
acids, and to then proceed from that point to learning hov derangements
can take place in the formerly established order, that is, how mutations
take place. There is no doubt that this is one of the most important
problems of modern chemical biology.

If we wished to summarize what has been said concerning present-
day trends in the study of nucleic acids .and to note the chief problems
which stand before research workers in this field, the most urgent of
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theqe nroblems would undouotadlv bs the problem of establishing the
chemicsl structure of the nucleic acids. The Watson-Crick diagram
gives an idea of the general plan of the structure of the nucleic acids
rather than the physical aspect of this structure. Priority should be
given the task of decoding the sequence of the location of the nucleo-
tide links in the enormous nucleic acid chain. This is a task of no
small difficulty end, which is not strange, the chief cause of this dif-
ficulty mey be in the comparatively grest simplicity of the composition
of the nucleic acids. It is clear from the brilliantly successful
experiment which clarified the structure of proteins that the way to
decode the seguence oi the llnks in the long linear polymer consists of
fragmentation, breaking the long chein into a number cf shorter:segments
accessible to chemical ‘analysis. Comparing the composition of the frag-
-ments obtained by painstaking selectlon, a. process Treminding one of the
assembly of a jig-saw puzzle in which & complicated plcture is broken
down into a lerge number of pieces, will ultimately ‘meke it possidle to -
establish the sequence of the location of the links in the original
chain. In the case of proteins this difficult task is lightened by

the fact that we have here a varieﬂated assortment of' pr*mary links-~
about 20 amino acids. Since different’ enzymes break only the linkages
between definite pairs of adjacent amino acids, it is possible to
divide the polypeptide chain into different segments and to obtain
fragments of different composition. On the other hand, the variety of
‘“the amino acids and their comparatively large number prov;de a consid-
‘erabie number of support points when reconstructing the "jig-saw puz-
‘zle," that is, establishing the original sequence of amino acids, since
one can czclude one of the assumed combinations after another and, on

he other hand, find possible combinations. In the case of the nucleic

acids, we have only four elementary components, four types of bases.

We do not have at our dieposal as yet preparations of those specific
- engymes which would breek only certain types of linkages.  Here it is

. glmost impossible to expect such specificity, as the broken linkages
-are not found between specific components of the nucleotldes, not be-
"tween their purine or pyrimidine bases, but between pentose residues
which are identical in 'all links. Apparently it is necessary to walt
for the development of some fundaméntally new methods of analysis in
order to solve this first. prlorlt" prdblem in the field of the chemistry
of the nucleic acids. -

It was natural to devote spe01al attentlon to examining the. prob-
lems connected with the chemistry of DNA and the resultlng prospects for
studying proolems -of- genetics by phy51cal and chemical means. This was
justified by the vital importance, both theoretical and practical, of
this entire sphere ‘of problems of modern biochemistry.

. I shall now pass on to an immediately adgacent field - that of
the mechanisms of the synthesis of proteins - a synthesis which, as
pointed out previously, is controlled by and.progresses with the close
participation of RNA.




The process of synthesis of the protein molecule has not been
divided into a number of isolated, sharply bounded stages f11].
Originally, threce of these stages were separated. The first stage was
the activation of the amino acids to be joined together by the forma~
tion of peptide linkeges. The second stage is the ordered combination
of the activated amino acids by closure of the peptide lirkages; this
is now called "sequentialization" {it is difficult to find a single
‘ word which conveys the idea of this term), that is, arrangement in a
given order. The third stage is the acquisition of a definite arrange-
ment in three-dimensional space that is specific for a given protein
bty the linear molecule of the polypeptide chain - the acquisition cf a
three-dimensional structure. - o x

Of these three stages, we have concrete chemical ideas of only
cne - that of the activation of amino acids. As for the other two
stages, which are actually perticularly important, as they determine
the entire specifics, that is to say, the individual chemlcal physilognomy
of each individual protein, the task of clarifyinrg the mechanisms ard
patterns which direct them still remain a matter for future recearch.

The carboxyl group and the amino group of the amino acids are
not reactive enough to link directly with one another to form a peptide
linkaze. In his classical experiments on the synthesis of the first
peptides, Fisher increased the chemical mobility of the carboxyl group
by using the anhydride in place of the acid in the form of the acid
chloride. By proceeding in this manner, the great chemist followed in
the Footsteps of nature. It is in this way, the use of the anhydride
of the amino acid, that its activation Is accomnlished in the process
of biclogical synthesis. The chlorine used by the chemist is not very
suitable for this purpose; it is difficult to imagine thet emino acids
are activated in the cell by phosphorus pentachloride, as the organic
chemist does it. Neture has chosen a way which is theoretically similer
in chemical respects, but incomparably more gentle still, due to the
participation of enzymes, a very effective method. Instead of chlorine,
‘a nucleotide (adenylic acid) is included in the anhydride linkage. In
cherical respects the process of activation is the result of splitting
the pyrophosphoric groups from the adenosinetriphosphoric acid and re-
placing tham by aminoacyl; that is, this reaction can be regarded as an
inversion of the so-called pyrophosphorolysis (Figure 2).

‘ The adenyl anhydride of the amino acid is foxmed; it is the

"aetivated form" of the amino acid. This activation reaction takes
place in the liquid, structureless part of the cytoplasm under the ef-
fect of special enzymes. As far as one can judge at present, every
individual emino acid requires its special enzyme for activation. Meny
of them have already been separated into their individual form. As in
the mejority of anhydrides, the linkage in the sminoacyl adenylate has
an increased supply of energy - this is the "rich energy,'" or the

- macroenergic linkage.



The second state which follows the activaticn of the amino
acid 1s of great interest. Here RNA is included in the process where
1t 'is a definite, unique fraction. This is the so-called "solublz"
RNA- of the cytoplasm which is not included in the subcellular struc-
 tural elements of the ctyoplasm - the microsomes, the mitochondria,
etc. This soluble RNA fulfills the unique function of transporting
the activated amino acid from the activating enzyme to the place where
the peptide linkage is actually formed: the activated amino acid
residue is transferred from its linkage with the adenyl acid to a
linkage with a molecule of ribonucleic acid. This transaminoacyla~ .
tion, as we might call it, i1s ascribed to the same activating enzyme
that caused the primary formation of the aminoacyl arhydride, that is,
the activation of the amino acid. The "soluble" RNA is distinguished
by a comparatively low molecular weight, on the order of 10,000-

40,000; that is, it contains 20-80 nucleotide residues.  In order that
ithc amino acid may be linked with the RNA, its end portion must con-
tain a certain combination of nucleotide residues, namely, the sequencn
of adenyl and cytosine nucleotides. It is not clear yet whether the
components of this group serve at the place where the amino acid has
been transported or whether, on the other hand, it is held elsewhere
in ‘another part of the polynucleotide chain while the end group is
essential on¢y as a contact point for the enzyme. There are indica-
tions that the contact of the amino acid talkes place in the hydroxyl
group in the hydrogen pentose which occunies positlon 2 or 3.

The role of the soc-called "soluble" RWA is defined to be the
function of an “adapter": its task is to trensport the activated
amlno acid with its inherent supply of chemical energy to the struc- .

ural elements of the cytoplasm (microsomes and mitochondria) where
':the arrangewent of the amino acids is actually carried out in the ‘
required order and where the synthesis of the peptide linkage takes
place, that is, in the actual construction of the protein molecule.

~ In the initial stage, the participation of one polyphosphory-

‘lated nucleotide, adenosinetrirhosphoric acid, is required for activa=-
tion of the amino acid. In the final stages the participation of .
another purine- mononucleotide, the guanine, also in the triphosphate
form (in the form of guanosinetriphosphoric acid), has been found to
be necessarv Although the chenmical concept of partlclpation is clear
Tor ATP, nothinrg definite can be said as yet concernlng the form of
-participation of GTP. It turns out in general that the more closely - -
we aporoach the final stages of the synthesis of protein, the more
-scanty our knowledge of certain chemical mechanisms which occur there.
“Therefore it is necessary to limit ourselves to presenting the general
diagram which sumg.up what we have stated here (Figure 3).

There is no need to emphasize how large the number of questions
is that face the research worker in the field just now discussed - the
problem of the biosynthesis of protein. The number, the variety, and
the vital importance of all the ramifications which originate in this
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cantre) prokiem are perfectly clear, and it would be superfluous to
emmerate them here. Instead, it would be expedient to go directly to
5 discussion of certein aspects of the study of this product, a subject
to which we have beep led by the foregoing elucidstion, that is, to go
on to problems connected with the study of the chemical structure of
protein.

mhe chief attention has been cconcentrated here at present on
studying the biologically active proteins, chiefly two categories: tue
enzymes and the protein or polypeptide hormones, also (more on a physi-
cal plane) the blologvcahlv active proteins - pigments, chromoproveids,
in particular hemoglobin and myoglobin (th= coloring sibstance in
muscles). This is not at all surprising, since in this case the study
f purely chemizal problems is indivisibly connacted with the sclution
of the most important problem - that cf the connection of hiological
activity with certain details of chemical struciure.

The present era of the structural chemistry o protein was
fonaded by Sanger [12], who discovered the structure of the entire amino
acid skeleton of insulin. In the course of this classical research he
develcpaC a coxplex of methods which are the basls for the present work
on the structural chemistry of proteins. There is scarcely any neces-
51ty for enumerating or presenting these methods; it is sufficient to
state that two mein principles are used: fragmentation of the original
wrotein by different proteolytic enzymes (trypsin, chymotrypsin, sub-
+1'&“*ﬂc, and others) into more or less large fractions, -and determina~
tion of the suructure of these fractions by establishing the end groups,
the so-callied §- and C- end groups, that is, those containing the amino
groun or the carboxyl group. The chain segments were shoriened by
soiitting off the end residues by chemiceal means (the phenyl. isothio-
cyanate method with the formation of hydantoins for N-end groups and
hidrezinclysis for C-end groups), or by an enzyme method, by the action
of awino- or carboxypeptidases. After establishing the orCer of arrange-
ment of the amino acids in each individual fragment, comparisons of the
formilas of the incividual fraginents which had beszn obtained in this
menner permitted deteramining the sequence of arrangement of amino acid
residues in the entlre original protein mclecule after much palpstaL¢nb
ané leboricuvs wor

Although the soclution of the protein “"jig-saw puzzle," that is,
establishing the sequential crder of amino acils in & protein moiecu
continues to be a laborious task, determining the general amino acid
composition of any protein, not too long ago a time-consuming and
laborious project, has ncw become a simpie technical operation. An
automstic device has been built, of not too complicated design, which
has & volume of egbout half that of an ordinary chemistry teble [3].

The protein hydrolysate is placed in the device, and in- 24 ‘hours the

automatic device itself makes a complete analysis without any interven-

tion by the experimeénter, and gives the quantitative results in the

form of a gragh inscribed on a tape, from which it is easy to flnd the
absolute quantitative conucnt of individual amino acids.
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TABLE

. SYRUCCURE OF THE INSULIN MOLECULE

B

‘Phenylalenine

Valina

Asparagine

Glutemic acid
Histidine R
Leucine N
Cyéteiﬁe’-::f--g-ébl
Glyéine , o ‘
Serine |

Histidine

" Leucine

Valine
Glutemic acid
Alanine

Teucine

Tyrosine

Leucine

Valine

Cysteine ---5

Glycine ,  1=--- s,_-;-_-;'s“

Glutemic acid 4

- 10 -

;lGlycinea

- Alanine

.Berine

~ Cysteine

Cystein

'Glutamic acid

A

Isoleucine

Valine '

Glutamic acid

Glutanic acid

Cysteine

Valine
Serine -~
Leucine

Tyrosine

Leucine

Glutemic acid

E Asparagine

Tyrosine

~ Cysteine - -

" Asparagine




B ' TABIE (CONTINUED) A
22 Arginine |
: ‘23 Glycine
24 Phénylalanine
25 Phenyiélanine
26 Tyrosine
27 Threoninei'
26 Proline .
29 ILysine
30 Alenine

We have presented a teble of the structure of the insulin mole- -
cule.  The molecule consists of two polypeptide chains: one {Chain A)
consists of 21 amino acid residues; the second {Chain .B), of 30
residues. The chalns are connected by two disulfide bridges: one be-
tweeni the cysteine residues in position 7 in both chains, the second
between the cysteines in position 20 in the A chain and position 19 in
the B chain. In addition, there is an intrachain disulfide bridge vaich
forms a 20-atom cycle.’ ‘ »

. Two hormones of polypevtide nature produced in the hypophysis
cerebri have been the object of thorough chemical study. They are
vasopressin and oxytocin, which act on the muscles of the uterus and
blood pressure. They turned out to be peptides which contain nine
amino acid residues and 20 element cycles formed by disulfide bridges
(refer to Diagram 4). Decodlag their structure was completed by success-
fiul synthesis of both hormones [14]. This first synthesis of natural
biologically active peptides represents ore of the brilliant pages of
contemporary biochemistry and organic chemistry. -

When we examine the formulas of vasopressin and oxytocin, our-
sttention is @irected first of all to the fact that two hormones with
entirely @ifferent actions have structures that are exceedingly
similar - with just the differences, in the first place, that the
aliphatic amino acid isoleucin is replaced by an aromatic one, pheny-
ialanine, while in the other part of the chain the neutral amino acid,
leucine, is replaced by the basic emino acid arginine. Such is the
difference between the two different hormones. - It turned out that no
matter what species of animal one used as a source of oxytocin, it
always had exactly the same structure. The situation was otherwise in
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the case of vasopressin. As msy be seen from zomparing the last two
lines in Diagram 4, the hormones from cettle and pigs differed in one
link of the peptide chain: in both cases the amino acids are basic,
but in cattle vascpressin it is arginine while it is lysine in pigs.
This difference has no effect whatever on the biological properties.

Tais example introduces us to a fisld which is of great inter-
est - concerning differences in epscies and structural aspects of
biologically ective substances, also all their most importent cate- -
gories which belong to the general class of compounds of peptide
structure: peptides and protein hormones, enmymes, the respiratory
pigments - hemoglobin end cytochrome. One may state that the vrogress
made in protein chemistry of recent years has opened a new page in
chemical biclogy and has made it possible to speak of comparative
anatomy on the mclecular level. Although comparative anatomy, which
Yol established the kinship end difference of species and other
systematic categories, had operated by comparing organs end other
Jarge parts of the body, thelr forms, structures, etc., up to this
time, it has become possible now to speak of the anatomy of mole-
cules. This is one of the new and recent large problems of modern
biochemistry and it merits .attention. _ ' ‘

At present, the structiure of a considersble number of polypep-
tide~like hormones has been established in the sense of the order of -
alternation of amino acids. Except for insulin, these are hormones
from the hypophysis cerebri. 'In a number of cases they are hormcnes
of "nigher order": although they themselves are products of internal
gecretion, they contrcl in turn the activitiec of different endocrine
glands - the thyrcid, adrenal, and sexual glends. The hormoues of
the hypopkysis include the above-mentioned Two low-molecular hormones,
vasopressin and oxytocin, then the unique hormone which comtrols the

ctivities of the pigment cells of the skin in amphibians, the S0~
called melanotropic hormone; the hormones of growth, the lactogenic
hormone which controls the process of the formation of milk in 'the -
memmary. glands, etc. L - -

B Complete decoding of thae alternation of amino acids in their
melecules has been achieved for some of them. This was achieved in
the case of the exceedingly important hormbné ACTE (adrenocorticos
tropic hormone) with its 39 amino acid residues, and also in the case ;
of the melanotropic hormone which contains 18 residues. _

‘Two simllar, very important patterns were discovered in almost
g1l cases [5]. On the one hand it was almost a general rule that
similar functions were fulfilled.in all representatives of the animel
world studied by compounds wiich were practically identicel in respect
to the general structural plan. At the same time, however, in a nume
ber of cases there were definite, as a rule very small, differences in
the sense that in certain places. the molecules of some amino acid
residue would be replaced by another. We sew this also in the exampie
of vasopressins. To illustrate this point further we cen present the
following comperisons.




Differences in species were also discovered in insulin. IHere,
in this large molecule containing 51 amino acids in its two chains,
the poss1b111t¢eo for all sorts of changes would seem to be very large.
However, it was actually found that in some cases the hormone of
species far apart in the systematic series of species - pigs and whales
- were comgpletely identical. Differences were observed in other
speciles, but it is noteworthy that all of them were concentrated in
one clossly limited section of the molecules, namely, in positions 8,
9, and 10 of chain A, within the bounds of the intramolecular cycle
closed by the disulfide bridge (Diagram 5).

Sheep insulin differed from cattle insulin by the prepen:e of
serine in place of glycine. Horse insulin differed from the sheep
hormone by two amino acids: alanine in place c¢f threonine and valine
in place of isoleucine. Finally, insulin from pigs arnd whales which,
as has been stated previously, was identical)., differed from the horse
hormone by one amino acid and in this case serine replaced glycins.
Conseguently, position 8 might contain either alanine or threonine;
pesition 9 might contain either serine or glycine; and in position 10,
either valine or isoleucine. With all these changes, the biological
activity remained constant. It may be concluded from this that the
section inside the disulfide loop in the A chain is not directly ‘
responsible for the biological effect, it does not serve, as it is now
acceptable to say, as the "core" or active center which determ;nea
this cr that biological function of the Prctein, in this case 1 ] hore
mene function.

Of great interest is the fact that two bioclogically active pro-
teins with wholly different functions, for example, two entirely 61f-
ferent hormones which possess very different general structures,
sometimes Gisplay qulte large sections of their structures which have

identical amino acid arrangements. Two hormones from the hypophysis
can serve as en example of this: the adrenocorticotropic hormone on
the one hand and the melanotropic (which stimulstes the pigment cell )
on the other. The adrenocorticotropic hormone (ACTH) contains 39 .
amino acid residues, and the melanotropic hormone is of considerably
simpler structure - only 18 residues. At the sane time, their mole-
cules contain parts which show an exceedingly high similarity in the
sequence of the amino acid residues and are entirely 1dertica1 over a
considerable length (seven r361dkes) (Diagram 5). .

Loops are identical in both hormones. We see identical h@p
veptides and a unique exchange of places by adjoining serine and iysine,
then again identical tyrosine and proline residues, such that if it
were not for the above-mentioned interchange of the two amino ecids,
the identical sections would be extended to a sequence of 11 emino
acids, that is, more than half of the molecule for one hormone and a
fourth of the total molecular structure for the other.
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" We see from the examples ‘cited here that the problem of the bio-
logical. action of the hormones, these mighty regulators of metabolism
in the organism, has now been shifted to a large extent to the plane
of the chemical structures of molecules. T ‘

Another no léss importent and considerably larger group of sub-
stances of prime importance where the problem of the vlological, '
specific action is now becoming an ever-growing subject of study of
moleculer structures, are the enzymes. . o

 After the decoding of the structure of insulin, the clarifica-
tion of the structure of the enzyme ribonuclease, which is now almost
completed, should be considered as an equally great event [16]. In
contrast to insulin with its two chains, it has a single polypeptide
chain of 129 amino acid residues. Eight cysteine résidues form four
disulfide bridges. The location of the cysteines in the chain and the
clerification of which pairs formed disulfide linkages between them-
selves, made it possible to construct the hypothetical spavial struc-
ture which the peptide chain should have in order to ensure the possi-
bility of closing the sbove-mentioned sulfide linkages (Figure b).

Thus it was possible for the first time not only to establish
the composition of the enzyme, not only to clarify the sequence of the
amino acid residues in its peptide chain, but also to sketch probable
contours for the general configuration of the enzyme. In the light of
the information obtained, it also turned out to be pQSSible'to clarify
certain questions in regard to connecting the structure with enzyme
activity. We shall return to this a bit later. .

' The structure of ribonuclease presented here was constructed by
research workers on the basis of purely chemical studies. Tais is a
structure represented in a single plane. By utilizing other approaches
of purely physical character, it has become possible to attempt to give
o three-dimensional structure of the protein molecule. Use of new
methods of X ray structural analysis has permitted the construction of
‘e spatial model of one of the biologically active proteins - myoglobin
[L]. This is a close analog of hemoglobin conteined in muscles.

In returning to the field of the chemical study of biologically )
active proteins, it is necessary to emphasize the results obtained:
from studying certain details of the structure of another protein
which belongs to the same group as myoglobin, that is, to the hemin -
proteids [17]. This is cytochrome, which is an important and universally
prevalent catalist in celluler respiration. The details of the struc-

ture of its peptide chain are still far from being as thoroughly clari-
fied as they are in ribonuclease, but to make up for this certein fea-
tures of the samé "comparative anatomy" sort on the molecular level, of
which we spoke in connection with hormones, stand out. :
in cytochrome we have a hemin structure, similar to that con-
tained in hemoglobin, which has thioether linkages with the protein
base. The hemin itself is not catalytically active. It acquires its
activity as a result of being connected to a molecule of a specific
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protein. It is natural to expect that the section of the protein mole-
cule to which the hemin is connected will be of decisive importance in
activation. It turnsd cut to be possible to separate that part of the .
chain with vhich the hemin was linked from the general peptide chain
of the cytochrome protein by means of careful hydrolysis which did not
destroy the thioether linkages. The so-called hemopeptides were ob-
tained with 9 lirks and 12 links and the séquence of the amino acids
in them was established. It was found that all the corresponding sec-
tions were identical for three memmals under study - cattle, horses,
and pigs (Diagram 7). In chickens, alanin was renlaced by serizne in
the section between cysteine residues. In silkwoims the difference
involved the amino acid which stood outside the thioether linkages in
immeéiate proximity to them; here the lyesine was replaced by arginine.
Finally, in passing from the enimal worid to lower organisms, that is,
to yeasts, the location of arginine was found to be the same as in
birds, but both the amino acids between the cysteine residues were
different: here glutemic acid and leucine were found, but the further
sequence of amino acids (in the direction of the C-end 5uction) was
identical with all the others. Thus we see an exceedingly strong con-
tinuity in the general structural plan of the resvonsible part of the
protein contained in the cytochrome throughout the world of living
things - the distance between the cysteine residues and “he presence
of an immediately adjacent histidine residue, to which an impcrtant
recle has been ascribed in the formation of coordinate linkages with
the ivon of the hemin aucleus.

The question cf the connections and dependent relationships
between the chemical structures and the biological functions of bio-
logically active stbstarnces is one of the fundamentsl problsms of
biochemistry. Let us touch upon two aspects of this problem which
apnear to me tc be of particular interest. In the first place, this
is thz probilem of the mechanism of activation cf those catalytically
inert forms, the so~called zymogens, the form in which a number of.
enzymes are produced by cells. In particular, this concerns the pro-
teolytic enzymes. The very fact that the digestive enzymes are
produced in an inert form end that they are stbeequently activated
was cnce the object of careful study by I. P. Pavlov who worked with

hepoval'nikov to discover the existence of a special factor in ‘
intestinal juice, the so-called enterokinase [18) which activated the
proteinase of the pancreas gland, especially trypsinogen. ILater this
process of transforming trypsinogen into active trypsin (this cen
also take place autccatalytically under the action of preformed or
added trypsin) acquired a concrete chemical interpretation. y

We are still far from any complete. decoding of the peptlae
structure of trypsinogen or trypsin. However, certain features of
their structure have been established [19]. - The schematic structure
of trypsinogen, as it may be outlined on the basis of available data,
is given in Flgure 5 ‘
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The elternation of amino acids in the nine links of the N-end
section of the molecule has been established; the presence of intra~
molecular disulfide bridges which form loops has been established.
Tuere are strong indications that an important role is played in .
carrying out the catalytic function by one of the serine residues on
the one hand and by a histidine residue on the other hand.

Tt was found thet the process of activation, the transformation
of trypsinogen into active trypsin, consists (in chemical respects)
in splitting a hexapeptide segment from the N-end section - valyl- .
 tetraasparegyl-lysine. The results of physical research, especially

chenges in optical rotation, provide evidence that the degree of
spiralization of the peptide chain is increased as a result of the
splitting off of this hexapeptide, and it is ‘believed. that the '
serine and histidine residues contained in the “active center” which
were previously sevarated spatially have thus heen brought into
proximity. The breaking of the lycyl-iscleucine linkage with the
splitting off of the hexapeptide removes the previously-exlisting
spatial obstacle czused by the presence of hydrogen bonds and makes
possible the occurrence of the spatial configuretion which possesses
catalytic activity. S o o

‘ Another pancreetic enzyme, chymotrypsin, is also produced in
the zland in an-inactive form, chymotrypsinogen, which is activated
bw trypsin. Here the basic process of activation consists in breaking
a single peptide linkage, but this break takes place in some closed
neptide lodp and 1s not accompanied by the splitting off of a free
neptide as in the preceding case. -Following activation, howsver, one
_can trace a secondary process which consists of a dipeptide group '
from one of the segments produced by the previous break. Thls break-
ing off of the dipeptide is not accompanied by any change in enzyme
activity, which indicates the possibility of measurable changes in
the protein structure without any destruction of its basgic biclogical
properties. In thir case, we are dealing with the breaking ofi of a
very small part of the molecule, on the order of 1 percent. However,
cases are not rere in which it Is possible to wreak incomparably more
demage to the peptide structure of a biologically active protein
without any noticesble effect on its specific. function. It may be
that this is one ¢f the most unexpected discoveries in the field of
enzyme chemistry in recent years. : : R

_ Thus it was found in experiments with ribonuclease [16] that

fairly thorough processing with aminopeptidase, progressively shorten-
ing the peptide chain from the N-end section, is without affect on
the enzyme activity. By using a proteolytic enzyme of bacterial
origin, subtilysine, it turned out to be possible to split off a very
large section of this regiorn of the peptide chain, approximately
within the limits of the first 20 amino acids without dameging the
activity. It was clear from this that the nitrogen end of the peptide
skeleton of the ribonuclease molecule was not needed at all for its
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activity. It is obvious that the latter was connected with some part
cf the molecule located closer to the carboxyl end. However, it was
possible to shorten the carboxyl end, too; for example, carboxypep-
tidase could split off a minimum of three of the C-end amino acid
residues without destroying enzyme activity. Thus it was found that
as many as 25 amino acids of the total of 129, that is, about 20 per-
cent of the components of the enzyme molecule, were not vital and
were, so to speak, surplus in respect to enzyme activity. According
to a verhal statement by the author of this research, K. Anfinzen,

it is epparently possible to wreak still more thorough destruction on
the structure of the ribonuclease molecule, namely, breaklng the pep-
tide linkages in sections closer to the center. As long as the disul-
fide linkages which fix the secondary spatial structure ere preserved,
the catalytic act1v1ty will also be preserved.

Very simjilar results were obtained by studying the enzyme
enolase [20].  Here the absolute number of amino acid residues which
could be removed without damage was U times as large, reaching 100
amino acid residues. In view, however, of the considerably greater
molecular weight of enolase, we have about the same percentage rela-
tionship as we had in the case of ribonuclease - about 17 percent of
the total components of the enzyme could be removed without destroying
activity

The'facts discovered in studies of the vegetable enzyme pepain
were vndoubtedly the most astounding [21]. TIts molecule is built up
of 180 amino acid residues; it was found that up to 120 residues could
be removed, that is, over 70 mercent, yet 99 percent of the initlal
enzyme actlvity would be preserved!

The aggregate of observations which have been mad° leads to
the undoubted conclusion that apparently, as a rule, the catalytic
activity of the enzyme moiecule {and one may add, similar observations
are to a certain extent available in respect to certain peptide hor-
mones) is not determined by the entire chemical structure and the con-
figuration of the molecule as a whole, but is concentrated in some
restricted secticn of the molecule. This section which is responsible
for the bioclogical propertles of the protein is now called the "core"
or "active center."

The idea which has become firmly flxed in biochemical thirking
of the existence of some "core" in a molecule of biclogically active
protein, in which the corresponding activity (enzyme, hormcne, or .
1mmunological) is concentrated, and of sections which play no part in
this activity, is an idea which has posed two guestions of essentially
almost equal importance. On the one hand, it is naturally extremely’
important to clarify the structure of the active section or '"core' in
all its details, thereby searching for a way to learn the very mechanism
which carries out the corresponding specific function. However, the
question of the role of the "unneeded" parts of the molecule which can
be removed without destroying the fundamental biological action of a
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given protein is also of interest. . It is not tod easy'to reconcile
oneself to the thought that with such perfection in selecting the most
effective physiological mechanisms and chemical structures, nature
could display unususl wastefulness here and, for example, burden the
"core" of papain with a mass of unnecessary ballast material 3 times
its own mass. It is believed that this matter is not so simple and
that it would pay to continue the search more persistently for those
functions and effects which are carried out by these parts of mole-
cules of biologically active substances which secem at first glance to
e unnecessary. This'is one of those problems which is wholly unsolved
as yet.. e ‘ - ‘ o B
"~ " "Biochemistry is extending its sphere to a nurber of diseases,
making it possible to interpret their nature in terms of the chemical
structure of the molecules, or in terms of the interaction of chemical
substances, or finally, in terms of chemical reactions caused by
enzymes. - In his own times Virchow created the concept of cellular
pathelogy - & concept which searched for an interpretation of morbid
disorders on the cellular and tissue level. Now it has become possible
to spesk of "molecular” pathology, not of cellular pathology. Pauling
has introduced the term "molecular disease," and had in mind changes
in the structure of a certain type of molecule, some "malformetion" of
molecules which in turn would lead to some disorders in the organism.
The chenges would be the cause of the disorders. This term "molecular
diseases” has won good standing rapidly, it is finding more and more
wide usage, and the number of "molecular diseases” is growing constantly.
One of the blood diseases, the so-called sickle-cell anemia, is
the best example of "molecular disease" which gave rise to. the concerpt
expressed in this term. This disease is marked by the fect that the
erythrocytes acquire a sickle-like or helf-moon form. This is the
external indication; for the patient it is important that it is accom-
panied by a number of other serious symptoms. The disease is congeni-
tal, hereditary, and under certain conditions it can even be deadly.
The formation of sickle-like erythrocytes is caused by decreased
solubility of hemoglobin and it crystallizes inside the erythrocyte in
these patients. The hemoglobin crystals aggregate, forming a so-called
tactoid structure, and give the blood corpuscles the sickle-like form.
Research has shown that hemoglobin from the patients (it is called
hemoglobin § from the word sickle) has an iscelectric point that is
different from the normal - a different mobility in am electrical field.
The sharp difference in solubility (appearing in the reduced form) hés
already been mentioned. Partial splitting of hemoglobins, normal and
sickle~cell, has been accomplished by trypsin, and this has led to-
forming about 30 peptide fragments. Comparison of these peptides by
combined paper chromatography and cataphoresis showed that the differ-
ence is in one of these fragments. This'prihciple of comparing two-

dimensional chromstograms or electrophorggrams of peptides in order to
distinguish proteins has now become most widespread. It is called the
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"dactylogram” method (in English "fingerprint"), that is, it resembles
the comparison of fingerprints [221. Let us present as an example
such a "chemical dactylogram" of the above peptide mixtures of the two
hemoglobins (Figure 6). The peptide which is different. from the nor-
mal is crosshatched. The structure of this peptide was determined
and compared with the corresponding normsl peptide [23]. This was a
nine-element nonapeptide. Its structure is glven in Diagram 8 for
three types of hemoglobin.

We see that in all cases the difference 1nvolves the same link.
In normal hemoglobin we find a glutamic acid residue at this point.

In siclle-cell anemia the glutamic acid is replaced by neutral valine,
thus this hemoglobin has an excess positive charge as compared with
the normal. In hemoglobin C a lysine residue replaces the glutamic
acid and the molecule has a still more basic character.

It is most noteworthy that the given differences in the amino
acid composition turned out to be the only ones throughout the entire
hemoglobin molecule. All the other peptides are absolutely identical.
The hemoglobin molecule contains approximately 300 amino acid residues
and "molecular disease" is due to the fact that just one of the 300
amino acids has been changed. As mey be seen in Diagram 8, this very
same armino acid is changcd in another type of hemog*obln - in heno-
globin C.

Sickle-cell ansmia is a congenital, hereditary disease. Study
of the laws of its inheritance showed that it is inherited in strict
sccorlance with Mendel‘s laws, We have here a typical case of
Mendelian inheritance which can be reduced to a change in the struc-
ture of just one link in on2 definite protein molecule. We are not

~able as yet to decode and write down the structure of a gene, but the

research cited here will permit describing chemically the amino acid
sequence in the peptide chain vhose synthesis is controlled by the
corresponding gene.

It is accepted that the localization of each 1n51V1dual amino

“acid residue in & peptide chain of this or that protein is determined

by the specific arrangement of three nucleotide re51dues in the DKA
molecule, that is, in the genetic code of a chromosome. It follows
from this that inasmuch as we are dealing with changes in the char-
acter of one amino acid residue in this case, this very small differ-

‘ence in the peptide chain reflects just as smell a difference in the
‘polynucleotide DNA chain, perhaps involv1ng Just a single link in

that chain.
Thus- the given case may serve as a sn°01ally vivid exemple of

Cwltimately deep penetration of purely chemical research into the field

of the greatest biological problems: on the one hand the problems of
inheritance, and on the other hand the problem of pathogenesis - the

;prlmary cause of disease. This is an example, in the first place, of

genulne "genetic chemlstry and in the second place, of genuine
"molecular disease." Here a hemoglobin molecule. is stricken with
diseasel
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Tnasmuch as we have been discussing the chemical interpretation
of disease, I shall mention, of necessity very briefly, still several
examples in which the same depth of penetration into the molecular
level has not been -achieved as yet, but nevertheless the chemical in-
terpretation has already brought us far toward undersivanding the
nature of disease. 1In turn, knowledge of the nature of disease will
give us a basis for rational searches for ways to intervene in .and to
control the corresponding disorders. C

Congenital jaundice of children is one case. It was found that
this disease was caused by either lack or decreased activity cf one
enzyme, namely, the specific glucuronidase, which causes formation of
a piliary pigment, bilirubin, from glucuronic acid. Only in this com-
piex is bilirubin capable of undergoing normal transformations, trans-
vortation processes, penetration into the tissues, etc. .

As in the case of sickle-cell anemia, this disease is congenital
and hereditary. There are good grounds for assuming that here, as in
the anemia, the gene which controls the production of the corresponding
protein has been damaged - in this case the enzyme glucuronidase. It
is a matter for the future to determine what the advancing disorder
is: has production of the ccrresponding enzyne protein ceased entirely?
or is it being produced, as in the case of sickle-cell enemia, in the
form of a protein which differs only a little in structure from the
normal? - this difference involving the responsible section of the
molecule and being accompanied by a loss of the corresponding specific
catalytic capscity so that thz "misshapen" protein is no longer an
enzyme. - If this turns out to be the case, then we shovld have here a
molecular disease .- a demaged or misshapen engzyme molecule.

Another disease which also merits mentlon is the so~-called
Wilson's disease, or hepatolenticular degeneration. This is a heredi-
tary disease which affects the nervous system and 1s accompanied by
cirrnosis of the liver. A genetic analysis showed that this is
strictly a hereditary disease and that it appears only in so-called
horozygous individuals, that 1s, in those cases in which both parents
have corresponding genes. There is extensive damage to the central
nervous system with symptoms resenbling psychoses. A most unique,
purely chemical cause has been discovered for this disease. The -
patients secrete large guantities of copper with their urin=s. One
could expect that this was the result of an increased copper content
in the blood and that the excess had been filtered through the kidneys.

As a matter of fact, the opposite turned out to be true: the copper
content of the blood had been reduced, The cause turned out to be as
follows: the blood contains copper chiefly in the form of a solid
comoourd with protein, but with one specialized protein, the so-called
ceruloplasmin. In Wilson's disease there is a sharp decrease in the
ceruloplasmin content of the blood plasma. Thus the copper is no
longer held properly in the circulatory system and is discharged from
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the organism. Moreover, the copper apparently can readily penetrate
from the circulatory system into different tissues in increased quanti-
ties, which can be acccumpanied by various disorders. Although th=
normal amount of copper is essential for the organism, apparently any
excess of copper is very undesirable.

Insufficient ceruloplasmin is obviously the result cf derange-
ment of the synthesis of this protein. An enticing prospect of treating
this severe disease is by introducing a cerulcoplasmin preparation into
the body as we do in another disease, diabetes (also hereditary to a
certain extent), which we treat by introducing a protein hormone -
insulin. Of course this msy not turn out to be so simple; it will be
necessary to use the blood cf some animal in order to obtain such a
preparation and it must in the first place be active in the environ-
ment of the human organism and in the second place not cause any un-

azirable immunological reactions.

The protein which spe01flcally fixes copper was discovered in
the brain. It was called cerebrocupreine. There are. as yet no data
on the amount of it present in Wilson's disease, but there are indica-

‘tions thet important differences were discovered from protein taken
from patients in respect to the electrophoretic mobility, as compared
with thet of protein teken from normal persons. That whick was ob-
served would remind cne very much of the difference in hemoglobin in
sickle-cell anemia. It is very probable that we are dealing with a
gemiine molecular disease - with a disorder of the structure of the
nrotein molecule. OFf particular interest here is the fact that this
involves the functions of the most vital tissue - the human brain, and
involves the highest of all functions - psychic activities. To some
extent new prospects are being opened to chemical approaches to study

. of psychic phenomena.

The trend vwhich cen be characterized as functional blocbemlstry
is the dominant trend in the problems of conterporary biochemistry,
in particular, its future efforts and its ultimate purpose. We under-
stand this to be the endeavor to give a biochemical, and ultimately,

a chemical interpretation of nature and of the mechanism and essential
features of definite physiological functions. This is the fundamental
and chief purpose of the biochemistry of the future. We already have
examples which bear evidence that this objective is feasible; these
examples are still few as yet, but they are quite convincing, for they
already involve fundamental, vital, and typical features of the living
form.

‘ The problem of the mechanism of the transmission of hereditary
properties is before us now as the task of decoding the structure of
~desoxyribonucleic acid and clarlfylng the chemical mechanisms of its
self-reproductlon.

vhe whole problem of biological movement has been transferred
to the molecular level. It was observed in the muscle that the con-
tractile protein myosin itself possesses enzyme properties and is at
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the same tims an enzyme. Through its enzyme action is released chemi-

cel energy from its substrate, adenosinetriphosporic acid, and trans-

forms it into mechanical energy. Studies of the nature of the movement

of biological subjects throughout the entire animal world, from the

cellular nucleus during mitosis, through flagellate movements in

sperms and Trypanosoma, to the work of muscles, and even, to our sur-

prise, to the movement of mimosa leaves - showed the presence of the

same mechanism in all these cases. From that moment the entire center -
of gravity of the study of motor functicns of living subjects was
shifted as a whole to the sphere of molecular events - the interaction
of a high-polymer catalyst, contractile proteln, w1+h its low-molecular
substrate, the energy carrier.

Two other most important biological functions can be considered
as most immediately awaiting their interpretation on a genuinely chemi-
cal plane. Both of these are functions connected with the transforme-
tion of radiant energy - into chemical energy in one case, and into
electrical energy in the other. They are photosynthesis in plants and
photcreception, the visual function in animals. They are exceedingly
attractive problems, but their solution belongs to the objectives and
tagks of future research and I shall limit myself to a brief mention of
ther: as vivid examples of the problems of the biochemistry of tomorrow,
functional biochemistry in the most genuine sense of this word, where
we await the solution of the great pvoblems posed by blology through
chemical analysis.

If we look further ahead, then the most enticing objective is
the discovery of the nature of nervous act1v1ty in chemical terms,
beginning with its most elementary form - the functions ‘of the nerve
receptor and conductor, the nerve fiber, and finishing with the inte-
grating function of the brain, the central nervous systen.

There is no deubt that in the activities of the nervous systen,
as is the case cf all functions of living forms without exception, the
decisive role will in the long run belong to the proteins with their
catalytic and enzymé properties, their enormous lability, and their
exceptional physical and chemical mehility. However, our information 3
in this respect is most limited. - I shall note most briefly one form
of participation of proteins in the metebolism of the brain which was
brought out in research conducted in our laboratory. This was the -

zceadingly intense interaction of brain tissue proteins with phosphoric
acid. Of all the organic phosphorus compounds, in which the brain tis-
sue is so rich, the protein compounds or the so-called phosphoproteins
were found (by use of the isotope method) to be the most rapidiy
changed, that is, they participated most intensely in the processes of
tissue metabolism. The phosnhoprotelns stand on practically the same
level as the nucleotide compounds in respect to rapidity of reaction,

in the first instance adenosinetriphosphoric acid, which serves in
general to involve mineral phosphate in the cycle of biochemical trans-
formations. Study of the role of phosphoric acid as a factor which
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yarticipates in involving the brain tissue proteins in the functional
exchange of the nervous system opens one of the paths to clarification
of the chemical lawsiupon which the functions of the nerves and the
brain are based.

Up to recent times a monopolistic, or at least a Wholly domi~- -
nent, place in the whole scheme of the chemical mechanisme of the
functions of the nervous system was held by one substance - acetyl-
choline and those enzyme systems which cause its transformation -
deuOEPOulthﬁ and inverse synthesis. This system of chemical agents,
enzymes, and their substrates has a main role in the transmission of
stimulation and is acted upon by a multitude of medicinal and toxic
substances - nerve poisons. The role of this system is undisputed,
but steady attention has been turned latoly toward another substance
which possesses high biological activity. This is the so-called
serotonin, a derivative of one of the amino acids, tryptcphan.
Serotonin is the product of the transformation of tryptophan when it
is acted upon by two enzymes (Diegram 9). One oxidizes the benzenoid ..
nucleus of tryptophan, adding an oxy group to it, and the second
enzyme decarboxylates the side chain with the formation of an amine.
Serotonin is 5-oxy-tryptamine. Serotonin has a sharp effect on the
bleod vessels, from which it has received its name, but in addition
to this, it also has a strong efféct on the central nervous system,
on the functlons of the brain, and this is fhe thing of interest to
us at present. It is this action that we ar» now inclined to consider
the ncst important, even stating the proposition [24] that serotonin

may turn out to be the vital key to learning the biochemistry of the
healthy and the sick mind." Such a very categorical statement must be
considered the author's responsibility, but in any event there is
much in favor of the point that serotonin pleys an important role in
the activity of the brain. Confirmetion of this can be seen in cer-
tain research done on the effect of chemical ‘substances which cause
unique derangements in psychic activities, especially those which
lead to the occurrence of hallucinations and states which remind one
very much of the picture of a severe mental disease - schizophrenia.
There is talk already of the possibility of causing experlmental ,
psychoses.” The diethylamide of lysergic acid has a specially strong
effect of this sort {Diagram 9).

One may regard the presence of a section which has structural
outlines closely resembling those of the structure of serotonin as the
basis of the structure of this substance, the same “indole’ skeletcn,
formed by condensation from a flve-carbon group with nitrogen, which
is alkylized like the nitrogen of the tryptamide part. The basis of .
the action of the above "hallucinatory" poison is considered to be in
the similar structural outlines of the diethylamide of lysergic acid
and serotonin, on the principle of action of the so-called antimetabo-
lites. These are substances which replace natural products of metabo-
lism, the metabolites, due to the similarity of their chemical
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.8tructure, thereby disrupting the processes of metabolism. When
tested on other subjects (this was found to be impracticable in the
case of the brain, due to complicetions created by .the low permeabilkity
of the brain tissue), it was discovered that the diethylamide of
lysergic acid blocked the action of serotonin even in very low concen-
trations. ‘Serotoninbis'believed_to heve a regulatory action inh the
brain vwhich ensures fine coordinstion and harmony in the complicated
complex of processss which form the basis for psychical activities.
Blocking this action of serotonin as a result of disrupting its normsl
metabolism in brain tissue or under the influence of poisons gives
rise to the previously mentioned phenomena of hallucinations and the
more ‘severe derangements observed in schizophrenia. - On the other hand,
serotonin 1s supposed to participate in the action of tranquillizing
suvstances. In fact reserpine, which is widely used st present,
causes significant quantitics of serotonin to be released in the brain,
and. it is believed that it is -serotonin which causes the calming of
psychical activities actually observed at this time. :
There is no need to close our eyes to the fact that the problem
of chemical approaches to discovering the principles of the activities
of the higher parts of the central nervous system, and ultimately the
nature of psychicel activities and their disorders, is a field where
flights of fancy often far outstrip factual knowledge and contenporary
nethodological possibilities. Even when we taske into account the
multitude of limitations, obstacles, and the indirect nature of many
conclusions, however, there is no. doubt that this problem is one of
the wost urgent end enticing of all the problems which stand hefore the
chemistry which strives to penetrate into the secrets of biological
vhenomena. Research is teking its first steps in this field. It is
important, howsver, that the possibilities have been outlined in prin-
cible of investigating the phenomena of psychical activities and their
disorders in the light of the participation and the influence of chemi-
cal substances, and that chemistry is beginning to become involved in
this field. = I T
* Thus we sce the projected indications of what may be regarded;
to use 'A. N. Nesmeyanov's apt expression, as the first breakthroughts
by chemistry into the highest stages of biological problems. It is
clear that the activities of our central nervous system constitute
this highest stage and that its most nighly perfeéted manifestation is
bsychical activity., B SRR S

Ty
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