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liv..Y did life cor:-e to be on the surface of the earth:? :Darv1iri h:i.lr.self 

recognized tl'lat h.i..s basic idea of evolution hy varia'tiOl'"l &J.d natural se-

lection must be a condnou.s pr003ss extending baci<;.vla.rd in tin:~e through 

of "Cl'1e;-nical E~volution'1 which preceded it~ ·we arc approachinSJ the ex-

amilla·tion of these 0ve.r1ts by two z:outf.=ls,. 

One i~:; to seek for evid!~nce in the ancient rocks of t..h.e earth which 

tfere laid dCJt~n prior to th.at time · in which organisms capable of leaving 

their skelet(>ns i.'1 ti.1e rocks to be fossilized "~~>'ero in existence .. 'l'his 

ea:cth is believe-d to have taken its pras~~"lt form approxini.E.ltely 470q 

rnillion yeD.rs ago.. t1e have found in reeks ·v;hose age is al:.1oqt 1000 

million ye.:."".rs certat.n oqplri.C r:olec.:ules which '-lie closely relatG->d to 

tly.:;; g.t't,';C!l pisrr~n.t of plants, chlorq;hyll., 1l'his seer.-ui to establish 

'c.~at green plants -were already fluori.shing prior to that time .. • 

~-;.re have no~1 found in rocks of still greater age, na.rr~ly, 2500 mL!.lion 

years, the s.:.~no kinds of Ioolecules t1:entioned abo~ which CM be a;ttri-

tb:ase specific h,:t'<.lrocar.bon.s (polyisopre.no.id.s) to less tha>1 2000 



' ' . ·~·: '·;·; .. :· .·. ; .... 

Zilistracti? 2 

'l.'he secohd appro~ch is to atte.~~)t to repro..1uoe in the laboratory 

those chemical proce~se5 iiKlua.:.;d by erie~gy of various :Y.inds - · radia-
. . . ' 

tian from t."le sun, from .radioactivity, from electrical storm~ etc .. -

v:hich could give rise to sirnple orga.-,J.c molecules a.'":ld polymeric combin­

ations of them" ultiniately leadingg·to systmus which cou1dbe called alive .. 
'I'' 

'l'hls att.err'tpt has. also succeeded along a variety of lines" and ma."ly of the 

present day biolo;.rically iti-portant molecules have ·been construe'ced abio-
• ~ ' - • .1-. ' • • ,. .. • • • 

genically. from the prima val atrtDsphe:re r . thus providin<_tr laboratory evidenO'= 

for the hypottK:!tical processes. The latest step L'1 this approach. has been 

to demonstrate the £o.:rmation Of lX)lypeptides in ffiute ar,ruerus soiutioos 

through the agency of molecules formed it1 t.l:le primitive atrnosphere of 

.the earth., 

Finally we, must s~=k evidenoe for the scm13 precesses in material 

found else·.vhere thfu! on t.he earth, such as; other parts of our solar sys..:. 

tern, e&g .. " the moon and r•Iars. \:Je can e.c'Cf:Ject to kno•;J: ".'lhether such mate:tiaJ.s 

eri~t at all in the rocks of ·the ltt'OO.."l within tl'lis decade .. We may even 

. kn0\:4 SOirlC:'!thi.ng ltOre definite aDoUt the bot~ny Of f.iarS during· this SaiDe. 

period. 

. ( 

l.t .. 
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< 
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to refer to tl1~t per.:iod of th:3 evolution.a1:y history of the emt.~ during 

prirneval fo:nn into cheroic:<ls Uf:r'.J:l ;..;hich liv:L!.g orga.."i.im~ 6 or :frcm ..,.;hich 

a natural deWi!lOpl·::ent in t:.he .c..-our:sc t.)f the. c~bc;zdcal tra.r-..sforr::ation of the 

and their vari~tii.:es but con'cinuing hack ti1rough that stage of histo:t:y 

as 1874. 

He says (Royal Society, 1959}: "You e.xpressed quire correctly my_ 
views '~<41¥~r~ you !Said t:hat ! had intentionally left the qUt:;stion 
Ol:.·~ + <-;,, Or·ic·i. "l o(': L·l.· ~.;.-. • ,.,can· .. ·"<;·"""'~ """"' ''""l.. n ,., ···l+"'r';';'>tlh•.:.r uJ t'~"""' ~~ V";:::>!" ..... ~.rc:: .... d.;;-t J:~ . &. .. '""" ~• ... u vo.;~ ... ~"'~ ~ v_. '~.;~ CL. ;...o.,.~~- .. \OJ .. .-c.~. v_.t..J ... ·-.u 

.iim t.l.w prer;ent state of cur tC.i.O"<Nlc;.~dge, and t,.;.,at I d.::alt oniy' \vith 
the m;::umer ,:>£ suoo(:.H.ls.lon.~ X have tt;et ~.r;it.."l no e\ticlenoo that. scerns 
in tho least trustworthy in favour of so-ca11~3d S:t-;xmtan-2ous Gener­
ation.. .t l::r~licve th.:lt I have !;;ol~'\·lh<;m~ s.:dd (L>Ut cannot find the 
passag~~} th.::.t t.~o principle cf cont.L~:uity l'B."1ders it. pl.'Dbable that 
the principle of l:i.fe ·,dll he:t.utd:tor h'2l s.b!'.)';••'n to be a part, or con• 
s~qL10nc~, . of SOit\S g\:me:cal lavn;; o ., .. " 

\'Jritten earlic~x·, prior to 1871: 

......,.,.. • r • a: 

I.ondon, England<> 



'\ '· 
,:,; ·'.''·· ·;·: 

,-

''It .is of'cen said <tll'at all the:! conditions for the first px:ccluction 
of a living or9anism ill'"C no.-1 p~cse.~"'tp wl:tich could cvz.r ho'l.Ve been 
pr~S~;?.;"lto Bu.t if (and oh! vJhut ~J;ig if!) v,r.e c.:t ... uld conoD1Vr2!.in oorce 
wann little l!YJJ:ld; 'l;l.i'l:.h all sort;:; of mtmaoni;:.a a.'Ad phosphoric acid 
salts, light, he,':J.t, e.lectricit;r.., etco pr0sent 1 that a protc~in~ ·c:om­
poond vl~s c."10.rnically forrrv;.;d. r~C;;<;vly to U.Y)der<JO ~•till mor~ oon:pl<:::ox 
ChBn-;;es 1 at ·the pr~:::~s~·.t deq such matter \r?ould ba instantly devour­
ed or i:IDSO.tlx;d(l \,"'hich \.·.'Ould not MW kk\Sn. the CUl3e ooforo living 
c:t.-eatur.:!fJ were forr.ni.:i')do n ' . . 

.:£bout the naturr~ of cbJ~raistzy <:\t),d 11 ~$econ.dl~r 11 an altogether ch<:u:ucteristic 

CC.'llSGl."Vat.isn• about how. ruuch he !tr.e~wft' · and ·heM nlttch c.~cmists k.ne>:! e at that .. 
'· 

c::tct:ions ~:md ixah.a.vior that it was f1-uitless for tlli'lt1, and others like him, 

even to try to reconsi':.ti.:K:t the ch.aui.cal evolutionary history of prebJ.otic 

eve.'1.ts might ha.ve been.., One of thes<~ i$ .to continue tb.e nar.~inian 

in the rocks. a."1.d aurf.:ace fonnations of the earth, Dan-.rin used only that 

part of the rec..-ord - t.hs fos:;::il record -- in wrj.ch recognizable life . ' 

forms mxiste:d; in '•·blhich :rn::;rphologically recognizable "-'mtities could 1:>.~ 
go 

ex:.11-rd.ned and describ--.;:.;'<1;, Tooa;;r, ha"'rever1 it is pessible for .us to/.bey>.:md 

this level of {:manU.:nu.tiotl i:>ecausc of our biochemical knt.)\vledge and D.:.."'Causa 

of. the evolution of a."1al:~'tical devices \vhlch pel.'U'.i t us to not on.ly deter-

mine thai:. the...-e are organic materials of variou,~ . sorts pre5e.'1t in a.I"tcic.mt 

these substan08.'1.:;, 1 This is a kind of '' £osr::;il" 0x.1mi.nation c:utd · rormlation 
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exactly analo30us to that. used by the paleontologists but it is in the 

This .v.fternoon r want to t~~scribe sorer.:~ of t.1':1e thin·gs -..:-1e have done along 

you lJ.ke - and (2) to quit-8 independently see if we can find and recorr-

b.lolo;Jically inportant substrate~·:;, lead.ing ultitnatnly (if w~~ :Can trace 

cornpone..'l.t for t.hl~ furtction.i.n1J of livirl(J o.rgan.isms ., (C1lvin1 l96la, bp 19o2b11 
Horcr.vitz an!. Hiller~ 1962 

1964; Ehl:r:;asvard 11 1963; Feu~, 19GO, 1965~, b; (ktf.fron, 1960;/Koosi.::u'l., 1964 

;rhiskind o£ effort is rnon~ than just '-'1.11. e~:;rcis~:il in c1~tectivo v-Jorkt 

becaus<:~ the r)..')ssibiUty h~ now \vith us, ~vithin most of: our lifetirrcs, of 

CX/;Jloring other Sites tha.n the surface Of th:; .earth for a p::)Ssi.blt.:l corro-

as a result of this ~;tudy., 'Mu'l.t r am refen-ing to is the .iroincnt p..')ssi-

bility that w•:?. will have pieces of t.~e l·JI.;:)on (rocks} to exarnine .for their 

orgw.ic const.ituE.Jnb>o To an. organic ch<:;:..1li&Tt. 1 looking for oo-;;;: sources of 



o;;.:port:uni ty of having a. close st,~-ectroscopic lock at the surfac.;e · of: ·£-ktrs 

n.:)t V<ilV:f £>harp ey~lJs m ;<~i thin five to seven ~~ears that look should becout6) 
and 

ru:;.~ b:-6)in.g dew:;loped no ... 1 along the lii"'l:z:;s. that. :r am about to discuss ,,.rill 

be r;;;:ssant.i.al for Ut1<1>arstanding the n::r;;.>,$S&.ges '.vhich \'.fe rr.ay receive from 

-~-~-~-

, 
· Ne .sf1i.Ul nD'il un.d~:r:tak~ . the O.;o exeret::r~s i:·:hich I have &~scribed 

ecr lier 6 no:r.Bly 11 ,looki.<'1.g at · the~ tl.mol~~c."Ular fossils" Oi4 t .. he e.::irth • s 

terns today .. 

Figure 1 gi ve:3 us sor•~e ·clue to the ~eole<Jiaul hiS'tory with whici.~ we 

have t:o deal.. The ~.ge of .the ei:.U:th is cJ.pproixrr;ately 5000 rrJ.llion years, 

&.12 poin.t of origi.'1 of organic evolution. 'v}hich was he.t--e inc~mded to be 

placev althcugh at t,:,...-.:;:1 t.b~ we dre\-r this figure M~ had no idea th;;1t ·this 

v·JOuld b.e .so nearly correct. 'I'he pzriod of chern:i..cal evolution pr~~surnably 

\)· 
,r 

• 
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? 

(Cambrian) 

Evolution 

Chemical Evolution 

Formation of the 
present earth 

? Genesis of the Universe 

MU-9665-A 

Fig. 1. Time scale for total evolution. 
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to ·more and IiX>re .,. compler.t cl1enicals, . and at some 1-0int in ti1r~ organic 
. ·: . ·~. . 

have .to be modified so;~what~ with OC'iv Jmc;wl€dge . .-re are :pushing the 

· ,, ·: beginni11•; of . organic evolution further and . flli:tlJer back in tin-e., 

Vk~ &re going to spend much of our time tracing org.:mic evc,lution bad< 
. . ' .. 

insofar tu.:; 1;;·e can. tra.ce i·t back in te.t1Js of ·~m::~leculur fo5silsl'J from the 

·· 600 rr~Ulic:n1 yoars a.<:::;o, _atnd 'de aro goin9 to talk cl.Jout chemicals .which ~.;e 

·can find in rOOks -~·Jhic..~ a.re older than 600 million, Son'?.!:) as old ;;is 2700 

. million yearsa 

fossil elements if.4 only just. bt.-ginning~ '!hi}:$ is partly because the 
analytical tcolt1 have only .recently been l."efined to the point in ~thich we 

cen descril:><J< the intitrate details of the molecular arcbitec..;ure tha~is 

prescnto The vu.rious kind;; of m.:.lecules that C1'112 can look. for- are obvious 

0:1es. One v:ol.tld ·look for arrino acids Dnd het~rocyclic· bases as xeprasen-

t4~tive of fossilS of the proteins and nucleic acids.. This ·.latter has not. 

cal tools available to idt;"!lnt.i.fy amino acids in trao.a ar(Ounts in t.'1e rocks 

·were r.uc..~ better ·tha'1 f.or the nucleic acid baser~o '!'he b"Urd group of mole-



~>le have chosen to ex<ll"uine t."le hydrocarbon co~X)$i tion of the a"1cient 

::ockrs to see if wr::. could not find characteristic urchi tr~turtti. featur~s 

isms whic.~ rn.ight' have given rise to the.-n.. ::m order to got a date line 

~. f'or our \'>IO:rk, 'Wll! elected to exw:nine st..:xne you.'1g- rocks of receat origin 

wh.osa biological pr~cursors, at least 1 ;,<J(;<.t"e s;,vell csta.blishedo Using the 

Ti'i<.X1ern analytical tools \f.:lt;;;~ undr:::rtooJ<: the exarnination of the Gre·3n River 
' ' 

Shale ~lhich underl.tes a largr~ part of t.~ wastcrn ·J:.J<.)rth M~rlcan COi"'ltin-

ent., 'l'ha Gl-een rdve:c Shah~ is only 60 million year~> old ru'ld it has 'in 

it a high f.>rO".;>ortian of llycl.rocarl"llilS; .in f:;:tCt; it is prem.trned to ):X~ one 

of the rich oil r)hales of the '.-vorldo It 't.ras .r~~latively easy to obtain 

'rhe Gr(een River sha.J..e Wi;lS enalyzed l."Jy suitable extractions and frae"'...ion-

ations (.t::glinton,. 1965) and fi<s'llm 2 shO\..rs -tlla vapor phase..:'! chrorr.atogram 

the total hydrocarbon extraG..t after the rer-..oval of any non-hydrocarl..'OU 

' . ' 

sible to ~Separate tha hydrc..'Ca.ti>on extract. into biiO quite distinct compon-
- . . . ·. ' . 

t 1~ . f 1 1 . . . (5;. 0 ).. T' . • 1"_..;. " ~.~ •. · "'" . ~ .... en s V'J nl!eam; o • m:..1 ecu ar s~ev--es. A •.. .neSt.!! s:teves a .wW<..:.c w..e s .. r.:u'::il, • ..:. 

chain hyctt"'Car..)Ona to v1.md. tb~ir vJay through ·the s ~- holes, e>~nd · to pre-
. ~; 

~~>ere thus able to s~~para:t:.e thG st.raight-chi;tin hydrocarbol."ls from the rest 

hyd.rocm::hons 1 v;hich are sho-wn by thtc:! centm~ portion of figure 2, pass 
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Fig. 2. Vapor phase chromatogram of alkanes from Green 
River Shale. 
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· into too troleculo.r sieve.. In the botton1 pa.rt of t~s figu.r~ is sho..vn 

the fraction tb.at ente.t-ed the siev~. At lea.st in the Gre.'~n fli ver Shale 

hyd:roca.:...'i::on h.rxr.ology. 
0 

~··i.e h~tve s.inc~ lea:.met.i that ti.1ese 5 A !Jieves v1ill cl.so abso:r.:b straight-

chain hyc~.rocc:trbom:; Ytlith at lea:1t a te:r.ninal olefin in them .. ~~hether they 

though the cis internal olefi.t"1 should not enter the 5 R hole vwhilo the 

trar>.S !.iri.:ght., 

'l'i1e br-a..'1d1J~t1 cyclic conponerrts can thus be separated from the straight ... 

' chain hydrocarbons; and the non-th~rrrodynruri.c distril:;u.tion. cf., the norrnal 

ll.ydrocaroon.s ca.'1 be seen -- the general cloz~nancr;; of t1l'~ odd-numbered . 

hy±ocax:boJlS reprel30nted h'2.l':l'! by the C17 ~nd C19
1' et:c. '!'herr~ i~.:; no ques­

tion a,"t::,out th~ bit..)logical origin o.e t.-.ese straight-chain hydrocarbons; 

.?~l'Orl'J tht'~m t.'\re the cl6 e Cla, cl9 (.md c20 polyi,sopl:\:m~~s # th~~S$! were deter­

mined by CQChromatogralphy a..'ld by rna.ss H£)13C'trorretry, and t:hel.--c is no ambi-

gui ty about· their,. 1-'hytane, of course, is t.hG). d01-ninant 

(one caroon atom less thm phytane) next, and you \<!ill 

one and pri~~t...·tt1e 
t.;;r.;~ 

see/relationship 

bet·~~n tb~~se in a .m::>m::nto 'the t'..bsenoo o.f the cl i isqJr~noid is .:.~lso 

sorn.-~thinsr to. note, b~cause I t.~ink it 'iJ.l/.!1.'.;/ gi vt~ us sorne clu:.a as to hOt! · 

these poly.isoprcno.ids originated and ho . ..r they rnay h9-v~ been transforn~d<i 

In a.<.'klition, a aumber of cyclic polyisoprone~l am present (se-~ fig-ure 
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preseuc0 of. rerpruv3, that is, c30 penta.oJcllc hydrocar'oons, is also 

indicated (EurJ.in.gc.1.'Wl:~ 8 Hc.:wtg; Belt:Jcy {;l..'1d Cal.vin 8 to r.;e pt,:tblishs>d). 

r·· 

i'· 

C27 Stera.''1C (cholesti.me, coprosta."le) · 

c2s eterane (24··•m3thyl c27 ster.ane, srg.oatane c;md ismnars) 

C2.9 stera."lG (24-ethyl c27 str.:tranc 1 sitor;;tano. a.'"ld is-."mr~rs) 

11 
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that there am four iSblTel<"J of orgostMe probably accou."lt$ ·in part:: for. 

chlo.tq::hyll ·which !1a..;; th.:.~ phytol alcohol as an er.;t:er: on one of the car-

terminal .alcohol, follc.r...r.s.d by ,d.ecarrX>xyli:.i.tion, t.-'1<.: cl9. r;olyisoprcnc 

pristf:;lne is cbtaincC.o 'l'he. n'l.ct th9.t th3 phyt.anc is the' dominant peak in 
. ! ~ 

fica'1t fact, prd.:>abl_.,, ·of the_ u.resenc~ Qf chl_o:;:o~hyll in the ~"iol ..... ,...; '"''~1 · - ~ ... . . . ,_ • ":' . '-'::J-'-'G: . 

of. the c17 cOJ.v:pound would r~.:;ruirc t\-;o carbon-cat-bon bo1l.<1 cleavages tlt""l.a · 
. ·. ' ~ . . ..... 

,. '. 

'.l.'his ·.vork on the Groon lti:~"er Slv.ll~ is, of course, only a prclinlintt...'}• 

exercit:;-<:~ in learning hoJ to r>erfo::m the analysis. a"14 -to re.:ad ~>.nd U.."lder ... 

sta.'1d the <lata wh..ich the analysis provid·~~o ~t"lat ~..;e are. really tryiag 

to do is to · :::JO to <;1Uch ol6c.r rock forn:tut::.ions in \1hich w..c h~ili.--oei:'U'L'On 

content is the only evidcncu that <..;c · :cr • .:r)t havo . upon wl.'lich to base our 

concli.l:.;ions. ;vc huve done .·this, c.·:nd have gci1(~ to several older rockse 
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{phytane cmd p:dst.m~~:'l} .in a roc~{ of about 1000 niillion y.;:tnrs, the None-

•. .{B.:t.n.·li"' .• oorn.~ .-·~'bins~}:to;tn ,~pd. Sc ... hoof If 1965) 
such Shale of £·;iC>rthe.rn ~'lichigr.:m. (z:;g.u.n'Eon~ ~ ~" 1 l;Joi!J o jl'tte prasc·nce 

e?.xly as lOIJO nri.lliort yeJ.irs ago., 'l~flat is to say 11 that t .• ~e vJhole photo---

(calvin, 1962a) .. 

ther ba.cke:.· Y,kiJ hav'~ obtained a piece of the Souda.'ll Iron FoLiM:::1tion of 
(Cloud, Gruner and Hagen, 1965) 

<1;lirutasota ·v.;rri.ch is. dated at 2700 million yeaxsfi/ If Y"U remember the 

s:ent eart:ha 'l'he earth is 4700 million year.s ~'1.d t!YJ! SOU<l.nn is dated ~t 

> .2700 million years. The unalys.is of the Souda."'l Sha.la alka.'1e fractions 

is shoHn in fi~t~.Ju.--e 5" '1'his is t.he £ilMJe kind of, analysis v.<hich X descri~d 

Soudan v;hich is 2700 rnillion year~~ old gives a different distribution of 
. . 

hydrocatbon.sg not.e th.at the strclght-ch.ain serie$1. is vcr-r; much ·contract-

' 
cart.:on scrir.;s hud \vhich ~~ie found in the v~r:y younsJ oils~ Fir~)t of all, 

than it ought 'to be if we are. 9oing to have a c17-c19 dominant series .. 

H<..~..vever, the distribution is st.ill far frart anyt.~ing that might be called 

· -· ·· · thercn1tld.ynatr.ic in c"'1.racter... '!'i-.e presf.moo in the 2700 :million year old 

c""'d"'"··o'! ""t.l,,;; ~ '-'0~"~,..,. ,.,;~·d· ·· -· •. .,..;· ,,, .. · <>.....-· ·;; t<~·(1"~i··· ·· ... C.:· ., .. C·· .... ,.,..;1 . .., .•• ,. ... .t..\• '· ... ...., • .J\J... ....... .. A''" .... ~·.\":",, v ... ;:;:n~-'- .. :S0 .... , ... c;:.,,,,,."':;:~(:•·: .... "''lS't'·" >'1£1'"':'.. 20 . ..:....~'. ... ..-;;:v..:.rl.•· .... ue:. -~~21 

isoprenoid) t:).tb:~st..s to th2 e.xistcnce of the is,)p~e system. even as early 
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. a.s 2700 million. years £~go (.t-~;lsky 1 et al., l9G5). 'Nhut rnay be even nnre 
·~·~ 

Figure 6 gives a comparison of a :;;traight-t:hj;),in set as a function of 

only do the ages; of the rod~s diff.zr i:m.t thG nature of the. deposit.s 

from which they c~ az~e different. One of them is a fresh \>later dcrosit 

infon:n$;tiou ther0r but: ;.;hat it means is not yet clear. 

I netJlected to rrenticn tl1at tt1ere ;vere really four diffE::t"'e:nt homologies 

Anong the is?pre.noids. fOn'.l\')d frau phytane; the Cl9 is undoubtedly made b'j 

stripping off the temi:nal hydrocarbon a!:oro.s (C20) 1 the c
18 

by breaking 

the bond bet,,.een th.zl c17 and c19 atet(~s •. I think you ca.11 see that the nia.xt. 

Ol"1e c..om be fo11"IEd by splitting off bet\',rsen. c 16 and c17• !n order to s1et 

the c17 isopr.2n0id v;e t.-..'OUld have to rral<e t ... Jo bre~..s -- the one .betv;een c17 

and c19 e,;nd the one l'.>;:~t\'.JOen c17 and c 13• As '..v'e have previaJ.Sly SU'lflgesta1~~ 
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ISOPRENOIDS 
18 
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I 1 c-c-c-c+c-c-c-c-c-c-c-c-c-c-c-c-c 
3 l 15 16 17 

NORMAL SERIES 

c-c-c-c-c-c-c-c-c-c-c-c-c-c-c-c-c-c 
14 15 16 17 18 

MUB-5263 

Fig. 7. Structural relationship between homologies in ancient 
rocks. 
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that is prob~ly the :L>?.aSOl1 •wb:j the Cl1 if:)Oprenoid i~~ not tJl."'B~t in 

' - . . 
th.ey carrr:,; ,into being? ~1hat do-~s it m~an that the _presl..i!ted biological 

~-

f-o:~:;:ncd in the first place? Fi9ure S gives a brief sun:1nary of the potE>.n- · 

t . 1 . . ... "-" F' ., ~ 11 ~ A 3 . . . . 1 ' . 
l.~ J.eo:;preno:t.a. react;.:l.ons,. .J.rs~ ot <..'t;.. , ·we <;e~ 4 ... l.:.:;ope:n.ceny · t>Yrop.nos-

phatc by J..?: ~?;;:ries of roactions through Z!~valonic acid ftt£'1 acety.1-·Co~lzyrre 
,._. 

· aootyl Col\ ~vould its-~lf give xir;;e to the. no.trr1Ul serieso We have here a 

\1-lh.ic..':l is the common precurc;Dr to all of t:.hem with brt.h'1Ch~s and also to pro-

duce the aootyl C£>1\., 'l'hese are to bf~ followed by all of the rea.ct·.icns 

2700 .trillion years .a<JO the wholr~ bios;~th.etic apparat.u.s for producing these 

inre1-mediat;es nad. evolved~ thus giving rise to the \"UX.Y s~:oecific ir;;oprenoida 
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CH : 0 0 
I 3 

I II II 
CH2=C-CH2-cH2+0-P-O-P-OH 
1 ', '.. ... _/. ' J I I I 
I ' ,_ I OH OH 
I ~ I 
1 yH3 ... Anfeiso 
I C=O 

I 
I 

I 
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• sertes 

1 condensation 
.-------+ ~ 
I 

+ I 3 I ® : II II 

Isoprenoids 
I CH I 0 0 

CH3-C=CH-CH2+0-P-O-P-OH 
/ I I I , I //0 I OH OH 

/ 

# II 
lso series CH 3-c 

I 
S-CoA 

Fig. 8. Summary of potential isoprenoid reactions. 

MUB-5266 



,. -:···.··.·· 

22 

less tb.::.i.n 2000 ruillion yom.""S, the 'rJhole seg:oonce of evo~utionart ev-<,:>.nts 

:muz,~t .i.:Y~ zo.~ch farJter than most. of us had origi.'1.ally supposr:::d (C(al.vin, 1965) c. 

1. ~u!:! afraid t.b.at. this . t.irw.~ 'lllil b<acort1!3 still short.<2r as '>1e finish our pre-

re:~ple; the (:?nttro isopent:enyl p;'(J;X>pho~phate sequence is no longer pre2~:1t 

but so:rrething n-ore e..lerre:ntacy in the v;ay of bios;r'!lthetic reactir.::n.s '1.-.rould. 

f',.a:v-u be{)n occurrins·., I ~ .. :ould like to f.tnd t.~at point in tin)3 ~ and I s-u.s-

. pect th.at it \•Till bring us so close to wh~'lt is nCM believe to be t..'w 

t:hr.~ pro•dl.n.-:1.t:t~ suost.r.ate for ov;atlic evolutio."l r:U.ght have ~en pre-. 

' • "- 1 . ' • ~, . • d ., . \ ' ., .;-~..:~ i' lf :s;en·;:; 2.n ·c.1e orJ.gJ.l'k;u .. cosm1..c ust wtUCfl ga:v-e rlse to the ear:w~ tse -

has r~<:-Jently received added .support (Studier, iiayatsu .and l~"ld~n:;, 1965). 

-~~ are s<.:~a.rcr..ing for still oldz:r roc.'<s, rocks whic.~ have ages beyond 

'~: -:'" ,,;e need aro, of oou.tsa, g.-1tt..i:ng sri.1Clller arr> our analr..icnl tools are oo­
co~nins n10:te f.$Oph.istic:at~l, s:oo I b::.llieve that we will h~ al':>~ to ~t<.l:,r. 

ruine the nature. of the carbon-ev"'ntaining rolecv.les present in oven t.~e 

oldest rocks. 

It i.s conoei w...ble that aeu"1~9 of th~ hydrocar.oons ~ havo settled into 
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the rocJ.-.:s long after. the ;u.: .. "Cks vi;r;:re formsd,. L":} disct..'!Ssing this vii th l'fTh' 
me 

geo.logica.'t friends th(:i!j have inforn~that a shale~ for <¢!;.~ample t."la Soudan 

rock, co.rr.vact..s relatively quic.'-"..ly after it is ~,.et.t:.led in tha bOttorn of 

th~ lal<e or oa~;;m bad., All t..'J.eb:: e:-t:~rience v.rith tJie rocks as a func-

Pmmxcr.rrc CHENtSl'R:t 

tion1 na:n:el:tt that of st.c~.rting vJ.i.t:.~ the prirrJ.tive earth, at the· other 

~.l.nd of th~ ev-olut ... tonaey sequence,. L~1t us beg~ \vith v;hat the a::itronorzers 

primitive e"u:t.~ \\las for!.I¥;;d by a cold aggregat:j.on af dust and gases,. 

and that it v!a.a (n::iginally dominau.::d by hydros't'!n. 'i'herefor.a.r t.h.t!! prin:U.­

tive ear-t..hatiLatrrcsprw.re 'i<ila.s do.'11inantly p:(7pulatBC1 by reduce'J roolecular 

specie.l'3 sl1.own in ll.e first raw of figura .9, w'l'.tGm the caroon, nit..l::'Ogen 
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~ H ~ 
H-C-H I N-H 

I H I 
H H 

Methane Hydrogen Ammonia 

H ~ 0 
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II 
HOCH2-C=O CH3-c-0H 
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HO-B-cH2-cH-C-OH 

I 
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MU-16089-B 

Fig. 9. Primeval and primitive organic molecules. 
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such a -::;ucztion is subject to exr::,.~rim..~rrtal testo ~~e can set up such 

n10lcc-ular con•posittons end subject th.cm to D. VE.ll:iety of ~m.~::rq'J sour02s,. 

such a:s ionizi."lg radiatic;1 in the form of either par.ticulate or gurnrr..-'1 

radiation 1 or >¥e can introduce cn&St.:/ in th.\2! form of ultraviolet rac"ri.a-

tion. or in. ths for.:n c.f ek~tricul clischnr-:;e (such n.s light..ninsi might 

produce). All of thes(:z have b-.r;c:<1 done {C:~~.rrison, et al.,, 1951; · C:'llvinu 
' . ~~ 

1956; ~~~!iller, 1955; Nillex and Ur•sy, 1959: Oro and Kiz:.hall~ 1961 1 1962~ 

, ··· .· · . such hi9h energy sc::m.rces are brought to .baar or~ such xnolecular aggrc-

~Jates, the :molecules do in&:.-..ed. breal<. 

not necessru::ily in their original fox:ms but it>. other .tri2't.asbib1e forms" 

i.""l the second and third r.::>Ws of fig-.Jrc ~l as fo:ons'<l .tt0:'11 the prinl.Slval 

troleC'.lles in the top reM~ Note t:hat these primitive secondary rnolecules 

the c1IWJonia initially present (Schirrpl" l'.erri!'IJC'Il and calvin; 1965) o This is 
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dicy.a:ru:1iarnid.e (Schir.>pl, prev'icus.ly cited) 1 ,rQ.;;lam:Lno (H.:,;.ya.t~m, 1961) ~> a.'1d., 

of cou.rac, c.licya.n.di-.:m'l.i&,.: All of the:r;1~ molecules whic.~ hav'"; beEm sought 

~yst~"tt into a more COl:C[.:>le:<: one, cttld the di:t'C1Ction of that ccnversia,."':l SOOJ.US 

living orga.nisw.s, are ma:Je U!J of 17"'1:tP8ptide.s and protein ooleaales, .The 

ed fet1tures of the Sf--eCif:ic Ca:t~lytic syste:ras ·which the li1~aar axray of 

polypsptides contelin# or c:m dt.:W•~lorn t!1e .info.rmiltion<.U tra..''ltsf(~r asp.~ct 

of li v:tng Qrgani!3!'~lS . is cr • .;;ntaincd in a.'1other kind of linear. array 1 the 

polynuc.:.ootid.~s, and ti.'lere is a. ('..C~)leK interrelationship J::Y~~.veen these 

otn:: laboratory by Stein~.lm.n, Kr:Jn,r•on ClJld Calvin {J.965} o 

i 
..r: 
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and w!1ich show in th-e next stag.e of t:.heir evolution .. 

f},::)lvdration con<J·cns~tian r<~ad.::ions 
....,.+1 d · · h •ae • · t · ,. o1 • ••· r · "'. d . ~~....,: 

In orde1: to ach.iev,~ the ne:-:t stage of the evolution of the biologically 

must be established.. ·~·J'nen you e:x:ti!i"line the biolvgica.l macrorroleClllcs whid"1 

constitute th.e s·t1:uctural a"1d much of the .catal:jtic basia for\tivin9 organ­

.. . . isms; you cun see that they ar..i! d(]:z:i ved by a rGacti()n corr~oc..n to all of 

. tir ... m co..-1.dens,:ltion reactio."'.S in pr.inciple8 at l-east.· Fi<;p.:oce 10 shov;s 

tha dehydration condensation of the arrJ.no acid$; the c.:trbo:t.ylic acid 

coun~e 11 t.:ha molecule ca'1 gro-.·1 frau either .end (ti'le amino e."1d or the car-

bo>.,yl end) to rnat~e t..l-J.e polyl~ptid:as, whic.'l ultimately b~cor::"e la.rgo enough 

to have cata.lytic and structur-?41 prcr;ertie£3 •.vhic.h \~ now recognize as 

characteristic of proteL"ls1> The f:ot'llation o:t: polysaccharides irJ ·also 

a dehydration pol;z"Tr.-erizatia."1, (;l:t is dra~m in figure 10 as. a gluco.Sidic 

linkage l'et\il'l:;!en b'le. ser:nincetal structure of· one glUCO$(:~, ttoleCiile ana 

the 4-hydro;-..yl ·;:,roup of a.not.b.er, but there are .other ty_pes -?f dehydra-, . 

are t:.he result of dehyctration CO.'"ldenso.tion reactions i the alcohol and the 

carbox.tlic acid giving rise 'to esb:::r link:e.ge., and this occurring. on 

s~;:veral of th~ hydroxyl ~rroup3 of the •Jly'X;;ri.ne will, of course" give 

rise to tlYd ordinaty lipid type of str'.J.ct:ure~> 
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Fig. 10. Dehydration condensation of amino acids. 
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NUCLEIC ACIDS (3 STAGES) RNA SHOWN- DNA LACKS OH ON 2' POSITION 

adenine 

adenosine 
adenylic acid 

dinucleotide ( ApAp) 

MUB-5262 

Fig. 11. Dehydration condensation of nucleic acids. 
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'rhe fOL"~Xth o~ the biolo~ical macror•olecules' of g:0at ilu.,oortance is 

tile gr·upp of nncleic t'OlCldt~; Md figure 11 ShOWS h("i•v nucleic acid!:~ ln.ay 

pd.~T.:;:n:y hydrvx.fl {.3') of the r:>ugnr a.nd the phr~)spl'loric acid, and, fi..:. 

sugur, etc.; 9ivin.9 riseg finally, tc.) a polynucleotide." 

.tio:1 ccnd·;;nsa:tions· 

first one '"'nich tJ:e czheAi.'list:s would im.Tediately consider is to put the 

nonc:crc.ric rnaterial .into · mJ oJ4~·clxou;.;; si b;.li!tlon -- into a medium in which 

One ca:.11, as you kno;:.;" sirf;ply uissol ve {rtnino · acicb in a nui t.:ablf~ non-

aqueoUs rred.imn and 'Jf3t dehydration .condensation reactions \vhich can be 

vteightso Fox (H<:lrada and Fox, 1964)' has been t .. he principal pl.""Otugonist 

of tlus approach. 

. . 
l.Z~~j~Ii.C that tho hydroxylic and 

or mineral surface in· ·~;hich th8 activity of the t.·l<l'ta7 is in sorre s~cifio 

"laY rc:.'duced. 'Yhus the d>~hydraticn conderisatlon ~,;ould be :made to ta~e place 

•'"': 

·., 
· .. ~ '• ~· 
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. dehydrating . 
··on the/surfao:a of a pt.tr!::.icular kind of nd.neral~ The· chief prota.gonist 

·of thin approadl i:o t.,~ .~ormation ·of t1·1~S\~ polyxre.ric r"atcrials has 
!. I• 

nifictmt sca.1..e hD.ve. not y~C!t b(:j~::n c:~:;rr5.-.:i:l. to the 1_:uint "!here ~·;:e ccu1. pr:e­
·the it;.ind;::; of 

sur.u t).ll of/the drJ.hyd:ration :r.e<;lctions uncler thnGe ci:r.cLUn:sta,c;;:t:) (r1ilJ.er 

and P<;~rris 1 1904} ~· 

·try to find ways of inclucinu the debydration condenst\tion in such. dilute 

ish thing to try 1 L~~ 1 to t;ty to ind:uce a dehyckation in \vater solution, 

but it turns cut that this can ba done., 

11.'3 took ottr cue from the pres~;nce of IJCN in t..~e rnaction ri:..i.xturc:; in 

the first instan:c~ (Millc~r, 1957), reCC:J!1lzing t1~.nt. even though HCN h&.s 

fox.m formamide, it does :not:. dt.) it WJ.ty :readily J.n wav.ar itself. 'then, 

coupling this idea t>d.th the k~·:led9c of the use of a nllitiplo carbon-

ni tros;r.:.~n b .. ,.:md in a sr.)0cific dchydl7ation condensation which ei':ists in tho 

d0J1S.ati.cn. reoot.ions (Khorana,. 1961) , ~e t.ook the next step and askE.YJ, 

~~vlhy cane t \4r~ use the par.ent .. c;sri::Y.xliimi.de?" The tautomer of carbodiiraide 

as cyanamide Vr:!XY long but dir::Jerizes to form dicyandi,;lmide; 
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1'({ 

1~14 

H. · •. ~ ~c1"- ., .• -....-... . .-qr·l 
tJ..2t!~"?"' .. -L''i'-v-4''4 · 

It tur:ns out tl'lilt d:Lcy<1ndif.Q,<1ic1¢ can irideed ac."lieve thes~ d.ehx"dration. 

condf::msat.ions, all of the;-n, in G'tilute aqur;;ous solution. {Steifi.JH!.:Ul u 

I .. erru:;-o.n and Calvin, 1964 0 1965; Stein.'1'l<?<~it P'\finyon and. O.ilVin, 1965) .. 

By dilute I 1\Y,t.iln 0.-01 ~1 in diC'yGb.'1d1a:mirJra, O.Ol.M. or 0.,001. i"l in ecrnino ..... -
acids, phosphate:;~ gu.;;.;ars and ribo:~ices.. tl.d of these reactions have 

been acccxnplisbed wit.'-1 dicyandia.-r.ide, \Jvit.h. va:r..ying dt::\\greea o£ eff:t-

Cie.i1C'j., 

.fi'ig-..u:e .12 shmm t:he types of dehydration condensation .reactions pro-

n-oted by dicya:ndiamide -- l)(~ptides, phOS£)hate ester, pyro:,>hOS£Shat.e and 

a l.tkely rr.ec..'1a.ni.Sl11 by !bi.'1ich the DCili\ makes the dii~l6ptide, . a..11d you· can 

sec that t~'l::! use it in tho for.m of the ca.rl:xxlii.mide. The carbod.ii.mide 

a.Tci.C'.inium form ~rlill add the carboxylic acid to fotn'l the. intel::rrodiate, 

substitution of :th~ incipit:imt carb'..miurn. ion to fox:m the peptid~ a"ld 

guanylurea., I might oo.d that this quantita.tive x:-elationship ~~~11 

i 
l 
i 
' ; 

. I 

. i 
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Figure 12 

TYPES. OF CHEMICAL BONDS PROJV'DI'ED . BY DICYANDIMITDE 

PEPI'IDE 

· a) alanylalanine (from alanine) / 
b) alanylalanylalanine (from alahlhe) 

-·----
. ' 

PHOSPHA'IE ES'IER OF A PRIMARY ALCOHOL . 

a) glucose-6-phosphate (from glucose) 
b) ribose-5-phosphate (from ribose) 
c) adenosine-5'-phosphate (from adenosine) 
d) 0-phosphoserine (from serine) 
e) glycerol-1-phosphate (from glycerol) 

... PYROPHOSPHATE· (ACID ANHYDRIDE) 

a) adenosine diphosphate (from AMP) 
b) adenosine triphosphate (from ADP) . 
c) ·pyrophosphoric acid (from orthophosphoric·acid). 

ACETATE ESTER OF A PRIMARY ALCOHOL ·-

a) glycero~-1-acetate (from glycerol) 
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PRESUMED MECHANISM FOR 
PEPTIDE FORMATION BY DICYANDIAMIDE 

NH2-y=NH 

~H 
c=N 

Dicyandiamide 

H<t> 
NH2-y=NH2<t> 

N 
II 
C=NH 

I 

R C
,OH 

- :::o 
~ 

(carbodiimide amidinium form) 

0 
II <!) 

R'-NH-C-R + NH2-9=NH2 •4--

Bl 
Peptide 

NH 
I 
C-NH2 II 
0 

m· 
Guanylurea 

,. 

n 

MU B-6327 
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.as far as dic-tandic:nuidc is con01.:n.-ned. Wo took. this step ed;out si.x .tno.nti1s 

ago, a.nd aJ.thoU<ih t:hcr.e ~-itJS' c'l. qU<.-tntitative relatiOn oot'He~~n ti~e GliTOUnt 

of pcptid.e forwed and t..~c .:lmOtlnt of gum1:ylu:cr,:;a foxn~d (<"md a simil.::u: 

relationship of gu<.'t."\'l:'' lure a to ph0SL)i1ate c:mhyd.rid.<-0 9 or e;:-ter:· formed) Q 

t.h.is vJW:> not vc:ty sc:A.tisfactol:y }:;Qcause the yi>::!lds \ver:c; ·rr.ost often ler::~s 

than 10% and fre:cr,Jently les~:: t.hzm H>.. J.t should t10 J-.ept in mihd t:.ha:l: 

'i-'l'ta have nt.)t yet studi,;~d the m.;;chanis.rtl of tnis react.iOl.."l L'1 detail$ 

However, it occurred to one of t..hr~ studr.;mts that:. if cyzmm>ii<le is 

good for deb.ydJ:·ation in t't>::.{uc~oua solutlons, dicyunamide might be hetterb 

{I donn t kncr~.r \"\?.i1cthc:r that is a vet:}~ logical argurrentp but that isn ~ t 

al\-J.:.i:,lS the '\llz:l] scic:nce p:t.•ogr,~S~'.>;::l~J af'lyhO.-! e) :£(;. turned OUt. tht dic;i.::me!r.d.de 

(Dr • .!i'l.) is inde<~d better (Stcirur:i:M.l.- K8...'1yon and, C.:tlvi.n 11 1~365}.. In fact~ 

o.'1a of ti1c reasons ~.~~ had originally been disappointed vtith (;··yanosnide 

'VY'M that 'h'C co1.ild not build t.'le poly!:..-cptide .. .--ery la.i:ge:1., ~Je had to run 

t.l'le concen:trat.ion of anuno acids up vert high l:;e.fore \ve COt.\ld get the 

polynl3riz.:•tion. to go very far, .~.:1d this \1~ anothci: r0ason for SBeking 

better agent::;. It turns out that dicya'1a.1'.ide is re1it<:lXkable. t'..to·t only 

does it wake tl-)e dirhptide but .it.s reactivity with a di_rJCp-tide appears 

to ·.oe gr(~ater than it is with the .;-.rn..tnc· acidso nhen you start \-.rith an 

arttino r.zcid you t;.;on't gat much dipo:ptid>~; th<~ second reaction is .f•2¢Ster 

tha."l.. tlv-2 first .. For exarrplc 0 we can get 6% yield of tetraglycine with 

·only 2.,5f& yield of diglyci~w;, a.'1d this is a -v·ery Dhort reaction. t.irre .. 

i\ tinole sequence of i:ave;Jtigations nO\'" is open.ing up: 'l'he e;.w.rninatian 

of t."Us reacticn in . terms of lr~;:~c:'1al1iSlii, i.'1 te.t"mS of its sig.nif.icance for 

d(lhydration polli'tnorization in gene.t"al, t.1c~ oond.i tion.s that .:U"C rGquired 

for surface ca·ta.lysis tAt'ld pH are just nON be:l.ng explored., 
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'r'he fi.ext n;tep .in th(il gl?.neration of st:ru.cture is t.o recorJnize t.rw.t 

s-oqu~nce structural instructio:nsp in f~~ct 1 t.hex:nr.:dyna1d.cally stable 

tions VJhich sho,.,; soxrething \vitl• vJhich roost of you a.r0 farniliar~ that 

the linear array of polyp;~•·ti<.':k:s has· in it strt.tctura.l information given 

ric;e to this sec;.md order structure (alpha helical struc'cure} by virtt.<e 

bonyl gr-oup (figw:e 14) <i 'I'he int:e.raction of the side ch.:rin ... 9 (indicated 

here by the stars} c!.l~;o plays em in1po-.ctant role not only in ti1.e ste:U.;:-.il-

iza:don of b'lat structure but alE30~ of cours::;"! 11 ·in its cat.alytic an.d. 
the fact 

othe:c prop~':J;tieso 'l'he cvi&::nce for/that this ~s a t.~ermodynardcally 

by reversing Hither the ·temp~.rature or t."1e pH chal.1g·~, recove.r that. 

s t:t.-u.cture o is thermcx:1:t1.1a.rr..ically .built in and is part of the atomic 

it:y is a af.JeCtrosco-.;>ic one, as sha .. m. in figt.u:e 15., '£:-1is is for rx.>lyglu-

t.:tve ca!l:;boxyl group is ionized by r.aising the pH, the ch2lrgc ret::.ulsk.n 

b.;;;i.::'.veen tr..e negative cru.:bo;....yl groups is sufficiently gre.::'l.t to break 

• 

~' .... 

- ·-:. 
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I ~: I · i I ~ I 
-N-C-C~N-C-C~N-C-C-N-C-C-N 
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L ________ j 

MU-16147 

Fig. 14. Protein structure. 
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TINOCO, HALPERN and /962 

7 

6 

POLYGLUTAMIC 
I<) 5 AC/0 I 

Q 
)( 4 

~E 
3 

2 

MU-27653 

Fig. 15. Absorption spectrum of polyglutamic acid in 
both helical and random coil forms. 
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da..m the helical :structure., and you g.et a random coil; \-/hen the t.-~rmin-

al catboxyl 9roups are neutralized, whic..~ they would oo at pH 4o9, 

·the alpha hf~lix structure returned, as is evidenced by this reversible 

1'/:l.e sa.n:e Y •. ind of avi&nce is available fqr t.'<1.e double helix structu.t·e 

of the sequeno:3 of bi::ts~s vJ'b.ich is a result of ba.se pairing and. hy<.irogan 

bonding of the polynucleotides {ll.~A) • 'I.'he st...""Ucture of the molecular 

CO'n'1.,00..'"le..'1ts of DNA is sh.ovm in fi<t;'l.lre 16. Here a:ce shown the sugar 

phosphate c.O:,ains as a pair of. ribbons from \;!rJ.ich 

bases (gua."line; adenine, cytm~ine, thymine}. '.t<wo 

is hung a series of 
chains 

5-uch/ are paired in 

"this pa-"ticular maimer to give rise to a helical structure "te.rhich one can 

visualize as resulting . from the tv.•o strips being twisted, th'us · tw.ning 

the base pairs flat-on to each other in .an aromatic typ(~ of stacking .. 
. 

The aromatic typ; of st<'1Cking in addit~on to the hyd:rcK.jem bonding holds 

the chain.s together; the a.rorna.tic stacking helps ,to stabilize the hc-:lli-

cal st;ructure. l'he helical structure makes. itself apparent in ·rtW'Jl:Y w~ys, 

amo .. '1g whic.~ is a change i:.n. th.e ultraviolet absorption of the base pairs.,. 

l.t1 Pig .. 17 is shOifm the sr;:-ectzum of the helical structure0 as well as 

that of the random coil. 'l'he reversible transition. oot!iJee.'1 them is als;o 

demonstrated as a sort of melt3.nq a.~ crystallization phe."lOll.etlOI'lo Fl..:;;; 

the ten;perature is raised, t..l)e lY.:!li.x is n1e.lted into the coil-, and upon 

··< · slowly lo.-Icring the b?rrv~rature the helix cones back again. All that is 

shcrvm he.t.-e is that. the secondary helical structure of the polymers is 

buil~ right into the linear array of the ·tmits of i.;,tl..ich they. are mat-leo 

i" 
I 
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f.' 

Fig. 16. Molecular drawing of components of DNA. 



ci 
0 

.5 

250 

-41-

(1=99.4°C) 

SPECTRUM OF NATIVE 
CALF THYMUS DNA and 
DENATURED CALF 
THYMUS DNA 

300 

>.. (m}J) 

• NATIVE 

o DENATURED 

350 

MU-27654 

Fig. 17. Hyperchromism on nucleic acid. 
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Beyond t...l-ds 11 ~h'~re is a third degree of order '<1hic.'1 is aga.i..n thenr.o-­

dynarnically controlled,. If v•"'"~ novl take soire o.f the helice.s 1 for example, 

ti'.t!) helix of ptoteL"1 or polypeptide, and put "t.~em into a solution of 

suitable ionic strength and pH, the heiices t.~auselves cal'l begin to 

that certain kinds of pol:t.F~il_ptides will aggres;ate to give ·certain types 

of st:ructure,. a..l.d only cE:.ttain types of structtil--e. 'l'hc evidence for 

this is ag.ain !nanifold.. <! have .Picked only oi:le case because it is: a 

rather \-Jell J..~to;-Jn one and a rather Si){;}Cta~.culnr phen~non .. This .is the 

case in 'dhieh one takes apart a collagen fibril . (a natural pol}-peptide) 

into sin<;le helices -- single protein :molecules. -- and then, b;r~ suitably 

adjuating the salt cono:>.ntration and p!-11 allO'•'IS the:-.11 to 1-eaggrrigate and 

·to get back the original microscopically .v.isH>le biological ~structuree 

an shown in fis;ure 18~ In the \li:"if:>er half .,.,.-e can see the single coll&;en 

molecules q and in the lovter half they are roaggmgated fron·l the sin~ale 

collagen molecrJ.les. The collag~.n fibrils shown here a,ppear to he idem-

tical v;i th t:.he naturally isolatGd original CX;illasun fibrils.. This is 

degree of ord:!r) whlch is bt1ilt right L'1to the linear array of poly..:. 
. ~ . 

pe-ptidcs .. n<~re 4 .L'1. the collagen~· il3 exhibited a third &9ree of o:t'"der 

::·, ;: .,,···:"·which is again the result of. thefnelical s·~ruct:w:~ of th~?Qlyper~tides 
whichw-e have alreQ.dy seen ia built i.1.to the lin~ar array of the amino 

•.t 

acids .. We have noN reached· f.:;om~t.bing \aihl.Ch is .visible - a visible 

structu..~ built into the molecules as a result of the ato.trS of which 

i?e can go one step further: and say tha~s~··nilat' kinds of 'r3t:ructural· 

features L"'l tHO di.-::wmsions can be built in, 'end have b~E',j,"l observ-ed 

.. 
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FILAMENTS OF COLLAGEN. a protein whirh is usually found acid. This electron micrograph, which enlarges the filament ' ;:;,ooo 
in long fibrils. were dispersed by placing them in dilute acetic times, was made by Jerome Gross of the Harvard Medical St· hoo l. 

FIBRILS OF COLLAGEN formed spontaneously out of filaments chloride was added to the dilute at·etic arid. The;c Ions fibrils are 
surh as those shown above when l per cent of sodium identical in appearance with those of t"o lla gcn bt·forc dispt!r~ion. 

ZN-3215 
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\ ~· 

\•Jith lipid type r.olec-.lles, ·giving rise to t11e t;,-JO-dimensional stl.-ucture 

of surf;;:."Ce films. This is a. .rnuch less dev<Zllot)6d field .of \>10rk, irl these 

for organ.ic, physi.'cal 0..'1d·biolocJicaL .investigatiOl'l; it is o..-ie of ·the · 

areas tvhich r think ><<lll dev~lop very quickly in the ne:.'ll:t few years · 

(.Luzzati a11d Husson, 1962}. Figure 19 shov;s1 using chloroph:fll as .the 

lipid, the spont.':l!leou:s. agg:&.~ga:tion .of chlorophyll. in ;ronolayers at a 

v;ater-air interface, to r~hoN" ·that the tv.ro-ditrensional array is a the:nuo-

dyna.llically controlled phe.no.:n;;6on (Tl'"l.ttnit and Col:n"':mo., 1959) o · 

' .· . 

Finally t I wa."'lt ·to pase on. frcn1 that to th.e! next higher level of 
I • .;~ 0 

· biolo;ical structure sho~.~n in .figur~1 20 t-lhich is n collection of ird.cro-

scopically visible t."lirags whict1 we };:1"'.0:1' play em in'i:10rta.flt role 'in­

biological phenomena: -- in energy transfer ·and infoJ:mation transfer,·· ... 
the h.;o major Jdnds o.f things \<Vhic.~. a living organism has to· be able 

to do.. The chloropl;iiStc":l n.~re (upper left) . sho"A th~ lmLlellar ;.o:ray, and 
' ' 

UfYJer rigl1t ahowa ·t.;.~e structure of one of t...'"lese liirnella lookitlt1 · flat-. ~ . 

on.. :lou can see that it is made up of particles roU9hl.y 100 to 200 g 
in diameter, shown .in g-reater detail in .figure 2l.(.Pru:k 1 1965).. lt is 

beginning to be .avid:ant th.at oven the quantasonas Cc:J.."\ 1'2 resolved L1'lt:.O ' .. 
be 

whi!tt a;?pea:r: to .\/,iz.>"t..tbu.nit.s (perhaps four) with an apt)roximat:~ dilrension of 
0 

60 1'~ .. Since the ·,major din~.nsion. of the .;;orphyrin h~ad of the chlorophyll 
. . 0 . ·.. . . · .. 

molecul~ is of the order of .15. to ·20 A it is evident that there· cannot 
.·. 1.. 

be ffi3.11j in eac.."l Of t:hese. GubU:ni ts and tr'AA'lt' they' are tlot likely tO 00 

randomly arra"lged thereino · 

vle are now coming down fr01.-n the biological ·:LeVL~l. to the rrolecular 

level, and t-.rithin the not too dist.ant. future I believe we will be .. 

able to r-~construct thh:o ch.loropb.yll-containing structure (quantas~s 
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Trurnit, Colmano, 1959 

I, 2 : chlorophyll a films at water I air interface 

3 : chlorophyll a io ether 
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MU-27942 

Fig. 19. Film spectra of chlorophyll at water -air interface, 
and solution spectrum. 
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CHLOROPLAST WITH MITOCHONDRIA 
CHLAMYDOMONAS (SAGER) 

NEG.-STAINEO MITOCHONDRIA 
(PARK and PACKER) 

QUANTA&HES FROM SPINACH 
(PARK and HEALEY) 

POLYSOMES MAKING HEMOGLOBIN 
(WARNER, RICH and HALL) 

ZN-4070 

Fig. 20 . Electron micrograph showing the "fundamental particles" 
of biology: ribosomes, elec tron transport particles of the 
mitochondria, quantasomes of the chloroplasts and unit 
lipoprotein membrane. 

, 

• 
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Z N-5021 

Fig. 21. Quantasomes from spinach chlo roplast lamellae . 
Shadowed paracrystalline quantasome array (3000, 000 X) ; 
quantasome with contained subunits is c ircled. 
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we will have CJ.u.·ri(:1ld oui: th.e \.vhole structural evolution; from ·the. ato..<tS 

of .which the mDlt~c..lles arc n.;a(~2 up, to t6.@ visible,. bio.fog_ical. f.\.;..J.ctio:n-

CONCLU~lON 

-----~--..... 

biological .st:ructu...---e and funct...ton in. mo.lecuJ.ar ·tcm.s iihich ·aJ.icr.,;s us to 

suggest a reaso.r.abla scquen.~ of ev"'C~'l;~·;.;~ .f.rom the primeval ntOleculcs of 
·tbe 

bl.e earth's surf<1c~ to t.hc r;tructu.l:'al units which com;titutc/functioning 
'i 

livin9 orga.11.Lsm. Because we have l:.-e.:.m able to do this in b~m.s of a 

It seems like e.r1 o1:..-vicru.s cner but it could 1:.-e quioo v;rong~ That is· 

to suggest th~.:'1t, given a st<.u.ting ca-'1viro.n..>·"lent anywhere wh.i.ch re:::;enlbles 

sama kir.d of sequence of. events ia likely to have occurred.- in fact" 

it v10uld have been inc vi table.. Th:; c:t".:d.'dng t.~g about this point in 

t.L.-re, especially for the young stud-ants '*;ho have the :futt.v.e ahead of 

1.'lhici1 is reallr a funda.'7\Snt.al notion in all human tl1.inJ-r...ing, is so or 

is 11ot so .. 

Atomic energy COF~<ili.ssion. 
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1.1. 

This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com­
m1ss1on, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor­

mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com­
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 

of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor . 






