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aiOPOLYMERS: ORIGIN, rnEMISTRY AND BIOLOGY 

* Melvin Calvin 

Laboratory of Chemical Biodynamics, University of California, Berkeley, California 

* 

ABSTRACT 

A brief statement concerning the way in which biopolymers may 
have originated in the nonbiological world is made, including 
experimental evidence. This also inclu~es a discussion of such 
matters as the way in which the code rn ... ght have originated, 
that is, the relationship between polypeptides and polynucleo
tides as well as the secondary and tertiary structure resulting 
from the primary structure determination. The importance of 
the interaction of biopolymers with lipids for the formation 
of limiting membranes is discussed, leading to the formation 
of cells and other selforganizing cellular type organelles. 
Thus, the second critical physical-chemical problem for 
cellular organization, namely, the biopolymer-lipid inter
action, is now comingunder scrutiny, both in terms of 
synthetic systems as \vell as natural ones. · 

'D1c work described in this paper was sponsored by the U.S. Atomic 
Energy Conrrnission and by the Elsa U. Pardee foundation for Cancer 
Research. This is a transcription of an address presented at the 
dedicatim1 of the Midland .Macromolecular Institute, Midland, Michi
gan, September 29, 1972. 
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It sc:ems thrtt Dr. Elins h~1s a particul;n· talent for asking his 

guest speakers cribcaJ qucsbons. Just as his question to Professor 

Ovcrbcrger induced Professor Overberger to rcorgcmizc his thoughts 111 

8 new fTamework, so his question tome has done the same thing. I con-

structcd this collection of ideas over a period of several months, and 

cume mit with an outline \vhich I will place on the boaTel, so as I go 

through it you will sec the way in which the relationships v:hich I wi11 

try to describe arc related to each· other and to what Professor Overberger 

hns just saicl and to ,,·hat tJ1e speakers later today \vill continue. The 

first_ ~ec.:..tjon_ of this discussion wi11 be the oiigin of biopoJymers, 

partiCJ;l:J.rly of proteins,· including the chemistry which may be involved. 

The -~econd part will describe the secondary~, tertiary-, quaternary-

structure of biopolymcrs and the interaction between proteins and nucleic 

acids. follO\ving this is the third section on the orj gin of the code; 

the fourth_ .:;cction_ deals \\lith the interaction between the proteins and 

lipids. 

Why have I chosen this particular method of organization? :Many of 

the phenomena (reactions) which I lvill discuss are actually extrapola~ 

tions and modifications of reactions with which polymer chemists are 

familiar, but, as Professor Flory mentioned yesterday, there is a kind of 

a curtain which keeps the polymer chemist, whose. background is oriented 

to the structure and synthesis of macromolecules of any kind and the 

detennination of the basic principles involved, artd thegroup that has 
. 

grown up in biology and biochemistry and which has learned about the 

physical chemistry ru1d the chemistry of the behavior of the kinds of 

... t 
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materials tl1ey deal wHh from quite a different po:int of view. The Bio-

chemists have felt that these things are almost magic, and they believe 

new rules, or lm·.s, or chcuiistry, may be required to underst<ind in de-

tail how the naturally-occurring biopolymers (proteins, nucleic acids, 

etc.) perform their function. There appears to be some "mystique" 

about this, ancl I hope that when I finish this discussion you will sec 

some of the reasons for the "mys tiquc" '"'hich is generally in the minds 

of those \vho gre1v up from the sicle of biology. I l1avc tried to illtcr-

prct the behavior of biopolymcrs in tenns which arc thoroughly familiar 

to you, as polymer chemists, and may even be nai vc in yo1.:1r tcnninology. 

You must remember that most of this work is being done by people \\ho 

have not come from your background, and that is why some of the materia] 

may seem oovious to you. Some of it;however, may not be obvious to you 

and 1 hope will give you suggestions of what to do next. 

FORMI\TION OF BIOPOLYMERS, PARTIOJLARLY PROTEINS 

Let us begin with a consideration of the general scheme by which the 

·two major biopolymers are constructed by living organisms. These are the 

proteins and the nucleic acids, and a sequence is shown schematically in 

Figure 1, beginning with the DNA double helix of the cell which can in 

some way (which is still not clarified) reproduce itself. That is, it 

can copy a particttlar sequence of nu~leotide monomers in some particular 

order, and make a complementary copy, giving rise to a double set .. How-

. ever, in addition to that, there is another type of reaction which occurs · 

.•· .. 
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inside the' cell. Instead of copying the D;-JA into ~mother DNA strand, 

p3rt of the DN;\ (ivhich is an enonnously long polymer, made up 'of ess~n

tially four bases hooked together by ribose phosphate linkages) can be 

copied into a ribose phosphate polymer, with a series of slightly 

different bases but related to the initial sequence. 111at part which 

is so copied contains in it tl1e "message"' for a particular protein. 

That is why this type of mateial is called "messenger Rl\IA". The mes-

Senger .R!\TA then comes out of the nucleus and thus becomes the message 

for constructing a particuJar p1'otein. The message is contained in tlw 

sequence of b~1ses in the polymer. As you lalO\\', it takes· three of these 

bases to designate a particular amino acid. The particular "messages" 

are then hooked onto th') catc:J lys ts, idlich 8re themselves made up partly 

of proteii1 and partly of nucleic acid <md some lipid substances, and 

the situation is now ripe to put together the amino acids into a peptide.· 

ln order to do that, the amino acids IT!lLSt be suitably prepared. Each 

one of these different length straiht lines in Figure 1 represents 

a different amiiw acid. The wiggle line represents the amino acid, 

acylated with a phosphate residue (amino acyl phosphate or amino acyl 

aclenylate}. This, then, is handed over to a small piece of polymer 

(RNA) constructed of about 70-100 monomeric units, containing in 

tv 

<; 

it sanewhere a certain triplet (three bases in a row) which is • ~ 

characteristic of a particular amjno acid; this distinction is designated by 

the different symbols in Figure 1, representing a different sequence of the 

three bases (circles, lines, crosses, squares). Thus,each activated 

amino acid is loaded onto the tenninus of a specific small oligomer 

(small polymer of the order of 70-100 units). We now have the amino 
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acid loaded onto a particular transfer RNA (tR.~) with a particular 

triplet of bases characteristic of that amino acid. These now are~ 

free to attach themselves to the messenger Ri~A, which will be don~ 

at points in the messenger which are complementary to the three bases 

of which they are composed, thus providing the order of the amino; 

acids which go :iJ1to the polymer to make the polypeptide. TI1e polypeptide, 

then, is "zipped up" to construct tJ1e protein: The protein is, in 

general, itself a characteristic polypepti~e, having a characteristic 

shape and structure, which will be discussed later. 

All of these reactions -- the copying reaction (replication), 

the transcription into RNA, and the act:lvation, the loading reaction, 

and the zipping up on the ribosomes are dependent for their specificity 
I . 

in part at least on the proteins which are themselves thus made.This 

is a "chicken and an egg" problem today, and it sets the stage for 

the next part of ~1e discussion. 

How did this reflex~ITe system, which is represented diagramatically 

in Figure 1, arise? As Chemists, we would like to see if chemistry 

could have designed such a system and put it together in just this 

way. This is, of course, what I mean by the nonbiological origin of the 

polymers and what I mean here by the origin of the code. How did this 

relationship between particular triplets and particular amino acids come 

into being?. 

I believe this relationship is the result of chemistry and not a 

"frozen accident" as some of the biologists believe,. The evidence for 

this is yet, however, to be forthcoming :iJ1 the laboratory. I think that 

most of you as polymer chemists will find this ·a rather amenable point 
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of v1ew, and you will, I hope, turn to tryillg to devise experiffients · which · 

''ill show there is some l"eason for this triplet corresponding to this 

particular amino acid and not to some other one. That is somethillg which 

rema]ns yet to ·be definitely '~hovm ill the 'laboratory and is a subject 

of considerable controversy. 

Returning then to possible ways ill which the proteins and nucleic acids 

might have come into being ill. a nonliving world:· The world \-lith which we · 

deal is a world ill \vater; it is not a \vorlcl in methylene chloride, dioxane, 

D.\1F, or other solvents. And all of these reactions 1-Jhich I· have described 

to you in Figure 1 occur ill water. I feel that 1vhatever reactions we use, 

whatever reactions we call upon, to do the originating of the protein and 

the nucleic acid should be essentially ill an aqueous meditnn to begin Hith. 

This can be rilodified somewhat by the resulting' polymer itself in terms 

.of the protein-lipid illteraction. 111C reactions do, hm,ever, OCcUr pri

marily in an aqueous environment. 

We $et ·out to try and generate polypep.tides and other polypolymers in 

an aqueous·environment . 1 . Chemically. and thermodynamically this is rather 

a difficult operation. The formation of the polymer from the monomer 

of each one of the biopolymers I have mentioned (proteins, nucleic acids, 

carbohydrates, lipids) is the result of a dehydration condensation. To 

make a dehydration condensation occur in water is a tricky operation. 

Living organisms have long ago learned how to do this, but the question 
. . 

is could we, as chemists, do something s irnilar. The reactions which must 

be accomplished in this aqueous environment aTe shown ill Figure 2. You 

can see that the formation of prote5ns and peptides makes use of a bi

functional molecule, and from that molecule a water molecule can be 

•· 
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eliminated, leaving a hiftmctional dimer which, in turn,· can grow' at 

either end. Fonnally, the same kind of system occurs in each of the four 

cases -- proteins, polysaccharides, lipids, nucleic acids. In each case, 

the water molecule is eliminated to result in another bifunctional molecule. 

'This type of operation can go on continuously. With the lipids, however, this 

same type of reaction is·not subject to as extensive extension as with the 

proteins or polysaccharides; with the elirrtination of water the ester bond 

is fanned, which can go on. TI1is is, however, not quite in the same category 

but it is possible to make fairly iarge molecules. I discuss this now because 

the lipids play an important role in the whole cvoluti01iary scheme. 

Figure 3 shows the methods for the formation of the nucleic acids by 

dehydration condensation reactions. Here, actually, there are three points 

of dehydration involved. The first :bwolves the formation of the amino 

glycoside on abase, using the NH group of the base with the glycosidic 

semi acetal hydro:x.)'l of the polysaccharide. The second is the formation 

of the phosphate ester with the primary alcohol, forming the terminal 5'

phosphate. In this case the ribose sugar is shmm which forms RNA. 

(The DNA, of course, is the material in which the 2'-carbon lacks the 

hydroxyl, i.e., carries two hydrogen atoms). The third dehydration con

densation occurs between the monophosphate ester and the secondary alcohol 

on the 3'-carbon of another nucleotide. The result is a bifunctional 

molecule, with both functions available; at one end the phosphate ester 

is available and at the other end the 3'-alcohol is usable. The nucleic 

acids are built on the same principles as the two other major biopolymers 

shown in Figure 2. 
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We asked the question: Is there anyway to generate the'polypeptides? 

There are many reactions for the con~truction of polypeptide linkages which 

would work in an aqueous environment. This requ:lred only a small modification 

of existii1g knowledge of reactions. One of the important reagents that has 

been used for the dehydration condensation of a variety of functional 

groups is the carbodiimide (R-N=C=N- R). The carbodiimide stnKture contains 

in it the abil'ity to remove \\rater;' in stages, hy.more or less specific 

reactions with acid groups such as carbox)ri, phosph.ate, and certain alec

holds. This leads to condensation reactions. 2' 3 This particular reagent 

(carbodiimide) has been used widely for nucleotide and polyJ)eptide syn

thesis, but generally not in aqueous environments. We wanted to change · 

the R groups, to make them useful in aqueous. envirorunents. TI1e R groups 

can be made hydrophilic so' that the carbodiimide can be dissolved in 

water. This is useful since the carbodiimide does net hydrolyze very 

rapidly directly but does so by v:lrtue of its reaction with the carboxyl 

group and then with the phosphate. · 

The ,next question arose: · How could this type of reaction occur in a 

natural environment? It turned out that there was a very easy way in 

which this particular structure could have evolved in a natural environ

ment. As you may recall, ammonia was one of the primary molecules on the 

earth's surface, and HCN as well. With reactions among these b!o materials 
. . 

·it is possible to make cyanamide, probably through cyanic acid or hydro:x)'l-

amine. TI1is is a tautomeric form of a carbodiimide. The carbodiimide in 

that tautomeric form is not stable; it tends to dimerize, making the dicyan-

diamide (OCDA) which is the common form for cyanamide. It also contains 
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the same type of pi-bonds as carbodiimide. We used the DCDA as one of the 

starting materials to demonstrate this type of dehydration condensation 

reaction for biopolymeric materials. We took an amino acid, adjusted 

the pH to slightly acid conditions, and added the water-soluble carbodiimide 

material (dicyaridiamide) to see if we could produce polnx~ptides in the 

homogeneOUS aqueOUS environment .. 'rflle ·results Of SOme Of these eA'IJeriments 

are shown in Fi&rure 4. 4 We star ted with glycine; the reaction was per-

fanned a out pH 3.5, the glydne disappears, and the dimer (digly'cinc), 

trimer (triglycine) and tetramer (tetraglycine)come out. This is a very 

slm~ reaction, and it does not go very far. You can hardly call the 

tetraglycine a "polymer", but at least the reaction does occur in aqueous 

conditions. 

The next question was: Is there any selectivity of this reaction? 

Do the amino acids self-select each other when they condense? This is a 

natural question to ask in the ordinary course of evolutionary studies. 

About five or six years ago, Steinman, in trying to answer this question 

put amino adds acid (B) on polymer beads,· through the carboxyl group and 

used an amino protected amino acid (A) to coupl~ to it, He measured the 

relative rates of coupling of amino acid (A) in the homogeneous environment 

to amino acid (B) attad1ed to the bead; this is a model, of sorts, of 

polypept;ide formation. Table 1 shows the relative rates of coupling in 

this series, and you can see that the rates v~ry over a factor of ten.
5 

This is the measured coupling efficiency, and the calculation is based 

upon the frequency of a particular pair in existing proteins, (the fre

quency of phenylalylglycine, glycyiphenylalanine, or isoleucylglycine, 

etc.) as they exist in today's proteins with a statistical analysis of 
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the situation, noi:malizjJlg the frequencies to glycylglydne as unity. 1nere 

seems to be slight relationship betv.reen what was fourid for the efficiency 

of coupling in the-heterogeneous system and the occurrence in nature 

of these particular paii~s of peptides. This idea has been developed· 

still further' ancl there ·are now better ways of studying the possible

self-selection of amino acids in pepticlc fonnation. 

There are.t\vo other methods by which polypeptides have been made, one of 

which is in a nonaqueous env'irorunerit. table· 2- shows the results of the experi -· 

ments of Sidney Fox in which he took molten· glutamic acid, containing ·a 

small an1ow1t of pyrophosphoric acid, as a solvent (hardly an aqLieous 

environment) and put in an equimolar mixture of all the other amino acids, 

other than-aspartic rui.d glutamic. 6 Here, again, you·can see that the 

incorporation into the resulting polypeptides is not statistical. TI1e 

point of these data is to show t.he variabilities of ·nc~rreri.ce, ranging 

from 0.596 to 5%, and the selectivity is evident. 
' 

The final study to '~hith T want to cail yoi1r attention is, perhaps·, the 

most elegant, and I don 1 t know whethe~ it will ·continue. This is the work 

of Aharon Katchal,sky using amino acyl adenylates as his starting point 

and using montmorillonite clay as the catalyst, both of which are easily 

available in nature. The amino acyl adenylate is available in nature because 

the adenylic acid can be generated by ordinary chemical_reactions and the 

coupling of the amino acid to the adenylic acid, linking a phosphate and a 

carboxyl anhydride, ~an be easily achieved using the carbodiimide dehydration 

condensation reaction in aqueous envirorunent. So the system with which 

Katchalsky began is achievable biologically. I do want to describe Katchal

sky 1 s discovery because it is the beginning of a very interesting idea. 
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The amino acyl adenylate used by Katchals1.-y is the activated amino 

acid in the first stage of normal biological amino acid activation; 

it is usually a part of an enzyme complex but, nevertheless, it is a 

good beginning for this type of study. He first tried to polymerize 

this material in c:m aqueous environment in a homogeneous solution. 

The amino acyl adenylate has in it the mixed anhydride of the carboA.yl 

group and the phosphoric acid. It also has the free amino group of 

the amino acid itself. Tims, the free amino group can act as a nucleo

phile on the carboxyl group of the carboxy anhydride of the amino acyl. 

adenylate. 

Figure 5 encompasses the basic idea that Katchalsky introduced, 
I 

but it shows more as well. If you look at the amino acyl aderiylate 

skeleton on the polynucleotide chain you can see that the amino group 

can act as a nuclcophile on the acyl group of the anhydride (reaction a) 

which would leac to the fonnation of a polypeptide (poly)adenylate 

and free adenylic acid.The alternative reaction, which Katchalsky 

considered but had not published on with any experimental information, is 

that in which the secondary hydroxyl of the sugar wL 1 attack, again, as 

a nucleophile on the phosphate of the phosphate anhydride (reaction b), re

sulting in the reverse.type of polymerization, the products being a free 

amino acid and the (poly) amino acyl polyadenylate. TI1ere are, of 

course, alternative reactions which can occur (rearrangements, etc.) 

to stop or slow down the polymerization reactions . 
7 

What Katchalsky found in his report of 1970 and which he reported 

in more detail last May in Gottingen just before he died is that in homo-

geneous solution the reaction is slow and the polymers which are formed 

are not very large (8-10 units). He found, however, that if he performed 
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this reaction m the presence of a properly prepared montmorillonite, 

the whole. system changed. The react:lon· became extremely rapid and the 
' . 

polypeptides werit to fairly high degr'ces ·of polymerization -- high 

for this kind of a reaction, that is. 8 

We have attempted this same type of reaction, and indeed, he 

and I were moving in this same direction, maki:rig both polypeptide and . 

polynucleotide from the same starting material. We can nm~ begin to 

see the rcul i·eJ aU onship bet>veen the polynncleotic1e ancl polypc-r)tide, 

or the nucleic acid and the p-rote-in, and hoH they ca:ri arise as a result 

of the stereochemistry of the reaction: 

· Katchalsky found that there were a number of discrete polypeptides 

formed. The result is given in Figure 6, which is a chromatogram of a 

second fraction. Table 3 also gives more infon11ation on the two princi

pal components which were in the initial extract of this reaction. 

Fraction I is mostly the adenylic acid and three groups of polypeptides. 

TI1is was a one gram reaction \vhic:h resulted in 450 mg of adenylic acid, 

20 mg of a 1000 Mv substance, and another 20 mg of a 2000 Mv substance. 

Fraction II, however, contained mostly polypeptides with some adenylic 

acid. The gel permeation c:hranatography of fraction II is shown in 

7 ' 
Figure 6. You can see the presence of some eight components, with the 

largest one being adenylic acid, and components 1,2,3 and 4 are polypeptides; 

there are two peaks which were not identified which were inorganic 

salts and two more peaks, not identified, were organic in nature. 

When I spoke to Ahaton about it he said he thought they might be poly

nucleotides, and I think they are; however, they havenot yet been iden ti-

fied. 

·-
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Perhaps in the future someone else will carry this work fonvard: 

I think it represents an extremely important development in the nature 

of the polymerization reaction. Why is it that you do not get a distribu

tion; why do you get discrete groups of polymers? I think these discrete 

groups occur because it is not a single- addition reaction. Some amino 

acids are being added, and some polynucleotides are being constructed 

to make a polypcptide-polyadenylate, and these materials are regulating 

the size of the polypeptides which are found. It will probably turn 

out that the polynucleotide is also discrete in some fashion. 

'fHE ORIGIN OF TI1E CODE 

As perhaps some of you are aware, in today' s living organisms the 

specification of the linear array of ainino acids in a polypeptide is 

contained in a corresp~riding linear arr~y of bases in a polynucleotide. 

A series of three bases in the polynucleotide (DNA) specifies a specific 

amino acid in a polypeptide, or protein. This correspondence of a triplet 

of bases with a particular amino acid is universal in all living organ

isms. One form of expressing this is shown in Table 4. Here you can see 

there is a certain amount of redundancy in the code, but the universality 

of it throughout the living world is now fairly well established. 

Thus, in addition to the question of how_ these biopolymers may 

actually have been formed abiogenically we must address ourselves to 

the question of how the linear relationship between the two major bio

polymers, that is, the polypeptide (protein) and the polynucleotide (DNA), 

evolved. That is: What is the possible origin of the code? 
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There are those who believe that the particular specificity we now 

find in living organisrris between a particular triplet and a. particular 

amino acid as assem~led in Table 4 is the result of an accid~nt in some 

early catalytic reacb.on '~h:lch; by virtue 6£ a· selective advantage in 

9 
producing autocatalytic systems, has now been frozen into all of biolOh')'. 

It is selected because a single autocatalytiC system. eventually domiilat

ed all the others. Another way of expressing this "frozen acciderit" no-

tion is to make the statement that given exactly the same· starting conditions 

and allowing chemical cvoltition to occur once again~ that a different 
· · lo n 

cocleal relatioi1ship might very well have appeared. ' · It 1s my personal 

belief, however, that this would not be the case. I believe that the 

codal relationship reflects some characteristic molecular interactions 

between amino acids (polynucleotides) .andnucleotides (polynucleotides). 

A modicum of evidence ·for· th'fs already exists in the f onn of some 

experiments done on the rate of coupling of anlino acids to nucleotides 

12 
in a specific instance. Some years ago \ve attached a nucleotide 

(in this case adenylic acid) to a synthetic polymer (in this case poly

styrene). The polysty ... ene was in the form of microspheres. The next 

step w~ to measure the rate of coupling of bvo different amino acids 

to each of these bvo polystyrene-nucleotide preparations. The coupling 

was performed using an N-protected amino acid adenylate. The reaction 

is sho\Vll in Figure 7 and the results are given in Table 5.
13 

Here you can 

see that glycine reacts more rapidly with both nucleotides than does 

phenylalanine and adenine reacts more rapidly with both amino acids than 

does cytosine. The overall range of reactivity is roughly a factor of . 
three, the slowest reaction being phenylalanine with cytosine and the 

most rapid the reaction of glycine with adenine. 
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Here the beginning of a kind of selectivity in a reaction rate 

14 1s apparent. However, I believe- that this kind of selectivity will 

be very much enhanced if both the amino acid and the nucleotides are 

each, respectively, part of a polymer. For example, I would expect that 

the alternative reactions (a) ru1d (b) indicated in Figure 6 will be 

very dependent upon the nature of the ami11o acid ai1d the riature of 
. . 

the nucleotide involved. Furthennore, I \vould expect that selectivity 

would be increased with the length and character of the polynucleotide, 

on the one hand, and possibly even with the polypeptide on the other. 

TI1is last experiment is yet to be done, but is undenvay. 

SECONDARY AND TERTIARY STRUCTURE OF PROTEIN AND INfERACfiON WI1H 

NUCLEIC ACIDS 

This part of our discussion will describe what is known about the 

secondary, tertiary ru1d quaternary structures, mostly of proteins. 

There are several principles which I \vru1t to emphasize here: One is 

the way in which proteins fold up, in their secondary and tertiary 

structures, another is the way enzymes interact with ~ubstrates, and 

a third ·is the way in which the proteins interact with the nucleic acids. 

(Finally, I wish to bring up the protein-lipid li1teraction, Part III.) 

Myoglobin, with its tertiary structure, is shown in Figure 8. 

The left-hand side of the figure shows the alpha helical structure 

and the drawing on the right-hand gives a more three-dimensional view of 

· the same material, to show that the myoglobin is a folded protein, . 
with the heme stuck in the center. 111is secondary and tertiary structure 

is built into the molecule as a result of the amino acid sequence in the 

polypeptide which takes up this structure, given the opportunity in 
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water . 15 'D1e structure of cytochrome c, showing the hydrophobic inter-

nal arrangement and hydrophilic external arrangement, is shown in 

Figure 9. The colors on this figure are classified according to the . . . : . . . 

hydrophilic and hydrophobic characters of the amino acid residues. By 

observation, you can see that 'the hydrophobic parts are more or less 

in the middle and the hydrophilic (the cool ones) parts are on the 

outside of the molecule. This is the only 'characteristic \>Jhich has so 

far ·approached a genenilization on· the structure of soluble proteins. 

In general, the structure of soluble proteins is such that when they 

fold up in their secondary and tertiary structures they do so in a 

way .which places the hydrophobic chains on the inside (m·.ray from the 

water environment) and the hydrophilic chains on the outside, near 

the water environment. 

It is for this reason that I ·had the reservation, which I men

tioned earlier' about: the gener'ation of polypeptide and polynucleotide 

structures in a purely aqueous environment. You see that there can be 

modifications during the course of their constn1ction which will remove 

their functions from the water environment into a nonaqueous envirorunent, 

by virtue of their own structure, so to speak. 

The structure of lysozyme, showing the substrate cleft, is given in 

Figure 10. I believe it is easy to distinguish between the lysozyme 

itself and the shaded area which is th~ synthetic disaccharide substrate 

which fits right 0to the active site cl~ft. The same molecule, lysozyme, 

is shown again in Figure 11, illuminating the mechanism of the polysaccharide 

hydrolysis, and showing the actual function of the active site. You 

can see the polysacd1aride lying in the active si tc of the lysozyme. 
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·nw bond which is hydrolyzed is the glyc6sidic linkage·, by means of 

transfer to the polymer (ASp 52) of one part of the substrate, thus 

letting the other part go free.· The Asp glycosidic ester, in turn, 

is very rapidly hydrolyzed. TI1is is the way in wh · ich the hydrolytic 

enzymes and many of the transferring enzymes function. Tims, the ter-

tiary structure is evolved to give the particular tertiary architecture 

which will take hold of the proper substrate. 

The next figure (which is an old one) reaches into the area ·of 

visibpity. Tilis is collagen (Figure 12), sho\'ling that \ve can refold 

molecules into tertiary~ structure ·but, even further than that, the mole-

cules ·can actually reassemble into more complex quaternary stn1ctures 

W'hl'ch d d h . . . 16 Th are epen ent upon t e1r prlnlary sequence. e upper part 

shows the separated collagen fibrils' and in the bottom sequence are 

the reaggregated fibriJ s \vhich appear similar to the natural ones. 

The fibrils are highly ordered arrays and this is a protein-protein 

aggregation~ The next few figures show the dissociation and re-aggrcgatioJ!_ 

of the tobacco mosaic virus (a relatively simple virus particle) which 

consists of a set of identical protein molecules and one nucleic acid 

molecule. These two can be separated and then reasselnbled again, into 
17 ·s· . a complete virus particle. lnce that time, more complex virus part1cles 

have been reconstituted as well. Figure 13a shows the native TMV virus, 

with the uniform particles, and Figure 13b shows the reassembly of the 

TMV protein itself alone. The protein is separated from the nucleic 

acid, redissolved and by changing the salt concentration so the material 

will reaggregate, with the results shown' here. You can see that the 

material has reaggregated with the correct dimensions in one way, 

but not in the other; particles have all diffen:mt lengths, iri contrast 

to the particles of the native TMV virus; because there is no nucleic 
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acid ·"inforiikltion" to·give the correct dimensions to the particle. In 

Figure 13c you can see the reconsti tlited TMV virus particle, which 

occurs when the nucleic acid component is put back into the protein 

solution. This same type of e:icperiment has been: done with much more. 

comp.leparticles, T4 ·bacteriophage, .tv152.phage.protein, etc. Progress' 
. . . . . ·.·· . ·-·.--18 .... 

in the reassembly of very complex structures is being made. -·The· TMV 

particle itself is shown diagramatically in Figure 14. The tertiary 

structure of the subunit protein material in the TivlV vinls particle 
. . .' . 

has not yet been ~stablished, but we know that there is a sequence of 

120 amino acids and \~e know whi~h ~nes they ate, but, as yet, \Ve do not 

know the detailed structure of this subunit. 

INTERACI'ION OF PROTEIN k'JD LIPIDS 

Protein-lipid interaction is one of the area.S of very high scientific 

activity, in the technological polymer area and more selectively in the · 

laboratory than biochemists have done in the past. Lipids have been 

used for handling biochemical proteins for some time, The present 

coJicept of membrcme stntcture, showing the protein embedded in the bilipid 

merilbrane,. is· .given in· Figt.tre 15. The phospholipid consis.ts of hydrophilic 

ends (the phosphoethanolamine end represented by spheres), and the lipid 

chains. The globules which are membrane proteins in various stages of 

insertion into the bilipid membrane make the total actual biological 

membrane itself. These proteins may be. structural or they may be transport 

proteins ' i.e. ' those carrying material into the cell through the biolo-

. gical membl'ane. The 'fact that many of the proteins are directly associated 

with lipids implies that there must be hydrophobic connections on the 

outside of the proteins in order to be able to perform this type of 

insertion. This has not yet been established. in· the laboratory, 
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and I will give you more evidence for that guess later on; TI1ere are 

clearly hydrophobic parts on the pl'oteins, but whether they are on 

the outside or the inside, or both, is a subject of some concern. 

A synthetic "biological cell" is shown iJ1 Figure 16. It is. made 

by shaking up a phospholipid (lecithin) with a protein cytochrome to 

form the liposomes (soft spheres). The multiple and smgle bilipid 

layers are visible in this .electron nucrograph, and these layers are 

f . 1 d ~ I . 19 
'T'r • k d b . h , 11 e w1 t 1 prote1n. ~n1s wor was one a out e1g t years ago in 

a laboratory in GreatBritain.' I have called the spheres "Bangasomes" 
zo ~ . . 

after the man who constructed them first. ine spheres are called 

.geperally liposomes, and their osmotic properties, transport properties, 

and a variety of other properties resemble those of living cells. 

How do materials get in and out through· that membrane? What is 

the mode of their transport. Can specific proteins be associated 

with the membranes to produce these specific results? These are ques-

tions still unanswered. Studies are now ill progress, and this field 

is really just blossoming out as a new area and a new era. Only now 

have .the polymer physical chemists gotten into the act, and Midland 

Macromolecular Institute is one of the leading sites of this type of 

research. 

As you know, it is quite conunon to use detergents, anionic, cationic 

and non-ionic, to try and help in the isolation of a particular enzyme 

from a living cell. The procedures for the soluble proteins 

(soluble enzymes)' are n~ well estsablished. The isoluble enzymes, 

· however, are a different story. The membrane-attached enzymes, 

as the membrane of the cell, or the membrane of the mitochondrion, 
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or the membrane of otJ1er' internal cellular structures, present more 

difficulties. It is necessary to lise det~rgents of various types ·for 

enzyme extraction. A few years ago, we naively (and this quality has 

SOllle merits as well as demer_i ts) began this type. of ·work. We had to 

lcan1 tl1at in order to extract ilie enzyme in which \ve were. interested 

(which happened to be the RNA- instn1cted iliA polymerase, RIDP) deter

gent, was required, I wondered 'why· it was necessary. We· also lean1ed 

tl1at when the detergents were eliminated,· the enzyme itself seemed to 

be 'eliminated, or at least the activity 'oLthe enzyme was eliminated. 

This gave rise to· the idea that perhiips the activity of the· enzyme was 

dependent upon th~ presence of detergent mo:iccuies' i.e:' the l:ipid 

component in some way was changing the confonnation of the enzyme 

and inducing its activity, or at least raising it .. Therefore, the.· 

residual enzyme activities which are observed when synthetic detergents 

wer·e not used for extraction were simply due to the natural phospholipid 

which came out when the solution was sonicated. 

We found that when \ve added small amounts of certain types of 

non-ionic detergents itwas possible to get the enzyme activity back 
. . 

again. ·This constitutes a new development. No one really believed that 

the intrinsic activity of the enzyme was dependent upon its association 

with a detergent molecule. Up until now it has been considered that the 

detergent molecules weresolubilizing entities to take the enzyme out 

of the lipid membrane. The detergent does, in fact, take the enzyme 

out of the lipid membrane, but large amounts of the detergent are not 

needed to make the enzyme active. 

The activation of the RIDP enzyme by detergents is shown in 

Figure 17. RIDP is the enzyme which copies RNA into rnA, which is 

popularly. known as "reverse transcriptase activity".. Work on this 
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enzyme is one of the major breakthroughs of the last two or three years, 

particularly in connection with tumor viruses. The activity of the 

enzyme is increased by addition of suitable amounts of various types 

f 
. . d . . 21 22 . f . o: non-10m.c etcrgemts. ' · I:. you translate the effect into a 

molecuL1r basi!'., this is a ])ositivc molecular interaction. 'Jhis n'sult 

occurred as a technical development of how to study the enzyme, but 

we did all the work on the-detergents more or less as a side issue. 

However, 'this turned out to be the central theme, which is not uncommon 

in t~is type of work. We were actually studying the inhibition of the 

RIDP enzyme activity by certain drugs with a view tmvard using those 

drugs possibly to inhibit the transformation of normal cells into 

cancer cells by the viruses which carry this enzyme. The RIDP enzyme . 

copies .the RNA from D.\JA in the virus, whid1 copy is then insert ed 

into the Dl\iA of the cell, thus making a transformed cell. The rational~.;~?T~.f.(~> 

\vas to find a drug lvhid1 would inhibit the RIDP enzyme and thus block the 

transformation into· cancer cells. In order to study the inhibition of 

the enzyme, we had to study inhibition of the enzyme activity under 

many conditions~ This gave rise to our studies on detergent effect on 

enzyme activity. We found that we had some excellent enzyme inhibitors 

in the form of the drug itself .. This particular drug, rifampicin and 

its derivatives is a lipophilic substance. Here, it turris out that if 

there is too much detergent the drug is ineffective in its inhibition q{ 

RIDP enzyme activity. The structure of the non-ionic detergents which 

we used in this study is shown in Figure 18. Some of the detergents 

(the Tritons) are aromatic and others are 'not. This fact is important. 

'The effect of three different detergents on the ability of a certain 

drug, which has a hydrophobic tail and a hydrophilic end, to prevent 

.. !,.····· 
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the enzyme fni1n working: 'D1e enzyme is shown in Figure 19. · We have 

tried to plot the critical micelle concentration for eadl o:f the deter

gents, and you ·will note that the removal of the dn1g from its ability 

to inhibit the enzyme·is dependent upon the formation of the m.lcelles. 22 

' . 
We interpret this to mean that if there is too much detergent preserit 

there is micelle formation,' and the micelles dissolve the drug, taking 

it away from the hydrophobic portion of 'the enzyme. Tiw drug no longer 

can act on the enzyme, so·the enzyme returns to its full activity. 

In Figure 20 ate two mag11ifieations of a tissue culture which has been 

transfonncd into malignancy. You can see the gro1yth of the cells to 

confluence here, but wherever the cells have been transfonned into 

malignancy they overgrow each other, and they make little i'pil'es" called 

foci. We have fow1d that by'·suitable adjustment of the drug concentration 

it is possible to prevent the virus from transforming cells as deter

mined by this focus formation' inhibition. 23 We have gone even £ur.ther 

with the drugs to show we can actually prevent the formation of tumors 

in whole animals. 24 Again, this requires a suitable coinbination of 

detergent and drug to prevent the detergent. from spoiling· the activity 

of the drug. 

I hope that some of the things described above will give you 

some concept of the kind of a china shop you.could get into, if you 

1 are willing to do it. I want to give you who are not in the biochemistry

molecular biology business some idea of the way in which a polymer chem"' 

ist could effect the. development of our fundamental concepts of the 

n~ture of life, and how it came about, and its application in the prob-

lems of the day. 
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Table 1 

' ' 
Comparison ofE:xperimentally Determined Dipeptide Yields and Frequencies 

· Calculated from Known Protein Sequences 

Values (relativ<:~ to Gly-Gly) 

* Dipeptide Experimental Calculated 

Gly-Gly LO I.O 
Gly~Ala 0.8 0.7 
Ala-Gly 0.8 0.6 

Ala-Ala 0.7 0.6 
Gly-Val 0.5 0.2 
Val-Gly 0.5 0.3 

Gly-Leu 0.5 0.3 
Leu-Gly 0.5 0.2 
Gly-Ile 0.3 0.1 

Ile-Gly 0.3 0.1 
Gly-Phe 0.1 0.1 
Phe-Gly 0.1 0.1 

* The dipeptidcs are listed in tcnns of increasing volume of the side 

chains of the constituent residues. Gly, glycine; Ala, alanine; Val, 

valine; Leu, leucine; Ile, isoleucine; Phe, Phenylala .ine. Example: 

Gly-Ala: glycylalanine.
5 
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Table 2 
6 

flffi1ino Acid Composition of Proteinoid Prepared with 200 ppa 

Amino Acid % 

Thr 0.55 

Ser 0.63 

Gly 2.93 

Ala L31 

Val 1.33 

Met 0. 86 . 

!so 0. 71 

Leu 3.44 

Tyr 3.87 

Phe 5.87 

NHz 5.02 

Total 27.6 

flmlin6 Acid 

Lys 

His 

Arg 

Total 

Asp 

Glu 

Total 

!?, 
. 0 

2.79 

2.~3 

1. 83 

7.15 

51.9 

13.3 

65.2 

Asp:Glu: equimolar mixture of basic and neutral amino acid; ratio -

2:1: 3; i.e., 33%, 16%, SO%; 100°C for 150 hrs. ppa = polyphosphoric 

acid in ppm. 

.. 



DATA ON PEPTIDES I 

Peptide Mol. Wt. 
640 

1 , 120 
1,900 

Adenylic acid 

Degree of 
Polymerization 

9 
16 
27 
1 

Wt. (mg} 
10.3 
35.2 
20.0 

470.5 

PEPTIDES II OBTAINED ON POLYCONDENSATION OF ALANYL ADENYLATE 

Mol. Wt. of Degree of 
Peak No. Peptide Aden~late Poltmerization Wt. · (mg} 
- 4 2,130 30 8 

2 2,310 32 5.2 
l 3,020 42 10.8 
3 4,000 56 17. 1 
6 Adenylic acid 1 260.1 

XBL 729-4742 

TABLE 3 
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w 
_J 

0 
z 
0 

~ G 
(/) 

u 

A 

AAA 
AAG 

AAC 
AAU 

ACA 
ACG 

ACC 
ACU 

AGA 
AGG 

AGC 
AGU 

AUA 
AUG 

AUC 
AUU 

Lys 

· Asn 
; . 

Thr 

Arg 

Ser 

llu 
Met 

Ilu 
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FIRST LETTER 

c G u 

CAA Gin I.GAA Glu UAA Termi-
CAG GAG UAG nate 

CAC His GAC Asp UAC Tyr CAU GAU UAU ', •. 

CCA. :GCA · .· UCA 
CCG \ GCG ·' · UC.G " 

Pro Ala i Ser CCC GCC uc!c 
ccu GCU ucu 

CGA GGA UGA Term .. 
CGG GGG UGG Trp 

CGC 
Arg 

GGC 
Gly 

UGC Cys 
CGU GGU UGU 

C'JA GUA UUA Leu CUG GUG UUG 

cue Leu 
GUC 

Val uuc 
Phe cuu GUU uuu 

XBL729-4743 

TABLE 4 
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PERCENT OF BOUND NUCLEOTIDE REACTED 

Base 
Amino Adenine · , Cytosine 
acid 

Phenylalanine 6.7 . 2. 9 
Glycine 10.0 6.5 

-·---·-- ---- -··~ --·-· 

XBL 729-4754 
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PART I: 

Fjgurc 1 

Figure 2 

Figure 3 

Figure 4 

Figure s 

Figure 6 

PART II: 

Figtire·6 

PAHT III: 

Figure 8 

Figure 9 

Figure 10 

Figure 11 

Figure 12 

Figure 13 
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Figure Captions 

FORMATIO:-.J OF BIOPOLYMERS PARTICULARLY PROTEINS 
. . . . ' . 

Mechanism of protein hiosynthesis 

Dehy<;lration condensation of polypeptides, carbohydrates, fats 

Dehydration condensation of polymiC:leotides 
. . . ' .. 

Homogeneous polypeptide formation by dicyandiamide 
. ' . . ' . .· . . 

Polymerization of amino acyl adenylate, alternative reactions 
(Katchalsky) · 

Polypeptides resulting from alanyl· adenylate on montmorillonite' 
(Ka tchals ky) 

ORIGIN OF THE CODE 

The coupling of the polymer- .At\n:> complex with the anhydride fonn 
of an N-protected amino acid 

SECONDARY AND TEIUIARY STRUC11JRE OF PRGfEIN AND INTERACTION 
WI1H NUCLEIC ACT DS 

Tertiary structure of myoglobin 

Structure of cytochrome c shm\J'ing hydrophobic internal arrange
ment and hydrophilic external arrangement 

Structure of lysozyme showing substrate cleft 

Structure of lysozyme showing mechanism of polysaccharide 
hydrolysis 

Structure of collagen 

~. Tobacco 'mosa!i.c virus (TMV), native. 
b. TMV protein, reconstituted 
c. TMV, recoh.S ti tuted. · · 

Figure 14 Diagranunatic structure of TMV 

PART IV: INTERACTION OF PROTEIN AND LIPIDS 

Figure 15 ·Present concept of membrane structure showing protein embedded 
in bilipid membrane. 

Figure 16 · Liposomes of phospholipid with cytochrome (Horne & Watkins) 

Figure 17 Activation of RNA-instructed DNA polymerase by detergent 
. . 

Figure 18 Structure of detergents used in RNA-instructed DNA polymeraSe 
activation 

Figure 19 Suppression of drug effect on RNA-instructed DNA polymerase 
by detergents 

Figure 20 ~V focus formation on Balb/3T3 cells 

.. 
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PROTEINS !amino I lcarboxyll 
0 H 
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. I . I 2 
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I I 
ester bond 
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Calvin 

. Figure 2 
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Figure 3 
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Fig . 9 
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Fig. 11 
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Fig. 13a BC -542 
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Fig. 13b BC -541 
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Fig. 13c BC -540 
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MAXlMUM RADIUS 
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Fig. 14 
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The lipid-globular protein mosaic model with a lipid matrix (the fluid mosaic 
model); schematic three-dimensional and cross-sectional views. 

XBL 728-1625 

Calvin 

Figure 15 

I 

~ 
-J 

., __ 

-~ 

""'-·· · 

(.. 

.. < .... 

-... 

,. .. 
,.,. r 

<~ -



-48-

Fig. 16 XBB 729-4501 
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Figure 17 
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MSV Foci on BALBI 3T3 Culture 

IQ X Dark field illumination 40x 

Fig. 20 XBB 713-842 

' . 

" ' 



& • 

·' .J •..; ') J 

r-----------------LEGALNOTICE--------------------

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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