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i"'\hstxact

HOd did life COI':-18 to be on the surface of the earth": Da1.i,;in h:t.rtself

recognized t.hat his rosie idea of evoluti0J.1 by vari.srtio.\"l and natural SG,'-

k-'Ction must: be a cont,ulOu;3 proc0ss ext.ending bad~!a.rd Ll1, tilnz throU'~h

t:n;;.1..: ixoriod in ...frJ.cl tbe first livin.;] t.1ll.'1gs arose DnQ int.o the hJC'riod

dd..nation of these 0VCI1tS by t',iO rouD3s.

(..lne iH to sc:::ek for evidence; in the ancient rocks of t.~r..~ e,?xt.h which

\\'8:r.·;:; laid dOrm prior to t.hat time in which oxx,;anisris capable of 1~~u.vin9

their skcletOD:3 L'1 tJ'l.e rocks to be fossilized I?:C~ in existence. 'l'his

eaxth i~1 lx;~lieved to have tak.en its prcs~~"lt form approxL-nat.cly 4700

rcLlllion yCDXO certai.n or1';:jiJ..nic ni..?lecules '--mien <:l,re closely rcJ..atc..-'d, to

t h " 02:/,;;C:1 pi9:>e:)t of plan-ts, cil1orophyllo This 8CC1':1$ to establish

tJlat green plunts "were alrear.ti fluori.shing prior t,o that time 0

"de have now fOLmu in rocks of still 9n~ater a'JQ I nan~ly, 2500 rci.llion



i'bstract.7 2

'fhe second a...?proach is to uttempt to n:!produce in the lalYJratory

t...~ose d1.emico.l prcce3ses inducx0d by energy of variO'..:ls kinds - radia

tion from L~0 SW1, frc:;::l radioactivity, from clec.'tricul storm~ etc. -

'Vlhich cou~d give rise to sinple organic l'nolec..ulos and f)()l.'ft".eric COf;lbL"1

ations of them, ultimately leadingj'to systeros which couktbe called alive.

'.rhis atteltr~)t has also succeeded along C\ va.riety of lines, and many of the

present day hiolo;Jically ir;portant molecules have been constructed. abler

genically from the prlnevcl1 at.ri'osphere, thus providing larJOratory evidenO'~

for.: the hypothetical proce,:>se~3. The latest step in this a..'Qproach hns been

to der:Dm.Jtrate the format.ion of IX)lYl:eptides in mute arJUeous solution:;

through the il]ency of molecules forrred in the prirriti\Ie atmo.3phere of

the Ca1:i:'h.

Finally we must s(,..:>t..:~k evidence for the sane precesses in material

found else'.vhere them on the earth, such as other parts of Qur solar sys

tem, e.g., the rtY..Jon and ,['1ar3. V~e can e..,"·cpect to Y",nOVl whether such materials

exist ut all in the rocks of the roon within this decade. 'v'le may evc-Yl

knCNl something nore definite ubout tha bota.ny of Bar..:; during this Serme

period.



surface of th":: i~Gl.rth is not ne·,'i.

hil%elf that the baDlc notions of f:)'Vulution "Jhich he forr~'ttllated were in

fara-

as 1874.

Eo say;;:. (PD:,/,:ll C:3ociety, 1959): "You l;:?xpress<X! quite correctly roy
vicws Hhr.lxx.'! you sa".i.d t:h2t I h:id intentionally left the qUr~stion

of th~.; Origin of r....ii:l.~ w'!can\ia3::KKl as b':;lin<J c,ltogcther ultra v:b.:'2G
i'fl 010 pl:·2.:;ent s;tatc of our l:;:!::J'I'lled'J'~1 and t~():i:: r c}~alt 'cniy ,-,:iui
ti'j(! lY;~1I1Jler ~;J.E ~;;t.tcc(~:;;5i()n.o J h~1"2 !ri'r~t v,.rit:.~ flO e\;~clcnQ~ t!1at r;eerGS
III 'tile 19ast i:rL\stvlortl11" iT1 fCl\TcJur of sQ-c£J.lli:::tl Sb;ontml{~C)US Gen\~r

ation. r b~licvo th.:rt. I hilve ~::Ol':'8'..,hot'!3 s':lid (but cannot:. find the
r~2.l:~sag(J) ·tl),2it "the iJrir,-ci~")1.2 af COTltirluity rClt"'1c!t,;X's i t. J,)l.'"'Cb.~l)le tha.t
the principle of life ',dllhcrei~£torhe shv../D, to b::; a part, or con
S(:;(1l..1(:~rlc'2, 0 f so~:~ ~1c~r.~er£:.1 1,~:l\'JS 4$ e 0 rt

The statel1,'Z:.nt to \·.rhich DaX'<lin refers, and '..Jhich he 11<:::1 forgottc.'1 q \i-ia.S



"It .is oft:.cn saidth.:1t. all th(~ conditions for the first px:cxlucticn
of a living ()r~J<::;.'·lis.\n r.D~e HeM pr<:se:rlt, which could. c.v,~r helva bC(Jn
pJ:8~;erlt. But if (i::nd oh!",ihat a b).,;; if!) ,'/8 CG'Uld o:moC):Lve in :"ex:;::;:!
\'}.:lrEt lit.tl·c r:>OIlfJ, f~·l.il:J:l -3.1J.. SOJ:'t~:J of [iY~;"~~1(...~nit..:~ ilild ,~~)11()~:31Jh.c)ric ~lci(l

8D.l\:;3 t 1.j.. 'uZ1"t, r:0~~ttl eJ..ectricit~{ p (;tc C) f)rC;.S811,t I tb.at. ~1 L)rr~"t,(;:Ln.(~ con-;.
pcu..nd 'dJ3 ch::.r:u.O'..llly fO:tEl'2d .rc<;tuy to und2rr:50 ~,till !l'Dre CVJEpl.;,!:x
c11an.';;23, at -ttK': E)r(~3(;;11t (l~;lj ~.:H..\(!h Ir~a·tt(.)r \\i'Ot~ld b~~l ir)stt'':U1.tJ..:l (1("~~I()Llr

(,d or a,b'i.;Ol:lxil g \{:lich i .•I0Uld not have b2!2U t111,c,:: Cdl"C Jx::for,.'J living
CXC;itU.r,~·~;j 'r,'/·::0:L+:; f·orrrif2r.1o'1

J?irst., a rC!rn.;:n:kable .i-;crnpicctcity

In. those

days £~o little vms Jr.ncrtl(l aJ'.Jout the nature of Il,YJ1":(.."'tllCS dnd t..'lJ.cir inter-

ctctions arl'.:1 t,:al"'1CiViQr that it \"'as fr.uit1<2S::":; for l'ui:m, and otht-,r,'3 like him,

even t!..) try to reconst1..uct the ch01-nica~ evolutionary hist'Oxy of prebiotic

in the rocks a.'1d s....rrfaC0 formations of the earth. Dar'<vin used only that

pr.3.rt of t.1'1e record - tho fO:i38il rec-vrd - in t ...h:i.ch recogn.izable life

fors:; m;istcd; in 'r~!hichrr0ri)hologicallyrecogp.izable ",mtitics could b:'~

gD
exalT.ined and d'2:scrib,:..'<:1. Today, however,. it is possible for us to/beyond

of the <i~volut.ian of ..cmalyticctl device;::> ">lhlch pe.l"n'it us to not. only c.klter-



exactly analo:)OUS to tha-t u~)(~d by th(~ palecfl1.:.o1ogis,ts but it is in the

'1'his o.fterncxm I w,;:mt to d:';Gcd.b-e sarr-:~ of t.1:e t;hin':js ,ve have done along

(1) to G::-:a:nu.ne thebistoriC<.1.1 rs'(.."Ord DC?yc.nd

.101.1 ]j.ke -- and (2) to qu.ib::; indc'pcndc:ntly Bee if '.,{e C011 find and n:;con-

cornpontmt fo.t' tho functioning of li',ring or.;ranisms • (C:11vin, 1961d, up 19620,
HOl:a.vitz an:! J:1illcr, 1962;

1%4; mll~~o;j,svard, 1963; Fox, 19G0, 19650., D; G<7l.ffron, 1%0;!Keosicm., 1%4;

No'.:" BiolO'::JY, 195-4;: 01,arin, 1957, 1959 I 1961, 1964; l<Jald, 19M)

l:)f:C.:lUS,~~ the po:.,:sibiEty is Dex.; with us, -.;n.t.:.1in most of our lifetirrG5, of

cxplo,rinJ other 5i tes t.han, the ;:;urfaoo of th8earth for a fd~3sib10 corro-

of ](ind

~Jhat I arn referrinG to is ·t.h0L~incnt

to exmnine for thair



...... r:
V.L- of ?,YJ.rs

not very z;harp ·,~Y~~:S.

ana
J..O.tls'~l"/\·/i,tr). Sr12Xi);0r

have t:o <leal. 'The n.ge of the e<:lxth is f:t~)proixr'i'Zitely 5000 ciIllon years,

a.nd this figure .nas not chan<;]sd filuch since this pietun~ ;..[as drc:~",rn. EVr.2m

the poin.t of origin of organic evolution '~Jhich was hClX:: ini::;;.;ncied to t-e
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Fig. 1. Time scale for total evolution.
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evolution, that is, evolution £:<lc;cU upon liviJ:1g gysts':n:;J a~~ "Ie }mow trt'':f[i

b8·.~irl;.~11~:J of org f::lllic ov'oli1tion furt:.l'lcr and ftli:t:J.ler bucJ:~ in tln-e.,

~J(~ arc~ going to spend much of our tirnQ tr;::l.cin90r9~micevolut.ion bac)<

600 million }'021rS o.:;o,an::l 'dC arc going to talk. aha,),"!:. chemicals \4hich \,,'0

million yet:<r:;;; ..

were just 2.d''-'qua't0, tile: dotC1111..1n::tionof the detailed tr0h~culr riltructur(2S

fossil clon:ents if.> (;)'111' jU3t. bcgiT'.ning. This is partly because the

analytical t.oolG have only rocGntly be~~n refined to th(~ point in '¥lhich t>P2

c..:m di~8cribr.? tL'1e inti!f.:tb0 details of the molecular archit.ec..;ure that-is

pre.~30nt.. The various kinds of mt::.lecu1er; that o,,'1,e can look for are obvious

O?:1BS .. One vx....l..tld ·look. for ar:ino acids i'md hetoroc:{cllc ba'3cs as repr(i:50n-

tative of fossils of the proteins and nucleic acid$. This latter has not.

b~Cl1 done to the ..;:;nHC m{tcnt an t.he. amino acid :~earch bece:nsc~ t:he cmalyti-

cal f;ools avail~lb1"" t.o id::;nt..1.f'l amino acids in t.r:a03 arrounts in the rocks

orC'anic.1
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do have ch()sl2n to exz,.::d.no the hyJrocmt:on col"D!:)()si ticri of the a'1cient

for our 'work, r"re. (~lectcd to exw:nine S0nX) YG'U.I'1Sf rocks of rec<~nt origin

whoso biological 'prt;';curS()r.~1, at least, ~"JOr,:0 Holl csta.blished. Uging the

rtcdorn a..'1.Cl.lytica.l toolr; .",\I(~ tmck:l1:tool<~ the ex<:!rnin2ition of t.h3 Gre-::;n ?J.ver

Shale which underlies a large purt of the western North ArrcricM contin-

ento '1'ha Gl'"00!l i.liver Sbale L;; only 60 million years old and it has in

it a high proportion of llydrocarbant';; in fi::tot, it is prC::31J.,'O}S\d to l:x~ one

of the ric..r, oil shales oft..he '.,orlo. It ~JC.lS r~~latiV(;)ly easy to obt<.ri.n

Green FtiV>,3r ~;;hale \';~lS analyzed by suJ.table extractions and frac""...J.on-

aticns (I::glinton, 19(5) ttnd fi'j'u.l"C 2 sha'ls tJiC vapor phase c.l1rornatogrwn

tb~ total hyUrocarl.x.:m ..:.~xtrac.:t ..::trtc:c the reltoval of any non-hydrocarL'On

Bible to S0parab:~ t:.ha hydroco.rbon extract into th'O quite distinct compon-

~1tS bj means of IT'olccular sicv"'BS (5 ~).. Thes<:C'c sieves al1owedt,.lj,e straight

vent the passagc: of aT'ly material .·:ith ZI bra:r1cJ1 or cyclic comr:oncnt.. ',.Jo.

;'78r(;; t.hus able to separate the st"..raig1:lt-cha.in hydrocartU1S from the rest

~'~one of tb.e branched iJJ1d cyclic
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Fig. 2. Vapor phase chromatogram of alkanes from Green
River Shale.



into tbe rr01ecular SleVl3 ..

9

In t;le bottorn p8rt of this .figur~ is sha",n

o
\'ie have sinc~ 11~2111GYJ. that ti1C,;;0 5 i\. ,,3ieves will also abso:r:b straisht-

chain h~'c:.roc(lL"l)0l1;3 "d:ttb. at le:nt cl b::::r.n.i.nal olefin in thcra. ~';hether they

vlill absQr.l:) st;Ccti~;ht,-chuin hydrocarbom1 \'li.th an intemal olefin ur not

remai..ns to 1)r3 detcrrnin-;:i3.. Fro:m tID cxa:~1ii1ation of n'\Odcls it SCt2InS ill>

th.ough the cis in'tcrnal olefin ~:;hould not ~'1.tcr th.? 5 Rhol(.:! 'dhile the

'l'i1!:~ brancl1'!:;,x.l cyclic co~:me;lts ca.'1 thuB be separated from the str.-aight-

chain hydroc~1rbonsI <:U"1d. 'the non-thcrr;;x".'dynD,mic clistricu.tion ct.- the norll1-J.l

l1ydrocarl::on,s Ci:ll) be ~;ecn -- tne (J(,~ncral d.ol~nancr;; of th'::: o&~-numbercd

ticn a,'l;::,out the biolo'Jical origin o.t tJIe5f~ straight-chain hydro-.:arbons;

r"insd Dy cochrcma.tography a"d by i\a~s s~){3ctrorrc'tryI Clnd there is n.o cu:1b:i.-

1?hyt2JJ1C I of cOLtrse, is t.he dOininant

(one car:-.xm atom less t.'1an phytzL'1c) next, and you "'fill

onc and pri~->i::...?U'le
the

sceirelatia:lship

these polyisoprenoids oritJinatcd and ho..; they mL'Y have been transform,:}do

In c~(,t:.lition, a nLlJ,'lx~r of cyclic polyisopr~ne:3 am present (so~ figure
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"--27 (cJ101e~3tane ,

:T:0thyl a1d th.~ sitoGtanc a C'?~ et..'ljrl group.
~>#

In
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fi}gtJ..ro

Pbyt:z.mc V~;}~-y likely c<X:zs frOrit

boxy1 <jroupg.

'.-1';.1-'....1 ",..: v'" ,. ,.~'':\ r'
... ';1 .... '" o..l<":- ....20 By rwuro:;c.,,'1i.Jtion <.i,nd th2n c;<idatio:l of the

torminal alcohol r follcM&d by ds:carl:'>ox'jl<'1tion, t.'1e C19 7:.'X?ly:Lsoprcnc

or the C17 comf.'Olll1u ""auld 1:o':Juir.:! t:,,;o carbon-carbon bOnd cleavages and

to eo is to -;lu to I',11JCfl older roc).:, fODitnLiOl\3 in \;lu.ch the hyJroca.rbon



-13 -

m/e 217

---:----C---2-7~S--T-E-R-q-N~E--~

UER r SCr=1LE x 5 ,.

r=180lJE 2 7 0.

, I

M-15

sUER. r SCr=1LE X
I

QBOUE 270.rn/e 217

150

.',

M-15 M (386)

I I.
I I 1 I I I I I i

350 ~OO 45C



14

CHLOffiPIML

Hydrolysis

CHIDROPHYLLIN

1
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C -1- C3 - ,-' c3 - f- C3 - f= C - C - on
~ ceo C

+ H'2

Oxide

c-- c - c ~ C- C" - c ~ C3 - C - c
b. 3. ~ 3~. ;..1

PRISTA."JE

. PHYTOL

c - C - C '- C - C - C' -C3' - C - 'C2 0

'0.

3 I 3 0 I .. 1
c c c . c

Figure 4. A possible source ofprista,'1e and phytane

". (Bendoraitis et alo., 1~b3)
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the Souc1:1n Iron
(Cloud, GrW1er

years. / If Y""u

f01.11lf:l.tion of
and Hagen, 1965)
reJ,'iEmber the

tinn ::scale thett. is lrDre than. ba.lf 1r7d'/ back t.O:"li'.'4.:'U tJw origin of the' pre-

4700 m:Llli.on yoars

is .sh0'Hl1 in fi~j'Lm) 50 T.his is the S3m.:~ kind. of .:malysis \·:hich 1: describ:;:\i

Soudan 'yihidl is 2700 t'ilil1ion year::; old givo£:i a diffm::en.t distribution of

note tlld.t tua straigrrt-ehain series is Verr./ much contract-

carl'..:on 80):::1;.;$ h.o.d \·;hich 'd0 found in the w;;r::y YCU;1SJ oils ~ f'i:r:st of all,

:.,tilJ. far from anything that might be called
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si~1rnificant conc.lusions from thc.~;c X'J;'.;lative (llstrUJuticns r:y-o;;cause not

only do the a9c~; of the rocks difftSr but tho naturo of the deposits

from 'which they Cf.1l':12 are <1iffercnt. One of thern i(~ a fresh \·,ater d.'.2,p.J:"'it

infor-r<;<..;,ticn there .. but what it I:18a.,'1S is not yet clear.

I neglected to rrcntion tha.t there ',..'cr~ really four diffe:tunt. homologies

prese.nt. in tho ancient rock;: the no.nIl1-). ho110100'1 of tho straight chain.;

In order to 98t

gives t.he struct.ural rel&tiom::.;hip bzt\'Jccn tho horrologiera .. The onc:'5 '.dJ::I1

the nUirber::5 under c0rtaLLA a-torns ar{;) the onCSt e.xc'l:~pt for thrJ! C17 izopre-

stripping off tha tcminal hydrocarbon atoro.s {C"}.O} 'I the C. o by bre~d.nlJ
". ..lU

on· '" "'n' ;....C>... 'flo_'J',''''d- h~., ""'l't '. 1Y''''' 0 f:" oX h ",!- .>:>~ '1 C ""1d '"'- v ,,> ....."" ~= -.! '~'t."; ... "I......\... I;, ..... .l.;.;~ , ..v,":..'~~'. ~16""; ""'17.

the C17 isoprclnoid. 'ltle 'h'OUld hav~~ to l.rake t ....iO brcaY..$ -- the one b2t'IJcen e17
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18

C I C I C I C
I I I I I I I

C-C-C-C+C-C-C-C+C-C-C-C~C-C-C-c
I I 15 I 16 17 19 20
I I I

ISO SERIES

C I
I I

C-C-C-C+C-C-C-C-C-C-C-C-C-C-C-C-C
2 : 15 16 17

ANTEISO SERIES

C I
I Ic-c-c-c+c-c-c-c-c-c-c-c-c-c-c-c-c
:3 : 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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is r"
'-17 i::mprenoid. 110t Pl.J.3SCfi't. in

8 gives

eoA to give rise

to the antr.-:iso series .. The com.k:D3i.e\t.ions (with i.so~y..::!nt..n.yl pyroph')$,)hate)

iuiti':'i.ted by the incipi.z,'1t car:X.:miwa ions <:11:i81.1'1g: fron.~ the dim~th&llyl

wilien is the comur..m. precur3m:- to u11 of tll.0'IH Hith J)r;',.J,,'1cll.0s e:nd also to p1\;l-

These cn:e to be! fol1~rc.d by all of the roactJ.on;;

to -the vcr.y

of
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CH3 : 0 0
I I II II

CH 2=C-CH2-CH2+O-P-O-P-OH
I', '..........~ \ } I I I
I' '- I OH OH
I ~ I

I ?H3 r- Anteiso series
I c=o
I I

: S-CoA
I

I condensation .i- - - - - - +' .. Isoprenoids
I CH I 0 0
• I 3 $ : II II
CH 3-C=CH-CH 2+O-P-O-P-OH

,. I I I
", I","'0 I OH OH

JI'" II
CH3- r Iso series

S-CoA

MU 8-5266

Fig. 8. Summary of potential isoprenoid reactions.



22

but so,mthing r;ere e12ncntary in the ..nay of biosynthetic mact:ir;ns ~'iOuld

I Yiould like 'to f.ina that point in timJ II and I sus-

ago of the fon~\t:i()n of the earth that \i'c are going to faa.."l .sarro i:ind
(Cloud, 1965).

of a revolution in our thinking about this early o',,'Olutionarj histor.l'~

Ejan"t: in t~he ori':Jinal C()~34niC dust \;,hich gavo rise to the ea..."'th itself

'~ie i:.:XC scaId:'.r.ir1.r) for still oldsr rocks, roc}~G ·.-vhich have ages beyond

3000 .inillion~'J of yc,J..t's ;-md 'tll1ich conta.in carbon. The C'.ffi"D1J11tS of cDxbon

cc;-ni.'1g more ~;ol?histic<:lt0(.1, an.d I oolicvo that vie will bo able to d'2tc:r-

l'G-i.nc the nature of t~1El carbon-e.::;ntaining rolccules present in even t:he

old':.;s"i: rod:.s.

least One a(;,bigui.t.y in this ';.;/hole qu.estion,

It.



t 'j,,,,, '"O(·..;,.,~, lG'1~.' r.r.·.·',,- th·"" "",<-,",1,.." ""a·...' fO'~l·<yy' 'l"n r1;"'C"'1,.~<,,;r'('( .~;..,.;,~ id~tJ:~•. .1_ .. ......ft.~ .••h. ..~;.l "",;I;.lI.........J.. . "'..._ .1.;, .......~ ....:.:..:>/.·~ ... -4•• _ .L. L-._\.,!.O ~.;t. v._... ..:;,) .\,.. .......... ,:.> ..;..",1,;,:; '-l-4-!4-..... :# oJ- .i.

ma
":r~OJ.00ical friends thclj have inf'orm?<:Vtha.t a shale II for Ic}~2Ir.Dl~J the

rot-:k, car()i:~Gts; relatively qu:.Lckly alto;: it is 8~tt.lQd in th.:: tottom of

the otfl2)!" approach to t.'1G oroblcm of Chcrrd.ca.l Evolu'"
~- .

tion, U<?>..:iIUlly, that of i~tartin9 \-1.1.1.:.1) the prirdtive earth.., at the other

tiva eart;h! s -utrr.osphore ~;as dOl\1inantly populated by reduced nole.cular
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H H ~I
O=C=O H-C-H I N-H

I H I

Carbon
H H

dioxide Methane Hydrogen Ammonia

0 H ~ 0
II I II

H-C-OH H-C=O HOCH2-C=O CH3-C-OH
For mic acid Formaldehyde Glycola Idehyde Acetic acid

H
I

H-O C=O

Carbon
Water monoxide

H-eaN HN(C=N)2
Hydrocyanic Dicyanamide

acid

~ ~
HO-C-CH2-CH2-C-OH

Succinic acid Glycine Alanine

p ~
HO-~-CH2-CH-C-OH

I

NH2
Aspartic acid

MU-16089-B

Fig. 9. Primeval and primitive organic molecules.
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tion of rx,lc2cl.1les, a.c;u.sw?- .:my kind of ovolutiol1<:J.ry deVBloprre:lt: of rrole-

molcculclr con;pcGitioDS .'),nd Gubjcct t1."lom to a vr;:dety of (2.nerqy sources r

such a.s ionizL':1g raru.aticn in til",) form of eitber pa:r.ticulato or 9an~n:-l

rudiation, or 'dB can introduce energy in the form of ultruviolet rud.la-

tion or in the form o.t: electri.cttl elisc.horse (such os li<;iht..n.'i.ng migh:t

pro:.1l1ce). All of thl~se have J:x~(m done (G:'I.rrison., et al., 1951; C-.lvin,--
195G; i',Kller, 1955; i,,'IillBr arid Ur,,3y, 1959; Oro and Kimball, 1961, 1962;

Calvin, 1964, 1965j Gtrd.nwa'1., ~\entcm and CaJ.v1.11, 1965).

sue.'). hi9h 8nergy sources are brou.gbt to }xzcr on such Xl101ectuar aggro-

cgates I the 'molecuks do indeoo. breal< tl':.O caxbon-hydrogon, hyd:ro';'~n-

not necc:3sarily in thoir. original fOl::n.l$ but. in. otl~ l'r18t:.a:sbible fOrius ..

are the very sa..7G S,:1a11 r::olecu1os u.,oon which pr2&:mt day living· 03:'-]3D.-



2,
>;)

Calvin, and J.t:3

~~

0:: c~)ursc, cli':':i·~lrl(ii-:1!~::i(.-=tc.

1961) ,

rea.l subatro.t.es of

for a in
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L\:::):·,.rdr:\tion cOfldCllS21tiCr1 p:,,-:,d:ioHS
d ' II F J ~, 'II

In order to achiQve the next staSio of the evolution of the bio1.ofjically

irfFOrtant ri.nlcculen, the neccssity for hookL'1:j t.":lo s;mall rfl:,)lccu1es to',]'2ther

must be..) established. 'Nhenyou 0Xm,1L.'1e the biolvgico.l I"~roriolGcuI8sw-)liCi'1.

isms; you ca"1 see that they ar0 CieriV\?ld by a rea.ction COl:'ili.'1"..:..n to all of

ph.'Jopho.dc .:leid, hydl:'OJ~ acids i':4""1Q th0 lik'0) by a singlE! kind of rCklct:ion 17

tion cOn,Oten3ation re.actions in principle, at least. Figtlr8 10 Sh0'4S

the dehydration con~Jlsati(Jn -of tho arr.,inoacids; the carbo:-.:ylic acid

and too fl:11ino group inte.t'Q.ct to give the J?CptiCf;?, lL1kago a'1d then, of

<....ourt:;c, tho molecul'£l can groJ'J from either ~nd (ti:"e a'\!ino €.'1d or the car-

to have catalytic a'1d structur::ll prq.:;;ert.ies 'N'!1icn We now rccogrtizo as

charncteristic of proteL'1iS" The fOJ:.1",ution oi polysaccharid(:s is ah~o

crt is dr.:a~m in figure 10 as a glucosidic

tion X"'22l.ctions 'which Vlould ,give riso to pol'yGacd1aridcs~)

rL;e to th3 orJ.i:nt~ry lipid type of str'Jct.UJ.:'e"
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o H
II ----- I

HzN-?H-C~9'i-:Hj-N-yH-C02H

R( R2

POLYSACCHARIDES

..

-28 -

lamino I Icarboxyll

o
II

H2N-9H-C -NH-9H-C~H - POLYMER

RI R2

dipeptide

LIPIDS

r-----~ 9
HOCH2cHOHCH2-0l!'i__ ~9]c-(CH2)X H - HOCH2CHOHCH2-O-C-(CH2 )x H

I I
ester bond

MUB-5261

Fig. 10. Dehydration condensation of amino acids.
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NUCLEIC ACIDS (3 STAGES) RNA SHOWN - DNA LACKS OH ON 2' POSIT/ON

adenine

adenosine

"--_---=a:...:cA:..='e.:..:.nyl..:../..:.;ic=---=a:,:c:..:.:id=-- -.JI
dinucleotide (ApAp )

Fig. 11. Dehydration condensation of nucleic acids.
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is

firs;t one \'h~ich too chenust:s 1tiould il:m-.2diatrBly considt2!.' ~s to put ti,e

U12 act.ivity of the 'dD. tor

~;ir;;r:ly dissDlve tlai..no acl:!:; in, a rmiUi'olo nO!i-

Fox (HiJrada a.ld Fox, 1964) bas l::''C:l01'lthe principal pJ:"otnqonist

.., ~ ,.,_ .......
•.:..::.& 1,. ...."'.ttl;;;

-,...... , ......
,--..1':,...11.,""'..4 that th3 hyc.Iro)\!li(:



dci1ydr,tting
011 the/sm.:fac; 01: a pa.rticula~ kind of rrd.nerZl.lo The cb..ief: prota.;:;onist

nifict..lnt. S~uJ.0 h·:1V() rlc:t :l(~t ~OC?J211 c;;:ccl~i.txi to the r'Oillt \~/h0rO 'h'(~ Cl-U1. r)r\:.~

·thc~ r.:irr.:l3 o.f
~;;Ul03 nll of/thQ d(~hyd:r.:~tion J:c('Jctions undor t:hor:~~ cir.cLUn:3b'1.'1(Xl;0 (?1ilJ.er

mid Parris, 1964).

rr0n<:ZU'~ric units i!lrO forrred prirr·,:trily in dl1utcl! u}U80l1S friQ(!i,l, we shDuld

t:r.:i to find \,"i1yS of J.nclucinD the dehydration cOndCI1Si'ltion in such dilute

ish thin9 to try, i.?, to try to in~1u.cc a dl~hydrat.i0n in \.vatl~r sol1Jtion~

but 1t turns out thiJ.t this can 00 done.

VI,~ took. our cue from the pr0:3c:ncc of lIeN in t.'1'3 ro;Jction rrd.xtuxQ ].1

the first instance (?>5J.l1or, 1957), reco]niz.ing thG'lt even though BeN hi;;".-S

fonn fOrIr>amide, it d08S not: 0.1.) it vel:! readi.l;t in water itself. 'rhen,

coupling this id~a \d;th th~~ knol::led<J';:l of t.he use of a nultiple C<::1x'l:li".)n-

nitrexy.:m J:r.,:,nd in a specific de:lydnrtion condensation. which e;..-:ists in ti1.0

u~;e of tho carLx:X.U.imides in t.he accom;:?li~3h:nent ()f thes~el dehydration co,,'1-

d:.:m~3,D.tion rE:('}.ctJ.0nS (Khorana, 19(1), \.;0 took the next: ste.p .Dna 2'?skerJ,

as cyanamide w.'.J:y long b.lt. dir'(~rizc5 to fOJ.ln dicy{)ndL1ruide:

31



? "
JL.

L X
-----~

dychanfuantido.. (DCDI\.)

It. tm'ns out tha.t UiCY~111di&Yd..&~ can indc~ed ac.\lieve these debyd.ration

condcn~'.:lt:ions, all of them, in dilute aqur)ous solution (StcinnvJ-n,

J...011',tcOrl and Calvin, 1964, 1965; Steinm2<lll Kenyon and UilvL'1, 1965) 0

By dilute I nieCll1 0.. 01 ~1 L'1 dic'Ia.'1cl5.a:m5..rJo, 0.01 ~1 or 0.001 l'-1 in amino- ~-

acids, phosphates, Btl,gars .::md ribo'JiC:es.. .:.ul of tb,cS0 rO':i.ctions have

ci01'lC'J 0

Pis'U.rc 12 sho,vs ,the types of dehydration condensation .reactions pro-

ar!.lidinit1.rn form ';-lill add "(-":10 carl)O.:-~ylic acid to fOl:::n the intcrrrodiat:.e,



Figure 12

TYPES OF CHEMICAL BONDS PROMO'lEDBY DICYANDIMTIDE

PEPrIDE

33

...

. a) alanylalanine (from alanine) /
b) alanylalanylalanine (from alarune)

PHOSPHA'IE ES'IER OF A PRIMARY ALCOHOL

a) glucose-6-phosphate (from glucose)
b) ribose-5-phosphate (from ribose)
c) adenosine-5f-phosphate (from adenosine)
d) o-phosphoserine (from serine)
e) glycerol-I-phosphate (from glycerol)

PYROPHOSPHA'IE (ACID ANHYDRIDE)

. ,

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

ACETA'IE ESTER OF A PRIMARY ALCOHOL-

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

n

N
Peptide

o
II ED

R'-NH-C-R + NH2-C=NH2 "'f-
I
NH
I
C-NH2IIo
ill

Guanylurea

NH2- y=NH2(f)

N
1\
C=NH

I
(carbodiimide amidinium form)

NH2- y=NH

~H
C=N

Dicyandiamide

MUB-6327
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"i',~ have not yet stud.i'i~d th.z n~chan.isra of tnis reaction L'1 detail.

It. turned out tht dicy.a.nar:idc:

botter i:lgent". It turns out that dicyal1.Umid3 is rem;;lIkable. Not only

to b<.~ groater than it is with the C'.m.1.no i::.cid.s. Hnen you start \fIlth ~xn

only 205';& yield of c1iglyci!lc, a'1d this is a v<..~ry Dhort rea.ctioi1 tirre.

1\ vlhole S~K.11Ji2nce of il1V0stig.;,.tians :10\'" is Of1'21Li..ng up:



theD::cxlynan:ic6111y

of the llydX:C'j'2':1 bondin:; be b-]C2n ew,;xy thiro: or :fourth ardno c;;.cid Cil:--

14). The intoraction of sido (in..dic,3.tsd.

,,11.$) plays role not: only

:b:a-"c.ion of UK:.it: st:ructt::,rc but also, of cOL'trs'2, L.'1 it~) cat:alytic aJ.1d
tho £,lci:

;:..)ttlS~::- l):rO;)~~~ctic~:;. :.L"'tlG (~vid(:n.cG for/thZit this is a 'tl1·~:C1od2Tt13I~::Lca1.1:i

or the pH chang·:), reCOV2.t"

It ifi:, tli.crm:)-J.inu;[t~ically Di.1ilt in and .is po.:c:t of th~ D.i.:o:r:ic

·!...".co.....r.'~i,- ,".'C,'"d. :'~ "··~·I·'·).t11A·t';r. r.)·......l·,,"...·j·,'">:..··lc'...-;·"'. :,i't'v'''n 10-1....'" +"-"r''''11-' r""~'~'~il -"'~O'-'", ,........ - _..... ~ ~_- ~ ..... '"' '- '-' -.:l' "'." .......,..h .=. '"".~\;;: ...<.< J.,u. .:w.. __c.v.,.)../v.l,). ':J~' 'O,,-'
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R, :-----R;---; R
3

R
4

--I~: I i I ~ I
-N-C-C~N-C-C~N-C-C-N-C-C-N

I I : I I II: I I I I II I
H H :H H O:H H H H 0 H

I '
L J

,
I ~ ~
(ft~I--C-C... H

N : II '"'0 N""c C H 0 /

( II'-~: C-,--C
C 9 T II1M'C·-

N
-C 9

o lIA'c·: c I 0 I
.:III N........... ' N/
To c-c---+--
N : .t: II 7
l
' C-CO---N

/11 : "".. 0 H C
/ c~ I."/:"
(M I c_N_c 9
Clf 1 II :

\ ?---',S
c H N
II'-~ .. C/o -C~II
: 0
o 0

o,

MU-16147

Fig. 14. Protein structure.
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TINOCO, HALPERN and SIMPSON, 1962

7

6

POLYGLUTAMIC
r<'l ACIOI

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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dCJNll tile helic.:ll structure, and you get a random coil; t:/hen t.he t,~rmin-

al ci.ll'boxyl grcups arc neutraliv:Jd, v.;thich they would be at pH 4.9,

tl:'.e alpha h:'Jlix structure retu.med, as is evidenced by t.his reversible

abosrption spec:tIum.

The 5<3J."1'.e kind of evidence is av<.rl.lable f9r t.~e double helix structure

of the S·:::~ql..lcnce of bases \vhich is a result of base pairing and hydrogen

bonding of 'the polynucleotide~'l (D..~A). 'rho zt:::ucture of the l.rolecular

COl11J.:'lO.lle..'rJ.ta of D:~;\ ia sham in figure 16. Here are shown, the sugar

pho~,phate c:'1ains as a pair of ribbons from which is hung a series of
chains

bases (Si'lli't."1ine, adenine, cytO"Jine, thymine). i1wo such/are paired in

this particular manner to give rise to a helical structure which one can

visualize 0.5 resulting from t.t~e two strips ooing twisted, thus tlli.~ning

the base paiJ::'S flat-on to each othE'..r in an aro.l11atic type of stacking.

The aromatic type of st9Cking in addition to the h,ydrcx.Jen bonding holds

the chains t{)(Jcth>~r1 the arorr.atic stitcking helps to st.abilize the heli-

cal structur€;l. The helical structure makes itself apparent in Intmy V/.lYS,.

euUQ.'1g "",hich is a. change in tl:1.e ult.raviolet absorption of the base pairs.

In Fig. 17 L~ shc.l'\-ll'l t..1e spectrum of the helical structureI' as ","eLl as

that of the random coil. 'The reversible tr:ansiti~'1 betwee.'1 them is also

derronstrll.tod as a sort of melting and. crystallization phe11cm.enan. 1...."$

the terl'.perature i!~ rais0'l, t.1J.e [y,;;lix is r:181tcd into the coil" an.d ur.xm

slOilly l.a.-loring the t(~mr.?~rature the helix cones bad~ again. All t.h.3:t. is

shown here is that tbe secondary h~~1ical structure of the polyrrers is

built'. ri(jht into the linear array of the tmits of ·,.;hicn they are rr.8.cb.
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OH OH OH
I I I

0-P-0-CH2-CH-CH-0-P-0-CH2-CH-CH-0-P-0
II / \ II / \ II
o 0, CH2 0 0 CH2 0

CH/ 'CH/

GUANINE

HC
/ , / ,

o CH2 0 0 CH2 0 0
II \ / II \ / II

0-P-0-CH-CH-CH2-O-P-0-CH-CH-CH2-O-P-0
I I I

OH OH MU-16096 OH
--------~

Fig. 16. Molecular drawing of components of DNA.



-41 -

(1= 99.4°C)

SPECTRUM OF NATIVE
CALF THYMUS DNA and

DENATURED CALF
THYMUS DNA

• NATIVE

o DENATURED

350300

" (m}J)

250

.5

.35

.30

ci .25

0

.20

.15

.10

.05

0
200

MU·2765~

Fig. 17. Hyperchrornisrn on nucleic acid.
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Beyond t..'1is ~ j,;,h~re is a third degree of order ,<·;hich is 8']ZlJ..n the:rmo

dynatnicc.1J.y controlled. If H(~ nm-l t(;lke Uo..-r.8 of t..'1.C hclia'ils, for .~xarr:i?lc,

tho helix of pzotein or polypcwtide, and putt....~em into a solution of

suitaale ionic strength and pH, ttle heliCf::::; the...·TIs$lvcs cal1 J.)t~gin to

ag;o::-esab.2 in a th3rrn:o(.1yrw~:d.cally controll~~d fe.£hion, and we ',·,rill find

that cert;ai.n kind!3 of poJ.Y.F'''..);ptides 'dill aggregate to give certc.\in types

of structure, a..J.d only certain tYlJes of structure.. 'l'l'le evidence for

this is a9<,rin manifold.. I have .picked only 01\0 case becauso it is a

rather \.,;ell }::no"m one and a riUl::lv.;Slr specUl.cular phenomenon. This is the

case in vthich one takes apa.rt a collagen fibril (a natural pol::C'P9Ptide)

into single helices -- single protein molecules_ -- .and ~n, by suit.n.bly

adjusting the suIt. conc.;ntr(:ltion and pH, a110,"'3 t&.~ to reaggregate and

to get back the original microscopically visible biological structtrC'~q

us sho;,vn in fis;ure 18.. In the t;'fper half '1.<.'8 can see the single colla';3'0I1

molecules, and in the lovlcr half they are roaggregated fran the sin91e

collagen molectJles. The collag*n fibrils shown here a.ppear to he iden

tical ',Jith the naturally isolated original collagen fibrils. 11his 15

a higher dr::xjxee of order:tha"1 the previous one (\tJhich was the second

degri;:~c of ord"~r) which is built right i.'1to the linem:: array of i:')Oly

peptidcD" Ec':re, in the collagen, ia eXl1i.bited a third degree of O!.-OOr

wW.ch is 89aln too result of thchclica1 structure of thcf;;olypeptides

which y.,~9 have o.lrea<.'1)' seen is built L"1to the linear array of the amino

acid;,:, _ ',"i'e hDVC :nON' reached ,som~thing \,.;hlch .is visible -- a visible

structure built into the molecules as a resuJ:t of the atoms of ",'bieh

c,rJc can 90 one s·tcp £urth~r and say tha~s:bl1..tla.t" k..i.nds of structural
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FILAMENTS OF COLLAGEN, a protein which is usually found
in long fibrils, were dispersed by placing them in dilute acetic

acid. This electron micrograph, which enlarges the filament~ 7:;,000
times, wos made by Jerome Gross of the Harvard Medirul SdlOol.

FIBRILS OF COLLAGEN formed spontaneously out of filaments
such as those shown a. "D V e .when I per cenl of sodium

chloride was added to the dilute 3t"elic arid. TIH~SC long fibril6 arc
identical in appearance "' itll those of ('ollagen before dispersion.

ZN-3215
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arods,.;llich I think ~dll deV(~lop w~ry quJ.c!-~ly in the next few years

(Luzzati ,met Husson, 1962).. Fi':]ure 19 shows, using chlorophyll as the

lipid, the spont.-':Ulii.lOUS aggl.ugation of chlorophyll in uonolayers at a

\!vater-air inteJ:face, to shaN t ...~.at t.l'1e t·,..;C-d..i..r~nsional array is a. the-nne-

dyna.-ntcally cont.rollcd phe.'1Q7!'mon (Trurnit z:md CoL.l'aT10, 1959) ..

Finnl1y, I ~lTi;4"'1t 'to pat"):!3 on from that to t..1w n.ext higher 10w~1 of

biolo]ical at.ructure shs.m in figure 20 which is a rollection of rr.icro-

Goopically visible tlri.ngG which we }:::no..-1 play 011 in~?ortant role in-

biological pbcnom::ma - in energy transfer and infomution transfer I

the t\«) rr'ajor kinds of things \",hic.~ a liv:U1g organism has to be wle

to COo The chloropl,'1S;t."3 h.."::lre (uPfX9r left) show ~'1e lan.'.ellar i::lrray, and

upper :right Bh.)wsr...~o structure of one of these lilll1011a looking flat-

u,n. "lou can sC<:.~ that. it is mac.k~ up of particles roU<'jl'l1y 100 to 200 g
in dia::l1i~ter, .:-;ho-""n in greater detail in figure 21lP,;t.rk, 1965} 0 It is

Leginning to 1>~ cvidBnt that lSlV()..n the quantasomos CU11 he resolved irlto

L~~

'idhat D..;?P~~a.:r: to V~:;l1.b\Jnit!.3 (perhaps four) with an approximate dilT8m3ionof
o

GO 1\" Since th.e :major diniC'j,1sion. of theforphyrin head of the c..'11orophyll

o
mo1:2cule in of ttl(,: ord{~r of 15 to 20 A it is evident that there carmot

;y.) m:>ny in e2.ch of these .subunits and that th~y arc not likely to be

lev<:::l, and Hithin the not too dL::t<::uxt futuro r b-81icve '.t;e will b3

able to r.:;~construct 1;.hi~; chloroph.yl.l-curltaininq !:;t:.ructure {~a.'1tasomcs
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I, 2 : chlorophyll a films at water/air Interface
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Fig. 19. Film spectra of chlorophyll at water-air interface,
and solution spectrum.
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CHLOROPLAST WITH MITOCHONDRIA
CHLAMYDOMONAS (SAGER)

NEG.-STAINED MITOCHONDRIA
(PARK and PACKER)

QUANTASCNES FROM SPINACH
(PARK and HEALEY)

POLVSOMES MAKING HEMOGLOBIN
(WARNER, RICH and HALL)

ZN-4070

Fig. 20. Electron micrograph showing the "fundamental particles"
of biology: ribosomes, electron transport particles of the
mitochondria, quantasomes of the chloroplasts and unit
lipoprotein membrane.
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ZN-5021

Fig. 21. Quantasomes from spinach chloroplast lamellae.
Shadowed paracrystalline quantasome array (3000,000 X);
quantasome with contained subunits is circled.
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i:ng s t;:ucturc ..

biological .str'Jcture and ft.'lJ1d:..ion in. molecular ·terms h'hich aJ.l(y,vs us to

sug'Jcst a reason.able :3C:'1"Li.Cn02. of evel'l:~'C} from. tb..e primeval raoleculos of
the

the eaxth' s surfncc to ti10 :3 tr..lctu.t'·:11 units whic..iJ. constitute/functioni,'19

cberrd..st:r:y 'No. think we unck;~r~Jta'1dt \',''2 arc prone to take the next step.

It seems like an obvious mer but it could be quite ..,Irong-. That is

to J'3uggest that, given a st.:.'l.rting enviro.ll!\.1Cnt anywhere Which ret~en1bles

Gar;"",:; kin1 of 30·1uence of event.s if;> likely to have occurred - inf<..~ct Jl

it 'd()uld have D::lcn in~vit.ahlo .. Th~ cY.:ci'clng t..>ring aL""'Out this point in

them, is that V16 (tJ1!~Y) ",v'ill D2 able to fina cut 1,-:hcthcr this notion,

l..-rhich is really a funda:n:;l1tcl notion in all hU':'la..rl tbi.n.king, is so or

is not so ..
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