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BIOPOLYMERSi' ORIGIN, CHEMISTRY AND BIOLOGY
) . <
- Melvin Calvin

Laboratory of Chemical-Biodynamics,lunivérsity_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 includes a discussion of such
matters as the way in which the.code m.ght have originated,
that 1is, 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 Lellular type organelles.
Thus, the second critical physical-chemical problem for
cellular organlbatlon namely, the biopolymer-lipid inter-
action, is now coming under scrutiny, both in terms of
synthetic systems as well as natural ones.

* The work described in this paper was sponsored by the U.S. Atomic
~ Energy Commission and by the Elsa U. Pardee TFoundation for Cancer
Research. This is a transcription of an address presented at the
dedication of the Midland Macromolecular Instltute Midland, M1ch1-
gan, September 29 1972



o It ':';v‘eems. th:-d | Dr.. 1;‘15_;»;5 haé apurticuiut talent "flo‘r_.'ds]ﬁing his
guest speakers critjcai'questions;'AJust'aé hiS'questioh'to,ProfeéSOr?
| Ovotbefget iﬁouced Professor Overberger to:reorgéhizechishthoughts in
& new framework"so his queetion to.me has done the same thing. N eon-
QirUtted this Lollcetjon of ]deas ovcr_a perlod of qevclal months, and
canie out wat] an outljno hhleh 1 Vlll place on the board so as I UO"h‘
1hxough 1t you w1]1 sece 1he way in \hiCh th ro]dtJonsths \n]Lh I w1]]
try to describe are rel dth to oaeh other dnd to thf Profeqsor Overbtjoof

has just said and to what the speakers later today will contlnue. _Lhe

first section of this discusSion will be'the.origin of'biopo]vmors,'
particnluriy.of.proteine Jntludlng the ChbmlbtrV whi h mav be involved.
The §econ& Egzt_will describe the SeCondary*? tertiary—, quaternary-
etructure of biopolymers and the interaction betueeu‘proteins and nucleic

acids. Following»this is the third section on the origin of the code;

the fourth sectionhdeals with the intereetion betWeenuthe proteins and
| 1ipids. | | T

thy have I ehosen'thisvparticular method of orgénizetion? ‘Many of

- the phenomena (teactions)‘whichll'will diecuss are aCtually extrapola~.-
tions and modificétionstof reactiohs with.which polymer chemistsfare
familiar, but, as Professor Flory mentloned vesterday, there is a klnd of

a curtaln.whlch keeps the polymer chemlst whose backoround is orlented

to.the structure and synth651s of macromolecules of any kind and the

- determlnatlon of the ba51c pr1nc1p1es involved, and the- group that has

grown up in bJology and blochemlstry and Wthh has learned about the

phy51cal chemistry and the chemlstry of the behav1or of the klnds of



materials they deal w11h from qu1te a different p01nt of view. The Bio—_
chemists have felt that these thlnqs are almost mach and they believe
new ruleé, or laws, or Chemlstry, may be requ1red to understand 1n~de-'y
tail how the natufally—occufrina.biopolymers (prOteinS, nucleic acids,
etc;).perform their function There appears to be some my%thue

about this, and T hope- rhat when I finish this dJ%cu551on you will see
some of the reasons for the "mysthue which is generally in -the mlnds
of: fhose who grew up'from the side ofvbiology. I have tried to inter-

- pret the bchavior of'biopolymors in tenms which are thoroughly fémiliar
th yoo, esvpoiymer chemists, and may even be naive in your ferminology.
You must“remember that most of this work is being done by people who
have not come from your baokground, and that is why some of the material
may seem obvious to you. Sonie of it;hOWCvef,'may not be obvious to‘you

and I hope will give yoo suggestions of what to do next.

FORMATION OF BIOPOLYMERS, PARTICULARLY PROTEiNS
Let us begin with a consideration of_the general.scheme by which the
- two major biopolymers are constructed'by living organisns. TheSe_ére.the
proteins and‘the nueleic acids, and a seQuence“is shown schematically in
Figure 1, beginning with the DNA double helix of the cell_which-cen in
sone.way (which is stiil not clarifiedj reproduce itself. That is, if
.; can copy a particular sequence of nucleotide monomers in sOme particular'
- order, and make a complementary copy, glVlng rise to a double set. How-

.ever, in addition to that there is another type of reactlon which occurs -



1nq1d§ hc cell. Instead of copylng the DNA Jnto anothel D\A qtland
part of the»DﬂA (w11c1»;s an enormouslv lono polvmer made up of essen-
tially four bases hooked tooeiher by . rlbose phosphate ljnkages) can be
COplCd into rlbose phocphate po]ymp1 with a series of sllghtly |
different hase: but related to the Jnitlal scquence That part which

is .so copied Contalns in it the ”message for a part;cular proteln.

That is why this type of matCiéi”is'talied ﬁmesSénger-RNA”;;.THe'mes-
senger RNA then comes out of fhg nucleus and tﬁus;béﬁomes the méssage‘*'
er’coﬁstructiﬁgid'particﬁJaT prote?n. The'megsagé'is contained invtho‘
SOQUCDCG of bﬁses in:the polymer. As you.know, it takéé'three of these
bases to. deslgndte a particular amino ac1d The palthu]ar "messagos

are 1hen hooked onto the catalvstq fhlc} a7e thom«c]\cs made up palt]y
of proteln and part]v of nucleic ac1d and some 11p1d %ubstances, and

the 511uat10n 1s now ripe to put together the amino ac1ds into a peptide.
In order to do that “the amino acids’ must be sultably prepared. Fach
one of these dlffcrent 1ength 9tra1ht 11nes in Flgure i represents

a dlfferent amlno acid. The W1gg1e 11ne represents the amino acid,
acylated with a.phosphate re51due (anlno acyl'phOSphate or amlno acylf.
adénylate). This, then, is‘héhded'over,toié small piéce offpolyﬁef» |
(RNA) constructed of about 70-100 monanericvuhits; fcontéining in |

it somewhere a certain triplet (three bases in a row) which is-

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

the;different symbols in Figure 1, fepreseﬁtihg_a différent sequence of the

three bases (circles, lines, crosses, squares). Thus, each activated-
~amino acid is loaded onto the terminus of a Specific-small oligomer

(smali polymer of the Qrder of 70-100 units). We now have the amino
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acid loaded onto a particular transfer RNA (tRNA) with e particular
- triplet of Bases characteristic ef that amino ecid; These,now‘ereé
free to attach themselves to rhe messenger RNA, whicﬁ will be done "
at points_inﬁthe messehger which are_complémenfary~to the'three'pases

of which they are composed, thue'proVidipg the order ef the aminoi.

acids which go into the polymer to make the polypeptide. The polypeptide,
then, ‘is ”zipped up"' to construct the"proteinT The protein is, in
geﬁeral, itself a characteristic pOlYpeptide, haVing a'characteristic‘
shape and structure, which will be discussed later. h

All.of these reactions -- the copying reactien | (replication),

the transcription into RNA, and the activation, the loading reaction,
~and the zipping up on.the ribosomes - - qre'dopendenr'for their specificity
in part at least en 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 the discussion.

How aid this reflex.ve system, which is represented diagramatically
in Figure i, arise?- As ehemists, we would like to see if chemistry
could have designed such a system and put it togethervin juét this
way. This ie,-of.course, what I mean by the nonbielogical origin of the
polymers and what I mean here by the origin of the cede; How did this

- relationship between particular triplets and particular emino acids come 
into being? | - p

I believe this relationship is the result of chemisfry and not a -
"frozen accident' as some of the biblogists believe,. The evidence for
this is yet,vhowever, to be fortheoming in the laboratory.'I think that

most of you as polymer chemists will find this a rather amenable point



of>V1ew and )ou w111 I hope,.tarnvto trylng to devaee experlments hthh'
Wll] show there is some, Teason for this trlplet c01respond1ng to thlS .,.
particular amino ac1d and not’to some other-one That is somethlng'whlch
| remains yet to be deflnltely shown 1n the 1aboratory and is a sub]ect
of considerable controversy . -
| Returnlng then to p0551b1e ways in whlch the protelns and nucleic aCst
might have come 1nto being 1n'a'n0n11v1ng world; The world wlth which we‘_
deal‘is'a-WOrld‘in water; it is not'a worla'in_methYIGne‘chloride, dioxane,
"~ DME, or.other solvents._Andvall 6f these reactions whichfi'have'desCrihed”
. to YOu in Figure i occur in water. T feel that whatever reactions we uae;t
whatever»reéctions'we call upon;=to.d0 the originating of the protein and
- the nucleic.acid should behessentialiy in an aqneous‘medinm‘to'begin with.
This can be modifiedfsoméwhat:hyithefresu1ting;polfmer'itself'in_terms'
of the protein—lipid interaction.-The reactions do,thokever, oecar'pri—
marlly in an aqueous env1ronment Sl

We set out to try and generate polypeptldeq and other polypolymers in
an-aqueous envrronment.l Chemlcally and thermodynamlcally thls is- rather
- a difficult operation' The formatlon of the polymer from the monomer :
of each one of the blopolymers I have mentloned (protelns nucleic acids,
'Carbohydrates, lipids) is the result of a3dehydrat10n ‘condensation. To
make a dehydration condensation'oCcur in water is'a"tricky operation.
“L1V1ng organlsms have 1ong ago learned how to. do thlS, but the question
is could we, as chemlsts do bomethlng similar. The reactions wh1ch must
“be accompllshed in this aqueous enVJronment are shown_;n Figure 2.;You
can see that the formation of proteins andepeptides makes use of a bi-

functional molecule, andffrom that molecule a water molecule can be



eliﬁinated, leaving a bifunctional dimer whiCh; in tﬁrn,gcan grbw‘at

either end. Formaliy, the same kind of'system oc¢urs in_each qf the four
'cases'—- proteins, polySacchaiideé, lipids,.hucleiC'écids. In each case,

the water molecule is elhniﬁatéd to result in another bifﬁnétional moleCUlé.
This typé of operation can go'on'continuouély; With thé‘iibidS} however, this
same type of'teaction.is-ndt subject to as. extensive extension as with the |
proteins or polysacchérideé; With the elimination of'water the ester bond

is forﬁed, which can go on. This"is,'however, not quite in the same.category
but it is possible to make fairly large molecules.I discuss-this now because
the 1ipids'piay.an imporfant role in the whole évqlutiohary scheme.

Figure 3 shows the methods for thé'fbrmatioh bf'the_nucleic acids By
dehydration condensétibn reactioﬁsl Here, aétually, there are three points
of dehydration involved. The first involves the formation of the amino
glycoside on a'baée, using the NH group of the base wifh the glycosidic
semiacetal hydroxyl of the polysaccharide. The,second ié the formation
of the phosphate ester with the primary alcohoi, forming  the terminal 5'-
phosphate. In this case the ribose sugar is shown.which formé RNA.

(The DNA,.of course; is the hateriél in which the 2';carB§nilacks the
hydroxyl, i.e., carfies two hydfogen'atoms). The'thirdvdehydration cbﬁ-
densatioh occufs between thé,monophoéphate ester and the secondary alcohol
on the 3'~;arbon of aﬁother nucleotide. Thé result is abbifunctiopal
mdlecule, with both functions available; at one end the»phosphate eéter-
is available and ét the ther end tﬁe 3'-aicohol is usable. The nucleic '
~acids are built on the same principles as:thevtwb”dther?major biopolymers

shown in Figure 2.



We askedlthe question Is there any way to generate the polypeptldcs?
~ There are many reactlons for the constructlon of polypeptlde 11nkages Wthh
"~ would work in’ an aqueous environment. Thls requ1red only a small mod1{1cat10n
of ex1st1ng knowledqe of reactions. One of the 1mportant reagents that has
been used for the dehydratlon condensatlon of a varlety of functlonal
gloups is the carbodllmlde (R V-C N R) The carhodllmldeﬂstructure contains_
in it the ablllty to remove water, in stages by more or.less spec1f1c
reactions w1th ac1d groups such as_carboxyl, phosphate,,and ‘certain alco-
holds. This leads to condensation:reactiOns;Z’é This:partiCUlar:reagent '
(carbodiimide)'has been.used'Widely'for nucleotidedand’poleeptide.sYn5Qv
thesis, but generally‘not in”adueous'environments. We;wanted'to change
the R groups, to make them useful in aqueousjenvironnbntsj The R groups:
can be madedhydrophilic so;that'the carbodiimide can be:dissolved_in.
water. This is useful since_theucarbddiimide_does nct:hydrolyZe”verv 
-rapidly directly but doesfSO hv'virtue of its reaction;With the carboxvl
grOup and then w1th the phosphate | o | |

The next questlon arose How could thlS type of react1on occur in a
natural environment? It turned out that there was a very easy way 1n‘
Which-this.partiCUlar structure could have evolved 1n-a‘natural enV1ron-l
ment. As you may recall ammonla was one of the prlmary molecules on the
7earth's surface, and HCN as well. With reactlons among these two materlals'
it is p0551b1e to make cyanamlde probably through cyanlc aC1d or hydroxyl-’
'amlne ~This is a tautomerlc form of a carbod11m1de The carbod11m1de in:
'that tautomerlc form 15gnot stable; it tends to-d1mer1ze, maklng the d1cyan-

diamide (DCDA)dwhich.is the common form for cYanamide;u'It also:contains'.



the same type of pi—bends as‘carbodiimide.,>We used the DCDA es one of the
~ starting materiais to demonstrate this type of dehydration condensation
reaction fof biopOlymerie materiais. We took an amino acid, éddeted'
tﬁe pH to siightly acid conditions, and added fhe ﬁater~$olub1e-carbodiimide
material (dicyandiamide) to eee‘if'we could pfeduce polypcptides in the
_ homOgénébuS>aqueoUs envirbnmeﬁf;i”Theifesdite:of'sbme of these'eﬁperimeﬁts
are shown in Figure 4.4 We started with glycine; the reaction was per-
formed a out'pH 3.5, the glycine diSéppears, and fhe dimer (diglycine),
_trimerr(triglycine) and tetramer (tetraglycine)come out..This is a very
slow reaction; and it dees ﬁot 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 select1v1ty of this reaction?
Do the amino acids self-select each other when ' thev condense7 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
pﬁt amino acids acid (B) on polymer beads,'through‘the carbekyl group and
.used an amino protected amino acid (A) to couple’to'it, He heasured the

relative rates of coupling of amino acid (AO in the homogeneous environment

,:to amino acid (B) attached to the bead; this.is a model,'of sQrts, of
polypeppidevforﬁation. Table 1 shows the relative rates of equpling in -
this series, and you can see that fhe rafes vary over a factor of ten.5
ThlS is the measured ceupllng efficiency, and the calculatlon is based
upon the frequency of a partlcular pair in ex1st1ng protelns, (the fre-
quency of phenylalylglyc1ne, glycylphenylalan1ne, or 1soleucy1glyc1ne,

etc.) as they exist in today's proteins with a statistical analysis of



_y 102
the sltuatlon, normallz1ng the frequenc1es to glycylglyCJne as unlty There
~ seems to be sllght relatlonshlp between what was found for the ef£1c1ency

of toupllng in . the heterogeneous system and the océurrence in nature

of these particular pairs of peptldes. This idea has been developed’

still further,“and there”are now better‘ways:of Studyingnthe'pOSsibie"
Se1f~seleetion"of wnino'acids in'peptide'fonnation .

There are two other methods by which polypeptldes have been made, one of
which is in a nonaqueous env1ronment Table 2 shows the results of the expelle
ments of Sldney‘box 1n'wh1ch he‘tookvmolten'glutamlc-ac1d,-Contalnlng‘a _
small amount of pyrophosphoric"acid,'as a solvent:(hardly anraqerusf
'enVironnent)_ana_put-in'an equimolar mixture of all the other anino acids,
other than'aspartic and:glutmnic.é’ Here, again, you“oan‘see that the

1ncorporat10n 1nto the resultlng polypeptldes is not statlstlcal The
point of these data is to show the varlabllltles of nccurrence, ranglng
from 0. 5% to 5,» and the selett1V1ty is ev1dent

“The f1na1 study to whlch I want to call your attentlon is, perhaps, the
most elegant‘ andvI don t know whether it will’ contlnue Th1s is the'work
of Aharon Katchalsky u51ng am1no acyl adenylates as hlS startlng p01nt

and u51ng montmorlllonlte clay as ‘the catalyst, both of which are e351]y

~ available in nature.»The amino acyl adenylate_ls avarlable in naturelbecause
the adenylic‘acidbean be'generated by ordinary chemicalvreactions'and-the~
coupllng of the ‘amino ac1d to the adenyllc ac1d 11nk1ng a phosphate and a
carboxyl anhydrlde can be ea511y achleved u51ng the carbodllmlde dehydratlon
condensatlon reaction in aqueous. environment. So the system with whlch |
Katchalsky began is: achlevable blologlcally I do want to descrlbe Katchal—

sky S dlscovery because 1t is’ the beg1nn1ng of a very 1nterest1ng 1dea
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The émino acyl adenylate used by Katchalsky isvthe'activated emino
acid in the first stage of normal blologlcal amino acid actlvatlon,

it 1is usually a part of an enzyme complex but, nevertheless, it 1s a-
good beginning for this typc of study He fllst trlcd to polymerize
this materlal_ln an aqueous env1ronment in a homogeneous solution.
The mnino écyl‘adenylate has in it the.mixed-anhydrideiof the carboxyl |
group and the phosphoric acid. It also has the free amino group of
the amino écid itself; Thus, the free amino group can act as a nucleo-
phile on the'Carboxyl group of the carboxy anhydride of the amino acyl.
adenylate.

Figore 5 enconmasses thé basic idea that Katchalsky introguced,
but it shows more as well. If you look at the amino acyl adenylate
skeleton on the polynucleotide chain youvtan see that the amino group
can act as a nucleophile on the acyl group of the anhydride (reaction a)
which would leac to the_formation 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 wi. 1 attack, again, as
a nucleophile on the phosphate of the phosphate anhydride (reaction b), re
sulting in.the,rCVerse'type of polymerization, the products being a free
amino acid and the ‘(poly)amino acyl polyadenylate._There are, of
course, alternative reactions which can occur (rearrangements,'etc.)
to stop or slow down the polymerization reactions. n

What Katchalsky found in his report of 19707 and which he reported
1n more detail last May in Gottlngen 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,vhowever, that if he performed
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this reaction.in‘fhe presencevof a properly prepared hOnUnorilloﬁite,
the_whole’system changed. ’I‘her'e..a.c‘ci‘on?~ became extremely'rapid end the h'
'polypeotides went to fairly’high degrEegzof p01ymerizat10n Qf high |
for fhis kind of a reectiOn, thét.isrg | ) |

We have attempted thié‘séme'typé-of'reaction, ahd‘indeed; he
and I were mOVing in thiS same direétioh{'méking both polypeptidevahd ;
polynuoleotide from the émne startihg material. We}oan now;hegin to
sce the rcu];rc]atjonship hetween the pol?nﬁcleotide‘énﬂ pojypeﬁtide,
or the nucleic acid ahd_thevproteih, and how they cah'ariseyaslé'resoit
of the stereothcmistry of the reaction. B | - '

“‘Katchalsky found that there were a;nhmbervof discrote’polypeptides.

formed. The result is given invFigure 6;‘whioh is a ohromafogram of a
second fréction; Table 3 also gives more.informdrion;on.the two princi-
pal components which were in the initial extract of_this reaction.
Fraction I_is mostly rhe:adenyiic acidvand three groups;of'poiypeptides;
This was a one:grwn reaction which resulfed in 450 mg of adehylic acid,
20 mg of a iOOOvMW sub%ﬁance, and another 20 ﬁg of‘aFZOOO Nw'substance
Fraction II, however, contained mostly polypeptldes with some adenylic
acid. The gel permeatlon chromatography of fractlon 1T is shown in

Flgure 6.7 You can see the presence of some elght components w1th the

largest one belng adenyllc ac1d, and components 1,2,3 and;4 are-polypeptldes;

there are two peaks which Were:nothidentified which Were_finorganic

salts andvrﬁohmore:peaks;vnot idenfified, were organio inlhature.

When I spoke'to Ahaton about it he éaid he_thought:they might be poly-

: hucleotidee, and I think.they are; however, they have not yet‘heen.identi-*

" fied.
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_Perhaps invthé future someone'else_will carry this wérk forward:
I think it represents an_exfremely important_developmenf iﬁvthe'natufe_
~of the polymerization reéétiou. Whyvis it that you do hot_get'a‘distribu- v
tion; wﬁy do you get discrete groups ofzpblymgrs? I think these discrete -
groupsvoccur because it is not a singie“addition reactioﬁ. Some amino
acids are being added; énd some polynucleotides afé being constructed
to make a polypeptide—polyadéﬁyiate, and these materials are regulating
~the size of the polYpeéfides whi¢h are found. If will probably‘turn

out that the polynucleotide is also discrete in some fashion.

THE ORIGIN OF THE CODE

: As perhaps some of you afe awére, in tOday'sﬁliVing'organisms the
specification of the linear array of amino acids in a poiypeptide is
contained in a corresponding linear array of bases in a polynucleotide.

A series of three bases in ‘the pol&nucleotide (DNA) specifies a specific
amino acid in a polypepfide,'or protéin. This corréspondence of a triplet
of bases with a particular amino acid is universal invail living organ-
isms. One form of expressingvthis'is shown in Table;4, :Here you can see
there is a certain amount of.redundancyrin the codé, 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 abiogenicaliy we must addréss ourselves to
the question of.ﬁow the linear;relationship between fhe two major-bio-
~ polymers, that is;'ihevpolypeptide (protein) and thevpolynucleotidé (DNA),

evolved. That is: What is the possible origin of the code?
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‘There are those who belleve that the oartlcular spec1f1c1ty We TIow
find in llv1ng 01ganlsms between a partlcular trlplet and a partlcular
_amjno acid as a%sembled in Tablé 4 is the result of an acc1dent in some
learly catalytlc reactlon Wthh, by V1rtue of a selectlve advantace in |
producing autocatalytic systems has now been frozen into all of blology
It is'Selected becaose'a single autocatalyt1C'system,eventually domlnat—
ed all the others. Another may'of expressing this “frOzen”accident”'no?
tion'is’to make the Statement that'giyengeiactly the-same;startlng conditions
and allowing Lhemlcal evolution to occur once again, that a d1ffc1cnt

1
codeal relationship mlght very well have appealed 0 ]1.

1t is my pe1sonal
bellcf however, that this would not be the case. I belleve that the' A
' codal relatlonshlp reflects some character1st1c molecular 1nteract10ns
between amino acids (pOlynucleotldes) and-nucleotldes (polynucleotldes).

A modicum of evidence for thlS alrcady exists in the f orm of some
: experlments done on the rate of-coupl1ng of amino acids to nucleotldes
in a speciflc inetance ~ Some years ago12 we attached a nucleotide
7(1n this case adenyllc ac1d) to a qynthetlc polymer (1n thls case poly- K
styrene);‘The-polystylene was in the form of mlcrospheres. The next -
step was to measure the rate of coupllng of two dlfferent amino ac1ds
to each of these two polystyrene nucleot1de preparatlons The coupling
was performed using an N-protected amino acid adenylate The reaction
-is shown in Figure 7 and thehresults are given in Table 5.13 Here you_can
see that'glycinevreaete more rapidly_with’both nucleotldes than”doeé
phenylalanine and‘adenine reaots more rapidly;with both amlno aoids than :
'does cytosine. The overall range of reactivlty is rooghly a factor of
three;'theQSIOWest reaction being phenylalanine with cytosine and'the'

most rapid the reaction of glycine with adenine.
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Here the beginnlng of a klnd of select1v1ty in a reactlon rate
is apparcnt 14 However, I belleve that this klnd of select1v1ty w111
be Very much enhanced if both the’ amino acid. and the nucleotldes are
each, respectlvely, part of a polymer. Fer-example, I»would‘expect that
the alternative reactions (a) and (b) indicated in Figure 6 will be
Very dependent upon the natnre:of‘the-amino ecid and the nature of
- the nucleotide invelved.v'Furtnermofe;'lfwould e*pect;thaf selectivity
would be'increased_witn the length end character of the polynucieotide,
on the one hand, and poseibiy even with the‘poiypeptide’on the other.

This last eXperiment is yet.to be done, but is underway .

SECONDARY AND TERTIARY STRUCTURE OF PROTEIN AND INTERACTION WITH -

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

_ secondary,‘tertiary and quaternary structures, mostly of proteins.
There'are several principles which I want to emphaeize here: Onc 1is

the way in which proteins feldrup,'in their secondary and tertiary
structures, anothef is the way enzymes interact with substrates, and .

a third is‘the_way in which the proteins interact with the nucleic acids.
(Finally, I wish to bring up the protein-lipid interaction,vPart III;)

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

The ‘left-hand side of the figure.shews the alpha helicai structUrek

‘and fhe draWing on the right-hand gives a-mere three-dimensionel view of
" the same material, to show that the myoglobin 1is e folded'pfotein,

with the heme stuck in the center. This secondary and tertiary structurel
- is built 1nto the molecule as a result of the amino ac1d sequence in then

~ polypeptide which takes up this struccure,_glven the opportunlty in
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water., .The‘etructUre of cytochrome c, ehbwihg:théThyarbbhobieeihter- .
‘nal errangement and hydrophilic'exterﬁél arrengemeht; ie shewn in
FigureVQ;the colors bh:thiS'figufe areﬁeieésifiedhaqcbrding to,the?
hydrophilic_ahd hydrophobic characters.of the eminohacid‘residues.,By
observation;‘you éaﬁr;eg that}the hydrophobic parts are mbre er less
in“the middle and the hydrophilic_(the coelfones) parts:ere on_the_':"
outside‘of_the molecule;'This is the ohly‘bharacterietic which has so
far ‘approached a geherélizatioh‘onfthefstfuCture'ofusolublebbtoteins;
In general; the structure of soluble proteins”is éuch:thet when‘they
fold up in their secondaryvand tertiary structureshthey do so inha
wathhich_places the hydrophobic chains on the inside'(aWay from,the"
water enyironhknt) and the hydtdphilic‘Chainév on ‘the outside, riear:
' the water enviromment. | |
It is for thls reason that I ‘had the reservatlon, which I men-

tloned earller about the generatlon of polypeptlde ‘and polynucleotlde
structures in a purely aqueous env1ronment You see that there can be
modlflcatlons durlng the course of thelr constructlon whlch w111 remove
thelr functlons from the water environment into a nonaqueous env1ronment
by virtue of their own structure, so-to speak.-

 The structure of lyeozyme showing the substfete cieft; is given in
Figure 10. I be11eve it is easy to dlstlngulsh between the 1ysozyme
1tse1f and the shaded area which is the synthetlc dlsaccharlde substrate
wh1ch fits r1ght 1nto the active 51te cleft The same molecule, lysozyme,
is shown' agaln in Figure 11, 111um1nat1ng the mechanlsm of the polysaccharlde
'hydr01y51s, and show1ng the actual functlon of the active 51te You

can see the polysaccharide 1y1ng in the active 51tc of‘the lysozyme,
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ﬂle bond which is hydrolyzed 15 the glyc051d1c 11nkage by means - of :
'transfer to the po]ymer (Asp 52) of one part of the substrate thus
letting: the other part go free “The Asp glyc051d1c ester, in- ‘turn,
.1s very rapldly hydrolyzed Th1s is the way in wh ich the hydrolytlc
enzymes and many of the ‘transferring enzymes functlon -Thus; the ter-
tiary Structure 1s evolvcd to give the partlcular tert1ary archltccture’
which will take hold of the proper substrate. |

* The next flgure (which is an old onc) reachesnlnto the area of
'v151b;llty. This is collagen (Plgure l2), show1ng that we_can refold
molecules into tertiary‘Structure'but, even‘further:than that, the mole-
cules-can actually reassemble into more complex qnaternary struCturesi
which are dependent.upon their primary seQue'nce.l6 The upper part |
.shows the ‘separated collagenbfibrils; and in the bottom:sequence are
the reaggregated fibrils which appear similar to the natural ones.
The fibrils are highly ordered arrays and thls 1s a_protein-protein
aggregation: The next'few figuree show the dissociation andvre-aggregation,
of the tobacco mosaic virus (a relatively'simple'Virus;particle) which
consists of a set of identical protein molecnles'and one nucleic acid |
rioleculé, These two can behseparatedaand‘then reassembled again, into
a complete virus particle.17 Since that tlme, more complex virus particles'
have been reconst1tuted as well. Flgure 13a shows the native TMV virus,
with the unlform particles, and Flgure 13b shows the reassembly of the
TMV'protein itself alone.. The prote1n is separated from the nucleic
ac1d red1ssolved and by chang1ng the salt concentrat1on so the material .
will reaggregate, with the results shown here. You can'see that the
material has'reaggregated with the correct dﬁneneions ln one way,
‘but not 1n the other, partlcles have all different lengths, in contrast

'to the part1c1es of the native TMV virus; because there is no nuclelc :



acid “information” to'giye the'oorrettidimensions'to'the particle. In
FJgure 13c you can see the reconstltuted TMV virus partlcle whiCh
'occurs when the nucleic ac1d conponent 1s put back 1nto the proteln
solutlon. yThls same type of experlment has been'done w1th much more_
Cdnpleparticles T4'bacteriophage; MSZ'phage'protein; ete-”Progress

in the reassembly of Very complex structures is be1ng made The TMV
-partlcle itself is ‘shown d;agramatlcally ln Flgure 14.'-The tertlary]:
structure of-thohsubunit protein material in theyTMV Viruslparticlef
has'not'yet been'estabiished, but'We"knombthat there iS-a sequence’ofi -
120" amino acids and me”knowlmhiEhfones they;aré,'but,VaS'yet, we do not" -
know “the detailed”structure of ‘this  subunit. o o

INTERACTION OF PROTEIV AND LIPIDS -

Proteln 11p1d interaction 1s one of the areas of very h1gh sc1ent1f1c '
-act1v1ty, in the technolog1ca1 polymer area and more selectlvely 1n the
laboratory than b]OLhemlstS have done in the past L1p1ds have been '

used for handllng b10chem1ca1 protelns for some- tlme. The present

'concept ‘of membrane structure, shOW1ng the proteln embodded in the: b111p1d:
' membrane, is. glven in Flgure 15 The phOSphOllpld con51sts of hydroph111c
ends (the phosphoethanolamlne end represented by spheres), and the lipid
'chalns “The globules wh1ch are mcmbrane protelns in varlous stages of

_ 1nsert10n 1nto the b111p1d membrane make the total actual b1010g1ca1
membrane itself. These protelns may,be‘structural-or they may be transport-df,‘
proteins ; i;e those carrylng materlal into the cell through the biolo-
.gioal membrane. The fact that many of the protelns are d1rect1y assoc1atedy

- with 1ipids-imp11es that there~must be. hydrophoblc connections on-the

: out51de of the protelns in order to be able to perfonm thlS type of

insertion. ThlS has not yet been establlshed in the 1aboratory,
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and I ﬁill give you more cvidence fervthat guess later on. There are
clearly hydrdphebic‘partevbn‘the prOteins, but Whether'they are on
the outside or the inside, or both, is a subject efxsdne concern.

A syntheticv”bielogical cell” is.shewn in‘Figure 16. It is made &
| by shaking up e phospholipid (lecithin) with a protein cytochrome:to
form the liposomes (soft spheres). The mUltiple and single bilipid
layers afe visible in thisvelectron_ﬁﬁtrograph, and these layers are
| filled with proteih.19 This work was done about;eight years ago in
a laboretory in Greathitain; I have called the.spheresv"Bahgaeomes”
after the man who cons‘tructed‘them‘first.20 The :spheres are called
.generally liposomes, and their osmotic'properties,‘transpert propefties,.
and a variety of other properties resemble these of living cells.

How do materials get in and out through that membrane? What is
the mode of their transport. Can specific preteins be associated |
with the ﬁembranes to produce these specific results? These are ques-
tions still-unanswered. Studies are now in progress, and this field
is really'just blossoming out as a new area and a ﬁew era. Only now
have -the polymer physicalvchemists‘gotten into the act, and Midland
Macromolecular Institufe.is one of the leading sites of this type of
research. |

As you know, it is quite common to use detergents, anionic, Catiohic
and-non—iohic, to try and help in the isolation of avparticular-enzyme
from a living cell. The procedures‘for‘fhe soluble proteins
(soluble-enzjmeS)'are.nqw well estsablished. The isoluble enzymes,,
however, afe e different story. The membrane-attached enzymes, |

as the membrane of the cell, or the membrane of the mitochdndrion,'
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or the- mcmbrane oi' other internal cellular structures bresent more
difficult'ies It is necessary to use detergents of various types for
enzyme‘extraction. . A few years ago, _rwe naiye'ly _(_and thls_ quality has '
some merits as wel'-l* as dem'erits) began‘ this typeof work We had"Qto
learn that in order to cxtract the enzyme in wh]ch we were inter ested |
| ~(which hdppened to be the RI\A 1nstructed DNA polymerase RIDP) deter--
gent ‘was requn ed. 1 wondered why it was necessary We also learned
‘that when the detergents were eliminated the enzyme 1tself seemed to’
be elmmated ‘of at least the activity of the enzyme was elmunated
This gave rise to the idea that perhaps the act1v1ty of - the enzyme was
dependent upon the presence of detergent molccules, i.e., the lipid '
component in some way was changino the conformat1on of the - enzyme L
and inducing its act1v1ty, or at least raising_it Therefore the
residual enzyme act1V1t1es which are observed when synthetic deteroents
wére not used for extraction were- smply due to the natural phOSphOllpld
) ~ which came ‘out when the solution was sonicated
| We found that when we added small amounts of certain types of
non-ionic. detergents it was. p0551ble to get the enzyme act1v1ty back
again. Thi__s co_nstitutes a’ new development.. Nov-one really b_elieved that |
the intrinsic *activ’it'y of: the '.fenzyme 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 11p1d membrane. ’I‘he detergent does, in fact, take the enzyme _v
: out of the lipid membrane-, but large amounts of the de.tergent are mnot-
needed to make the énzyme active o
"’ .. The activation of the RlDP enzyme by detergents is shown in

| ,Figure 17. RIDP is the enzyme which copies RNA 1r1to DNA which is

vpopularly known as "reverse transcriptase act1v1ty" Work on this
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cnzyme is one of thc.major breakthrouohs of the’ 1ast two or three yeals, f'
partlcularly 1n comection with tumor viruses. The act1v1ty of the |
enzyme 1s 1ncreased by addition of su1tab1e amounts of various ‘types

2
1,22 If you tranqlate the effect into a

of_nbn—ionic detotgemte
molecular hn%ie this is a poqntlve molecular ]HtOIdLllUn This Tesult
occhrred as a tcchnlcal development of how to study the enzyne, but

we did all the work on the detergents more or less as a side issue.
However, ‘this turned out to behthe'eehtral theme, which is not uncommon
in this'type of'work..We were actually studying the ‘inhibition of the
RIDP enzyme activity by certain_drugs with a view toward using those
drugs possibly to-inhibit the transformatlon of normal cells into

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

copies the RNA from DNA in the virus, which copy is then insert ed

into the DNA of the cell;.thue'making'e transformed cell. The rationaleZ%
was to find a drug which would inhibit the RIDP enzyme and thus block the
transforﬁatidh into cancer cells. In order to study the 1nh1b1t10n of

the enzyme, we had to study inhibition of the ‘enzyme act1v1ty under

many conditiohs, This gave rise to our studies'on detergent'effect on _
enzyme activity. We found that we had some excellent enzyme inhibitors
in‘the foﬁn of the drug itself., This particular drug, rifampicin and

its derivatives is a lipophilic substance. Here, it turns out that if
there is too much detergent the drug ievineffective in.its ihhibitiont%f
RIDP enzyme activity. The stfucture’of the non-ionic detergents which

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

(the Ttitons)-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 en;yme from worklng ‘The - enzyme is shown 1n Flgure 19. We have
'vtrled to plot the cr1t1cal micelle concentratlon for each of the- deter-'

gents, “and you will note that the removal of - the drug from 1ts ablllty
22

S to 1nh1b1t the enzyme is dependent upon the formatlon of the mlcelles

We interpret this to mean that if there is too much_detergent present
there is micelle formatiori, and the micelles'diséolve the drug; taklng
it away ‘from the hydrophoblc portlon of ‘the- enzyme The drug no longer :
can act on.the enzyme SO° the enzyme returns to 1ts full act1v1ty
In Figure 20 are two magnlflcatlons of a tissue cultu1e Wthh has becn
transformed 1nto malignancy. You can see the growth of the cells to
confluence here but hherover the cells have been transformed into
vmallgnancy they  overgrow each other and they make llttle ”plles" called
foci. We have -found that.by“SUitable_adju$tment of the‘drUg concentration
it is possible to prevenththehvirus:from transformingrcells aezdeter-
- mined by this fotus'fOrmatiOn’inhibltion 23"We'have goneheVen”further
with the drugs to show we can actually prevent the. formatlon of tumors
in whole animals. 24 Aga1n thlS requires a suitable comblnatlon of
detergent and drug to prevent the detergent. from sp0111ng the act1v1ty
of the drug : ‘. _ ' |
I hope that some of the ‘things descrlbed above w111 give you
~ some concept of the kind of a china shop you=cou1d get-lnto, if you
4 are'willinghto do'ith' I want to give you who are not in the blochemlstry—u
;molecular blology bu51ness some 1dea of the way in wh1ch a polymer chem-
“ist could effect ‘the, development of our- fundamental concepts of the :
nature of life, and how it came about, and its applrcatlon in the prob-.

lems of the day.
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Table 1 =~
Comparison of Experimentally Determined Dipeptide Yields and Frequenciés

: Calculated'from Known Protein Sequénces

‘Values (relative to Gly-Gly)

* : .
Dipeptide = - Experimental =~ Calculated
© Gly-Gly | | 1.0 1.0
Gly-Ala 0.8 0.7
Ala-Gly . 0. 0.6
Ala-Ala - 0.7 0.6
Gly-Val 0.5 o - 0.2
Val-Gly 0.5 0.3
Gly-Leu 0.5 o 0.3
Leu-Gly - ' 0.5 -0 0.2
Gly-Ile 0.3 0.1
Ile-Gly - o 0.3 0.1
Gly-Phe - 0.1 0.1
Phe-Gly 0.1 0.1

% : C v . ‘ y
The dipeptides are listed in terms 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:

. . : S
Gly-Ala: glycylalanine.
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vTabIe:Z"

‘Amino Acid CompoSitioh_vaRroteinoid Prepared with 200 ppa6

oo
o\

 v_‘:Aﬁino-Acid | _ _Amiﬁb ACid-ﬂ" j
Thr .-:_ 0.55 Lys. 5 2,79
CSer 0.63  His o 2.53

Gy 2.9 Arg - 1.83

Ma L3 Total 73
Va1l L3
CMet b_""0;86”_"ffASp""'  :9  51.9‘=

Iso -~ 071 . Glu - ,;f'ls.s. :

Leu )  3.44  Total ?-.:3 > 65.2 "

Tyr 3.87 B
7 Phe . 5.87

NHy 5.02

o Total 27.6

ASp:Glu:fequimOlar mixtufe-of basié and:héutral.émino écid;_ratio'4
©2:1:3; i.e., 33%, 16%, 50%; 100°C for 150 hrs. ppa .= polyphosphoric

acid‘in'ppmT



DATA ON PEPTIDES I

-L2~

: Degree of - ,
Peptide Mol. Wt. Polymerization Wt. (m
640 _ 9 10.3
1,120 16 35.2
1,900 27 20.0
Adenylic acid 1 470.5
PEPTIDES II OBTAINED ON POLYCONDENSATION OF ALANYL ADENYLATE
] | MoT. Wt. of | Degree of -
‘Peak No. Peptide Adenylate Polymerization Wt. (m
4 2,130 30 - 8
2 2,310 32 5.2
1 ‘ 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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. FIRST LETTER

- |aaa | |caa GAA UAA Termi- |
laac Lys Gln Glu

CAG "~ |GAG ~ " |UAG nate

AAC . |cac . |eac . |uac
Asn | His A§p~'UAU*

aau “Micau " eau Tyr

ACA - |cca  leca-  |uca
ACG  |cce © {ece - |uce

acc TMicce Prolgee Al uce

‘ACU 1 CCU GCU ucu

Ser

SECOND LETTER

AGA arg|CGA  |GGA  |UGA Term.
ace “"9 | coe GGG | UGG Trp

¢ . lecec A9 SV 1 U6
AGC o c GGC c

AGU | cGU 6ou  |ueu ©¥°

AUA Ilu [cJa  |eua  |uua
AUG Met | cUG GUG | uuG
AUC [ cuc “®|euc V' |uuc
avu "Moo feuu  |uuu

Leu

Phe

XBL729-4743

- TABLE 4



* PERCENT OF BOUND NUCLEOTIDE REACTED

Amino

Base S R -
' - Adenine | . Cytosine |

- acid

Phéhy1a1énine
Glycine

2.9
| ..6.5

XBL. 729-4754

TABLE §
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PROTEINS o 8  laminol -lcarb_oxy/ |

 H - - 0 < .
) “ »l _____ I l . ] E . .. " ! :;, b i ‘ S
HoN-GH-G—OH +Hi-N-GH-GOpH ——>" HgN-GH-G-NH-H-COH ——  POLYMER
| dipeptide = |-
POLYSACCHARIDE S | L
| GHoOH
GHoOH c—o_ . ‘
é——o F““‘ﬁ\ /OH H\ /|4 ' ' ' -
H \ JOH " Jo{QH Y6~ —— DISACCHARIDE —» POLYMER
LCO(QH HC, HO™ "¢—C ’
HO® "C—C 'H H OH
} OH
LIPIDS

Q

HOGH,CHOHCHy—OH _HOC—(CHy)y H —= HOGH,CHOHCH,~0-G=(GHy )y H

' ester bond -

MUB-5261

Calvin

" Figure 2
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NUGLEIG ACIDS (3 STAGES) RNA SHOWN - DNA LACKS OH ON 2' POSITION .

| adenine |
e
n? SN AN
' " sCH NHg
HC. 4G -6
N Ve N,
i MO & / - —— POLYMER
:H ! /o\ ¢ 2 AD— \N/ \N/O\ GH2 OH
Sosg(H M TOH 1 o ¢t W So-p=0
WoOCLET™ - p=0 H™ ~ct¢” H “oH
HO© oM B HO |
v LOH_________HO
| adenosine |
| adenylic  acid e v ‘
I dinucleotide (Apdp) . [
Calvin

. Figure 3



. (S3QILd3d) ALIAILOV ;O 3INIOXIO TVILINI LNIOH3d
g . S . Cc . v o o} o

" DIGLYGINE
TETRAGLYGINE

o340

{ l

40

IN MINUTES |

O @) o o
%) < N

(INIDA19) ALIAILOY ;0 3NIOK19 IVILINI LNIOY3d

100
8

60

50

TIME

MUB-8960

| Calvin . -

. Figure 4 -



| alternative )
‘ape—reactions—.OH OH
b VI

i
| | e
TR 3 Tl Sy
NHp—CH—C—0-*P=0—CH,
5 o '
lVHz-
0. OH NASNA-N
o R

XBL729-4756

Calvin

' Figure S

-g¢-

"

.



| =Q¢10005;;;ff"

2000 3000 4000 5000
R vch)

| Chromatography of fraction II on ‘Sephadex G-25’ with gel bed ,
3 x4 X150 cm. _ -
: EE XBL 729 -LThs

T-9g-



=3 Tw

0
CH, O-P-O-CH, o Q (ﬂ) ?Hz @)
oy + CH,O-C-NH-CH-C (O
CTL*D'%5N}PSHJWZ<§)
OH OH O O  CH,
N-protected
AMP-pol
POiFaNCE phenylalanylanhydride
pyridine
24h

room temperature

Lo

|
CH-NH-C-0-CH,

I
CH, O @

N-protected phenylalanyl -AMP- Polymer

The coupling of the polymer-AMP complex with the anhydride form
of an N-protected amino acid.

.

XBL T29-L4750

Calvin .

Figure 7



3B

XBL T27-4T0L

Calvin
Figure 8



O

Fig. 9 CBB 728-4287



-40-

Fig. 10 XBB 729-4365



-41 -

=i

LYSOZYME, MAIN CHAIN

LYSOZYME
MAIN CHAIN

CBB 728-4289



o

B

FILAMENTS OF COLLAGEN. a protein which is usually found acid. This electron micrograph. which enlarges the filament- 75000
in long fibril<. were dispersed by placing them in dilute acetie times. was made by Jerome Gross of the Harvaed Medical sehool.

FIBRILS OF COLLAGEN formed spontancously out of filaments chloride was added to the dilute acetie acid. These long I.iln’i|~-.|rn-
<ueh as those <hown a ‘>0V e when 1 per cent of =odinm identical in appearance with those ol collagen hefore di~persion.
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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.
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LEGAL NOTICE

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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