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that green plants were already fluorishing prior to that time,

UCRL~16186
To be published in
Proceedings of the
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CREMICAL EVOLUTION

Malvin Calvin

Apstract

How did life come to be on the surface of the earth? Darwin himself
recognized that his basic idea of avolution by variation and natural se-
lection st be & continous process extending bac}wam in time through
that period in which the first living things arose and into the period
of "Chemical ﬁf&clu:t;_i.on‘“ whic:hl preceded it. We are vapgaré&ching the ‘e:_.':-
amination of these events by two routes. | |

One is to sesk for evidence in the anclient rocks of the éarthlwhich
wera laid down prior to that time in which orcjmzism:s capeble Of l@aviné'

their skeletons in the rocks to be fossilized werp in existence. This

period is sometime prios to agproximately 600 million years ago. The

eacth is balieved to have taken its present form approximately 4700..

million years ayo. We have found in rocks whose age is aout 1000
million vears certain crganic molecules which are closely related to
the green pigment of plants, chlorophyll. This seems to establish
»

Wle have now found in rocks of still greatexr age, namaly, 2500 million

years, the same kinds of molecules mentioned above which can boe attri-

- buted to the presence of living organisms. If these molecules are as

0ld as the rodks, we have thus shortened the time available for the
generationof the complex hbiosynthetic seguences which giwe rise to

these specific hydrocarbons (polyisoprenoids) to less than 2000

millicn years, ’



Abstract, 2°

a

The Qecond c.oproach is to ac..m*qot to r"-"DI‘Ole.OL in the laboratoxy
those cheinical pz:cmf ses muumci by energy of various r.lnas s radiaw R

- tion from the sun, from radicactivity, from c.lectrlcal utorm, c:tc. —

. . . ! y
which could give rise to simple organic moleculej and polmnc ccm.,ln—
ath“lS of the np vltimately leadinggto systems which comdne called alj.vefe T

Gl

"h.lS autu“ct has m.so suc&ee&ed along a variety of lines, mc‘% many of the

x4

. {71‘::.5@{1’1: cuy x)lolc:g:r.cally mportmat IﬁOl"CUlQ-J bavc been conqtruc‘u,ed abic;-—
qenical.o.y from the m_mmval atno gmn,, thug nmmdlng laboratoxy evs.dmcri _ : ;'

for the nypot 1<,t1\,al proc 3588 Th'e lates e*o m ’mx_s approac‘z haa bnen . j

& Iy

'to dcr onstrate the formation oOf - nolymﬁt&dm :m diute aquews solutzona e
through the d»_,(,n"y of molecules forme d in the prm‘l;lve a’i:n"om}*cre of AU *

. the earths

Fz.nally we, must seok evidence for tne :sanp ;JI‘O% ses in material

found elsewhere than on tne earth, such as other hazzt of our solar sys=

tem, Coley x.he ™MOOR and Mars. We can expect to }mow, whet} fau.Ch ma’ua,nals

. LR : . i

ex:th ak all m the rocks OJ. the mocn within this aa,c«ad;. wWe may- evm

i

. know something 1 OTe cﬂuuu.te doout the botc.ny of Mars durmg thlS s:m:-z

s PR

Qeriod,
o



CHEMICAL BVOLUTION®

IHTRODUCTION

The tor Chosical Bvoluticn is here usaed in a very specific sanss

to refor Lo that pericd of the evelutionary history of the earth during

which the chemical componants on its surfece were changed from -ti"aei:
primeval form into chemicals upon which living organisws, ox fmm which
living orgenisms, could develop. The ;dea that lving organisms gosa as
& natural developrent in the courze of the chamdcal transformation of the
“gurface of the earth is not new, In fact, it was mc:@gniza& by Darvin
himself that the béssic notiong of evolution which he formalated w&m in

- fact continucus, not only throughout the appearance of liv.ing organisms
and their varietdes but continuing back tl';roug‘f‘zﬁ that stage of histoxy
into the pericd which preceded the existence of living organisms on

the surface of this earth, This was recognized by him in a very foo-

cus remark which I thought it might be worth repeating now to make you

)

wore Familiar with some of Darwin's chemical conoepts held as sarly

as 1874.

He says (Royal Scciety, 1959)s "You expressed ¢uite correctly my
lews where you said thet I had intentionally left the guestion -
of the Origin of Life uncanvessed as bsing altogether ultra virss
in the present state of ocur knwwledge, and that I dealt only with
the manner of successions I have met with 1o evidence that seows
in the least trustworthy in favour of so-called Spontaneous Gener-=
ation. I believe that I have somewhers sald (but cannot find the
passage) that the princisle of continuity renders it probsble that
the principle of life will hereafter be shown to be a part, or con-
sequencs, of sone general 1aWS..." ‘

<

The statement to which Darwin refers, and which he hal forgotten, was

written earliey, prior to 1871:

¥ Sokerion Lecture of The Poyal Scclety of lendon, June 17, 1965, -



"It is often said. u; st all the c\mds. vms for the first pzcxa.ci,mn
of a living oryanisin wre now present, wiiich counld ever have been
present. Bul if {(and oh! what a. xzw £1) wa could oonceive in sSome
waza little pond, with all sorts of smemnia and phosphoric acid _
salts, }.,wm:, heat, electricity, etc. present, that a protf.n_np Cofti
poand was chemically formed ready to wndergoe still more complex. .
c! enges, ab the present day such matter would be instantly devour-

or absorbud, which would not have been dm case before living
w:eatum; viere foxmed.”

"aﬁa

Darwin there exhibited two gualz.‘cl@“: Pirst, a remarkadble “c:r”-api'c:&c:‘i.ty
about the nature of ClMd.&.bt.‘C‘, anc, *sf.,.\.cmd.l an altaget?m—:—f: characteristic:.
CQllSvl'V&*...l « about: } v ymach D }_&rew:,; m how puch chemists kne w; at that -

t:Lr:e,. abc,ut the ms\t..m. 2 of I’e’:}lQC’dlf“aa Bnd he wag i e *“:w“xt; In tho: 52

ﬁc.\\’S Fie) .'L ’: le vias B s about the nvLa.,c, a;. moh cul’*z:a &z‘d tha.d“ J.ntc,x—~

; ~"*~imo anri behavior that it was Lmtlr:_ws o zmn, and othcr: 33.}@ 1um; )
even ko try to re azmi.rwt the um*um evolut Lumrj history oi pr.ebj.omc
’E..z.l'm

"

'“o*;ay there arxe possible two. -app achsaﬁ to gaining a commt, az:

ileast, if not direct uweguivosal }mmlmg PR of what this scngu&me Of |
events might have been. One of Lhosn iw to contmm w—» i:n.rwmmn |
p_pprcach itgolf, .w&m},ye tir'» c:xaw.mtz.on of the recaz:d as it m y cm
in the rocks. and L’ . fom&ts,on of the eart*x., Darwin uacx:h mlv tmat
park of the yecord — t’fm foys 1.1 Lewz:d -—in wh} ch recogns.f.awle 1ife
forms @m:sted; in which mmhcplam.cally mc@gmzaplp entities ‘cos.xld bn

: GO
e,-;ﬁmmeu and d&scmbfﬁo Today, noweve it :LS *wos»l&c 5":):(' us to/mfana

this l”'Vul of examination becaws se of our ﬁiec} mnical mcmeu.ﬂe and bccausa
of the evolutx.cm <:>£ dndl}’ti%l ae,vs.cm; ma.cn permit us to not orzly c;’r’tex— :
mine that there aie ory«m.c materials of vw:ioav SOLLS Pros ”lt in anc;n.en’s
Z.OCK;: ._midh contain fow or no mxyhmloglcal '. .‘"-'-»at“ ‘ w“uc:z are rcoomuzab.h.,

£ to des crme in significant detall the intiwm JLu amlﬂ*t(;ular ax cm.i.ccz:urt, of

these substances, This is a kind of "fossil" @&%ﬁ&iﬂ&t‘i@‘! and-oormlation



64 )

New Biology, 1954; Oparin, 1957, 1959, 1961, 1964; wWald, 1964)

exactly analogous to thet used by thé palecntologists but it is in the
hands of the cxgmi_cv ._m& biclogical chemists, |

The other sppreacn is that of trying to reconstruct the possible so-
gumce of chemical events that could “:mvé‘ eacurrad piloyr te 'i:he‘ existence
of living things e the face of the earth, the effort that Darwin referrd
to a3 being conceptually possible bukt o, yet not fruitful becauze, 'at that

time, not enough informetion was avalleble about the behavior of atons

and moleculas under the influence of various phwsical-chendcal forces.

Poday, howaver, this has becoxe a _.sig;:n.iﬁicmt};y possible efforts’
This aftexnoon I want to describe sote of the things we hava '5oné along
both of thess epproachess: (1) to examine the histoé:ical‘mcém ne,ond
thaet of the rmorphologically recognizable -'fo:m_,:; -~ “chemical fosails“; | i1£
you like -— and (2) to guite in&ezpendently see if we can £ind aﬁd récorr*
struct some of z.ne chemical reactions which rd.ghi %‘xav: occurred aﬁbng the
priveval molecules on the surface of t;hé esarth which could give x:l:c to
blologically important supstrates, leading ultimately (L€ we can trace
it} o the structures and reactions which we know now ave an essential
-cors@@mmt for the functioning of living organisms . {Calvin, 96ié, b‘-,' 196253,
o , torowitz and Miller, 1962;
1864; Bhrensvard, 1963; Fox, 1963, 1965a, b; ‘-i,laf.iren, 1960 /Keosian, 19643
Thiskind of effort is more than just _am exercise in detective nork,
because the ':\'afszssi'mility 15 now with us, within most of cur life‘tims; of
axploring Q‘:.’x:xe.);* sites than the mfm of tha earth for a ,mssibiréz,' cdﬁra—» |
bgration ¢ O denial, of the Kind of saﬁgwace.wif:h which we zm.gnt c’dm x.zpp
as & result of this study. What I am miezrmc; {:0 is the .iminenﬁ pﬁs:»s.i:—
bility that we w‘ili have pieow Of the Moon (’isock.‘s} to examihé fc?r théi’r

organic constituents. To an organic chemist, looking for new sourcss of



ptrange and wonds rfui. materials, to have a plecs of the ¥oon seems Like
Yess M«es}wz g for the Moon.”  In additicn to that, shortly the_m&ftcv ‘E.J.\%
opportunity ©of having a closs }'*E:CLIU‘%COLL'LC Iock at the s f o of Hars

“also exists. (Thers will be & short '.‘Lcolh; withiln the nexnt two months, with

;.._‘
3
¥
0
8
O
=
g.xJ
Z(:i .
3
o
)
o
]

not very sharp wyev.y, @Within five to seven vears that
and ) .

}mc er/with sherper eyes.)  Some undefined but guite finite time there~
Ster we "uy be ohle to seb down song mmtzumnta on the Martien suxface
to sae what the soll coptains, Obvicusly the sethods and concepts which
ara puing developed now along the lines thak I am sbout to discuss will

“5:'

essential for understanding the messages mm we Ieay tfe*~'=3.ve from

thase far placeaa.

ORGANIC CEOCHIMISTRY

zw, shall snow ander 2 the two exercises which I have &:s::m.mﬁ

earli e::., namsly, looking at thoe ’nblecmiax fossils®™ on the ea.rtn‘s
Sﬁxfac;@ and seeiny what we con find and then, after that, w:mizﬁng
the i:osss;m}.@ chomical z:eac:tims' t‘hezt. salyhts g.:i.{re rise to ir;.ﬁgmrt:&;ﬁ sﬁ*

temns. today.

Figure 1 gives us some clue to the "ﬂolo\ cal hi story wi Ji s«hmh e

Beir

ave o deal. The sge of ,t’ne rw:th is ao&»ro:.xr»-a elv S:}’m 'mli.lon ),regrs, -

,3

‘and this figure has : ot chan gi:d rach .SlIIOL. t} e ;zlcr.urm was c.,::a:m. Bven

e

the point of OXJ.(J._. of orgaic evclutlcm wihich was here ‘ini‘iéncied ‘tx:)i,e

an agymptotic thing ds in & ::;uoxmately wnat seows to be L:’L. r:r.gn‘t

i,.‘)

vmlac.m al houch at t:m tine we drew: tm&s figure vwe hdd nf> idea tiz,‘ . 'cms
L

would b2 so vzcarw corract. T&w pax}..ud of Ch(,m.ludl evcludm pres mo

beging with the z_O.t‘ui ion of the mx*h in m:s n,-';zas«:nt form and q;"vs rise

-
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TIME IN
MILLIONS
OF YEARS

‘lllllll['l

1000

GEOLOGIC
ERA

EVENTS

Evolution of Mon
Mammals appear

Earliest Vertebrates
Earliest known Fossils
(Cambrian)

Organic Evolution

Chemical Evolution

Formation of the
present earth

P Genesis of the Universe

Fig. 1.

MU-9665-A

Time scale for total evolution.




, m DoYe m*d rm:\a cc»:ag)lm* memicala ¢ and at % ‘«3 wim: i;x le ormmm

evolutimz, that ‘i ; ‘evelution based upon lz.vmg systens as we } nov thetd

Py

: LOG.B}? e I SUSHE ‘c{. tna‘a the a’;ﬁ'zpm e as hexe drz m will probably

have Lo lm e ;.zc-zra' sunewnats va‘n.-m new .«mcmlec}ge. ve are !au shi ng the
2% irmn'" of orgauic uvmlutﬁ.m "urizhex: and further back in t:irnz—:e _

Ws: are cvoj_ng ’ca ssx.n»l mach of our tl:m tmcmg ore:,mz.c evc;lui;z_on back

. ima.ofid as we ca,u tmce it vam in texms of L lacu}_ar Lcasm}s“ from the

earliest wa 3.3. recognized fos uf ‘mlcm.c,al form, c.TY'JIO\lm&**Clj

600 rrﬁillie:m yearv ay jo, an:?. we are goin r; to talk abhout chéamicals wn::.m wa

- can fi.nJ in rocks ~»:iu.ca are older t?nan 600 ndllicn, some 8s cld as 2700

million years.

nm.J.c, many rocks in w a.}.uh knicwn fos :a.m ;aVﬁ, bean Seen i'!ava bwm

anal yaed and {c 30 “*""“K}dﬁ of 9&'1&3.}'&1 3 vml.c.:h were used £o:c t.;mvaa rocks

ware just ade ~~‘uat\-:,, Lm an uemi ationof the Uma*hd z:xﬂocul:: mzuctm.es:
hich are present J.n the younger rock in correlatiom wz.’ch i.r e :lwmz ble

08 a:z.l eg.cm:nt” ie onl;g Just begi nmnga This Laaﬁ:ly‘ ixzc 8e mm

- analytical tools hdva «:m..y mcum.ly ucen k= i:-'med.to the 'j?amt in whlch we

caﬂ"descrim the intimate d@tail'zs af the molecular architeccure thadis

’

- present, The varicus kincis of molecules that e can lodk f’cr- areobviods .

- eal tools ava:.l"sbL o z.c::ﬁm,.uy am..m “f*ms in trace amum.s in Lhm xocks

ones. One woul 003- for aming acids arci n«..tc,mwclﬁc bueu as mpr sen~

takive of & s54ls of '%:h proteins ard nucl --ci-:we Thn.s, ld*‘tc,r hu3 not

been done to the fane 6 tom: as the am:.no acia :Garch mcg.um t.he malytw '

“ 15

were nuch better »Han ..or the nuclez.n acid bahes. The th.z:ti groau o» "?,O}.t.”‘ '

.

cules which has been ‘.}mcxm for & long ting as oz:ga:zici fossil x\.m: rial at

mose intlmate structures have not been analyzed with this in mind axe the

P 1



Thydrocazbons thes a:}lxma, thw,t is, wolecules made % Dﬂlj Gf camm and

hvdrocwn in mc::iul urc‘*x,,tecmral arrum,c, rents as rem.nsc-rxtn& bv patxoleus

and the materials ﬁmzmi m ‘lt.

Wa have (..h%en t@ axamine the hydrocarixi oo

m;mitim of the ancient

rocks to see 1f we could v:ot find characteristic axcmtm:tura.l fn.ature

04 the hydmcarmm which coud.d e :;omlamd in some wey m.m the oxy @.ﬂ*

isms
foz our nmmc, we elected to

whosa biclﬁﬁical Precurs

modern analy t...Ccal tools we undartock the @}delﬂmtﬂ}"k of the

Shale '~jwh:‘.c21 underliezs a large part of

ent. The Green River Shale is only 60
it a high proportion of hydrocarbons:
of the rich oil shales of the woxrld.

,»Jl

The Green Zﬁgivkar shale was analyzed by

which might have given rise to them

141& SOme

in oxder to go t a dintc lma

younyg mc}m of recent omgin

ora, at least, were well established. Using the

1,

12 bzm-:en River
the western North Pﬂ%éricm mc‘m&in—
million years old _mzci it has in

in fact, it : ‘

It was relatively easy to obtain

5 ami to undertake this analysis,

sultable extracticns and fmc’cionb

- ations (mglhlt()‘i, 3.965) and ;num 2 shows the vapor. ;phw= chrcm:atogrma

of the alkanes From the Gv

the total vmjmmuf} on extract ait«*r the mmval of any

and aromatic cx.xagsonants, This

een River Shale.

is clearly a wrol&_x zrv..mnrw -.

T e u;;;:m,r f'hroxmwgm.a sh”ma
no'x--‘ ydx:ccarbon

It was pos~

siiale to separats tha hmmﬁamn eytmczk mm two guite di tinct congon-

ents by means of mlecular a.x.s,ms (5 A) o

Thess ¢ ieves allamd 'th'é straight

chain hym*ocaxbom to wand thelr way thm\ﬂ"x thc: 5 Ei holm, emd to pre-

vent the passage

-

of any mai.orwl

with a ‘:ramh or cvclz_c cm*mn »nt.

We

waere thus able to separate ‘_m str alxgrt-amm “xydrommms from thc re .;t

Of the ma em;ﬂ.«s % M.ch WRre prase

None of the bmnched and’ rc‘l;.c_

hydrocazrisons, which are shown by the center pcri_im. of flgm:c, 2, pﬁdﬁ



TOTAL ATT'N
10X 8
Y 3 9
BRANCHED-CYCLIC ' 10X 8
) LHYTANE
Cpg:Cpg STERANE
C3o TRITERPANE
© Cog:Cog
STERANE
PRISTANE
Cog
STERANE i Cie
ISOPRENOID
Co7 Cia
 STERANE ISOPRENOID
,300°
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25min. 0

GREEN RIVER SHALE (COLORADO),~60X10% YRS. ALKANE FRAGCTIONS

MUB-3954

Fig. 2. Vapor phase chromatogram of alkanes from Green
River Shale.



Cinto the molecular sieve. In the bottom part of this flgure is shown

the fractiocn that antered the sieva, :‘t least in the Green Biver Shale
this fradtion m;;.ax@éenm & nice, Clean soguence. of a normal ,satm‘;teci
hydrocarbon homology. | |

We have since leamned that these 5 2 m.e\res will also absorb straight-
chain hydrocavbons with at least a t‘.@minal olefin in them. Whether ‘they
will sbscrb straight~chain hydrocarbons with an internal olefin or ziot
r@mains' to be determinad. From an examimstion of “i dels it tecm as
t’hcmgh the cis irﬁt;:mal olefin should not enter the 5 A hole while the
trans might, | | ’ | .

The branched cyclic components can thus be soparated from the stralght

- chadn hydrocarbons, and the non-thermodynamdc distribution o the nomal

- hydrocarbong can be seen -— the geéneral dominance of tho odd-nwidwered .

hykecarbons represented here by the Cl’?’ ang Clgp etcs There is no ques—

ticn about the biological origin of these straight—chain hvdrocarbons;

most of thew come by the decarboxylation of the even-mutber saturatad

Coaroowylic aclds,

There have been & fow compounds labeled in the branched cyslic series.
Arong them are the Cyg. Cyge Cyp and Cyp polyisoprenes; these were dster-

mined by cochromatography and by mass spectroretry, and there is no enbi-

gulty ebout thems - Phytane, of course, is the dominant one and pristane

the .
‘relationship

{one carbon atom less than Qhﬁrtme) nexi: » and you will see/
botwesn these in a noment. The absence of the Cy7 isoprencid is also
sozzgeé&ﬁng; to note, pecause I r:,mm& it mg give us some clu a& e h&s
these ;miyisopmﬁoids originated and hcw they inay have been txanéformaq _
In addition, & mumber of cyclic polyiéepren@a are present (sc:, flgure

2a); among these are the Cy7 sterane, cholestane, and probably coprastane,



BRANCHED GWHJC

 Cog:1Cog

L E T
s

| 30mm o

c28,c29 STERANE
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" Cog SRR
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S bv) e,

 PRISTANE _
" ISOPRENOID

ISOPRENOID} .~
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Vapor phase chromatogram of branched CYCllC fractlon, Green Rlver Shale



emci the Cyp and k,zj saturated s nrom', . @rgmmm emd sitostane, The
prasence of;' terpana, t&,m. i, C,, 30 pentacyclic hy&mcarmw is also
indicated (surli wyame, Hawg, Belsky snd Coalvin, to e published).
These are nob simple peaks —- they are «ultlﬂ onponent mudks &5 the mass
spectromster has told us, A‘, least two Of them contain both the Cpg
and Cog Steranss. The oriqim of these materials is prpbablyitﬁe reguc-
tion of the corresponding wnsaturated, or orygamabed, | z»'-tﬁmis, Her2
axre shown the carbon skelaton of coprastane and cholestanar.

€, sterane {cholestana, co;;nrost:ma)v

P
U]

28 sterane (24-methyl C,y staamsde, mmtam. and iscrers)

Cog sterane {2¢-ethiyl Cyy &i.u*ane, sitostane, and l..aQTh".‘KS)

The ergostans has a CZ’& it z;l a“u the «sz.*cmta:xa ' Cqé thjl grouxzo CIn
addition to that, ?‘:;"-- g*o"smil:.tf exis t:: in ergostanz of four isorers

because there can be cis~trans junctwn of varions rings. The pwssimlity



T T e e SRR L

that there ave four isowers of 6x 3& tane prok mbly mCGOUnt - .n & “rL for
the rultiple distzributim _o‘. the m:m' ¢ mass apac rc:w/_‘-» Yy 'r)a‘(:tezm.in
those four wu.u ; altﬁc)ugrl M}.s yet rone ins to be ak‘-L*rrmca‘i ’I‘oe maﬂ‘

spectra of ts 1 t_lm. 3i:erm<.m and the 7) 1tenc‘f'c}.ic t:xi”w.r.g; ang which per-

£ - g L)

i

: mg.t.c_d. their mmmlgum J,(,z«.‘.utl.\.it.c.lt.lu’l in the fwa ce st ‘,s Afigure 2)

bcuwm 22 and ?6 minates are hw.'n in !:‘.m;ue,m 3.

tors are rela v@l y .ﬂ e,‘b.Lr h"dmcm"bon mar}@ 3 whoss b:.ologxca.}. origin
s op ‘eti;y mach unanid guow», ' ‘“u:* ,;rcvbnblm cm.gln of t.ae phytang and

| o).y;i sopranolds is s‘mwn in figw;:e 4. Phytane yery. lifwl;y u..<.'Xl es from

- chlox‘o;ﬁ’iyll witich has Lm.w Phyt o}. Mc,u nel as an ester on one cf ‘ciﬂ cay=
x;u/{ 21 umu . It i mt&al,u;mﬁnmu and has cne dcua e bond cmd cne:
tgxminal hydroxyl '“'c:ug fs‘uux, wpnon n{a:xrmgzv xu.tmn and hydvo:;rml '$iB,.

wiil give the Cyy k.u;;tkm ,By éxy';irqgmat'cn ;-méi then o:cl'watz.cm of 'ﬂ;e

)

.- -
R g . . 4

temminal ,alcoi';ol,. Jollamu b \.amoxymhmn, '~‘*n ClQ ,;JO.L}'i. eprcnn
pristane if;'obt&im' ¢ The f*ct that the mh-r e is the dominan )exk :m
& L&

the Cru xi ive ;‘51‘ le m.tn erstddf‘.‘ as d’ze qvt: me seems Lo ?::e a v ‘“’H’IL"‘

| ficz—mt fac{;, zara‘::ax.w ef the *\z:p:a:nce of c.‘ﬁ.c ov:»,yll in tﬂw i.ol gi -alf
ial me nnlm t.h@ (;mm k.wor hy alrocamom axrose, _‘1‘2:@ ;nesu e of :
Cm, Cl ae C 9 a.m C; 20 aolgi o;.armes together with tihe une,in;';ivocal a}\scnco
Of the Cyy compo md would x»:zmm two Cu}:‘u&)ﬂ"‘CCXﬁDOH bOnci c}.f-\m ccs .' fmd o

would, there..fom, x;e_ nig;a;y ~J‘P;§3IO:0&LJJ.E§0 o
- ’}‘.":)iss work'éa thﬁz\ Green Rivey 31(23.{, i‘s:;,~ of cuﬁr B3, on,\y a prclmmmy
‘>("J{(.‘.J~Cl‘o“\.) m J.c_aruing hc:w Lo pa. t‘rue «n‘lda.j‘:‘al.) u\mw te xu."scl :md u:mu:-' :
stand i:h\, Gata which the anai julO provides, "v}'?mat wa am, ma}.ly t:cying
to do is to’ o to uch older *oc,. mmza\,}.(.m m rm,h Ln.c hy jcx:'\carmn “

content la -Lbc; cmly evidence tuat we Iy hm& upen wnim Lo baze om:

conclasions. de have fionc this, and hzaw gone to _Jeave,rql older rockm

L T T Cp—— SR N
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We reported least year on m» SISECNIOS 05‘3 the same two isoprencids
| {pﬁgmm and pris mm) in a rock of 'a’r'muﬁ: 1080 zxiillicm y@émp Vth@ Hone-
such &hale oﬁ Hovthern x,».mmns.\gm {Fgl1 ‘;‘ «%*;?on,g o 9 ngﬁf‘ ?{}acf 5???&%& 965)
of hoth hvmnc and pristape in the Nonesuch Shale we ook to mean that
chiloropnyll, or chlorophyllous materials, were already in existence as
early as 1000 million years a0, That J..u.:: to say, thet -thé whole photo-
synthetic apparatus was functioning a5 early os 1000 miilion vears ago
(Calvin, 1962a). |
Since that was reported mugmy a year a(;oﬂ m;: have gone Si:l X fux*
“ “c,haxr backs V\A:} nave obtained a piace of the Soudan .?Zz.mr Pormation of
(Cloud, Gruner and Hagen, 1965)
*mnu.sum wmz.m is dated at 2700 mz.l.i.z.m yoeaxse,/ L you rdxe*ibcr the
tire scale that is more thm half way bac}s: towaed the origin of the’;m‘r
sent earths The eaxth is 4700 million years and the wudzm is doted at

> 2700 milliion ve ars. The analysis of the Souwdan Shole alkane frdCLLUﬂa

- is shown in figure 5. Thig is the sa:ama k.md of "ma}.ysm which I des crimc}
3 moment ago for the Green River “halc»u Hmew,rg as you can se th@

Soudan vihich is 2700 million years old gives a different &istrihution of
wydrocarbons: note thot the bt:mignt«wcﬁ.ain series is vnry zmc‘"z cmt,x ack=
2d& and no Icm:;z:‘r has the sharp odd-even bet mvmx that the *wmal hydro~
cackon sexies had which we found in the very yomg; oils; ‘Firs;t of a};l,

b
iy

7=
34

Soudan bag a very uch narrower fii tri.m..z.m over a v«::“y mae,h narLos-

er range, daninated by Cy. You can see that %:ae C~ 18 is ma:,lly m t:ex.

than it c:»ught to be if we ave r::omg to have & Cl?“clg umindnt mﬂma
However, the distribution is smll fax iz:cm anythirg that mcht m call.ea

: -‘theimﬁynazric in clﬁaamc:t@x, The pr@sﬁmca in the 2709 mllmn year old

mfap::enmd) ati' su, te thx"’ ox&si,cno@ of tb»:, lb’)ﬁm@ ﬁ*jah@ﬁ)ﬁ‘ even as early
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‘as 2700 mll;z.oa vears ago (Belsky, u, al., 1905). What may be even more
s;x.gmfz.cant is me, presencs of tha Cate Cag and Cyg steranes in the
branched-cyciic fraction from this very ancient rock as well (‘m:.,.mgamg
é.aucf ,v Belsky and Calvin, to bs _,;mi:lis.ﬁazd) o |

Figure 6 gives a cowparison of & :5tmic;(hi:~’c‘min set as & function of

age {Antrim, Wonesuch and Soudan Shales), I heg ltuﬁﬂ Lo draw any very

significant conclusions from these relative dlotK}MJth‘lS bacause not.
only do the ages of the rocks differ but the nature of the deposits

- from much they come aze &ifﬁei@:zt. One of them is a fz:asijwater depoait.
- an i.:he others appear to be sazlt water deposits, and we are not yet osr-
‘ta:m o£ wnat, tl,@. s.wu.:_uczm% of that dif ms*nce may b, We really ,;"xén"t
know how t0 read the message which 1s contained in this as yats there is
infor » ation thera, bub what it means i._s"-:» not yet ¢lear.

I neglected to menticn that there weres m_.ally four u.ﬁ Brent ham:i_cg:.ea
presant in the ancient 1:009»3 ,m@ normal homology of the stral :3;.“1‘%: c‘m.t.zg
- the imgprens honology, the antelso series and tﬁm 5;30,..““&1':‘ S l‘r"uz:v 7
‘gives the stxuctural mlezzi:ions{nign atvicen the ilox.wlogimn The ones wikh
.' the magbers wnder certain atoms ars the ones, except for the Cl—; s.aoLm:zw
nold, W )}.c‘*x reprasent the dominant cony; }o.;mdb in ¢ mn of t:neram ss'a M:‘!a

Among the isopranoids forrwd from g,_:hyml 2y the Cyg is wadauuﬁﬂdly rzde by

U'A

stripping c’gf the terminal hydrdcarbcm atomns _‘(C2G3 y Lhe (:'18 by bma@;i.n{:}
the bond between the C 17 and C, o atows. 1 think you can see that tkya .né:&t
one can u&a folmd oy splitidng off ke wsm C1s and C Cype in o;écimr vto .;:3@“:;
the C17 is opn.nmm we wold ham. to m;.m t:wo m:c& -- tha ona between Cy 17

and Clo am& ‘the one mtwunn C17 and ng, BAs we have mrcv*l oualy aucxgmtoﬁa
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ISOPRENOIDS
18
¢ ¢ & G
C-G-C-G+C-C-C-C+C-C-C-C+C-C-C-C
, i 15116 17 13 20
/SO SERIES
.
G-G-C-C+C-C-C-C-C-G-C-C-C-C-C-C~C
2 | 5 16 17
ANTEISO SERIES
¢
Cc-C-C-C+C-C-C-C-C-C-C-C-C-C-C-C-C
3 } 5 16 17
NORMAL SERIES
¢-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.



,‘tncri. is a;uwbmly the mradon why *me C}_? J.fmfﬁ:anom' 3. not paesent in

FPRRTASH

the ancient rc'{: Se but the Gthors a:::es

6]
£;

What are

he st mm:s of tﬂe ;olyz‘.mmmnws an& how o we bali@va

they care into f&)e:f_m:g? ‘ifhas. doel it xf-..dn that the prcsmea bm}.c;ﬂlcd

apparetus for thelr synthesis was dllﬁt’d&‘[ Fu..la develc ch or wel—l -
daveloped, as early as 2700 ion years ago? Efw are these hm;olo-;zi@s
formed in ‘the first place? Figure 8 gives a brief su mmary of the poten~’

3 , o
tial isop renoid rec r‘t:z.nm@ Firgt of 11, we gat A -~isopsutenyl pyrophos-

phate u & iseriezs of reactions thxougx mmlanic acid frce acetyl Coenzyme

As  Tne pyroghosphate @ om then neact mm e ucatyl Col to giv»a rise

-+ to the antelso series. The condensa o g {with Lm‘wxmy’ Jy plr:z:) ‘ﬂte)‘ :

inftiated by the incipient’ cux"* sndue lons aug,mg from t«’z., J.uwm'" uyl '

%]

pyEophogphate give rif.»;‘ze, oﬁ _ -a‘::oumse?, ta the polviscoprenoids, The ::oxmensaatian

of this seme incipient cgaaoum ion witn the acetyl cm,, mx& ﬁol C;W@ﬁ by

further scyl Cob condensation, wa_tl g ve rise %o the iso e::z.cs». The

vaaatv}. Cod v cmla .ntzwlf glve rise Lm, mmal series, e hav'& hem
zather complex ssquence of chu‘.a:;.cul ;_mr'u.cm w‘mich axe mmz.rai u:: pm-—

duce the u;asatx:.rat@d ;;frcpmw.zutﬂ., {is Qgﬁemmnyl and its .Lsomzr,_ mmtmuyl}

which is the compon precursor to all of them with branches fmc} elz:c tc} pro-

I

duce the acetvl Com  These are to bhe fol}.cmw oy a.LL ef tae re&cta.o;;:a

wiilch are r«wquu.z:ca.a to nake these four Immlc:gl@w The nwnhax ‘cf reactions

. is cnnss,de ble, and x.hz. s;m,u flct.y is m.g}h,

‘I‘he mtczcz;:mta ion which I wont to make of this is that acs early 23

.

mfym; etic apparatus f:o odumng ‘.hs,se

pg %

2700 iillion years &0 the whnle b

intermediates had evoelved, thus giving rise to the very specif m y‘op ~enoids

]

s well a3 the peculiar distribution of the stmight«»chm Imimi%Aczs
which we now find as the molecular fosgil evidence of the earl ~.£Lf tence

of this apparatus.

e e e

L)

e
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CHs 1 0 0
CHg< C7CHp=CHot0-P-0-P-OH
SN ' OH OH
| . .
. CH3 » Anteiso series
| ¢=0
| S-CoA
|
| i .
o e *lcondensatlon* Isoprenoids

|

v o fHs 1 99
CHz~C=CH-CH,+0—P—0-P-OH

ol ! OH OH

&7 :

CH3—(l'$ > |so series

MUB-5266

Fig. 8. Summary of potential isoprenoid reactions.



Tt we anr &mve o mmdum tnes@ crmyl»‘»x molecules and the whol@
a;_,,mmt,m» Ew. mvmg thf*m in ‘.uw ; s,,mrx: c.valutimary ,aemou of smaetmng
less tﬁfammao wdllion yc:c o the w:m{, sequence of evolntmcnam ev@nts

mgr_ be much faster t*}un nost of us had om.gmall _pg (C&lvm ¢ L965).

I & afreld that this time Wil b@”'me still shorter as e f aish our pre~

'sr»%t series of ebﬁc;zmatims Az we go hac& m our rﬁx.&v.namor of these .
:c,.i,m%. k* it wonld ”.;a.,cm @ ‘dsmwl@ to flml a period in t:m at %ﬁ}ich_
these hyd,:ocaz:m*w 553 t’n@ rocks b@agw Lo gmt: ..-,:.m*m,r, in zs:nch o for éx-
ample,. L’*w entire mwp::m:awl Ugm ‘*zﬁmmha sequence is no longer _;;msm;ts
but .semthmg mire elenentary in the %:ay oE bio@sﬁthetic reactions would
have been acc{:m:ing@ ) I wou?.d like to ﬁm’i that point in time, and I sus- .
L opect that it will bring us £0 close to wmt:ig now believe Vel m ﬁh@ |

age of the formation of the e::arm that we az:e guing to face some kind

(Cloud, 1965) o

ef a ;eawla*':.on .m our tm.n}’mg ahout. t*%:i.:a aarlv eavelatmnarv nimtorv,é
The g;@s&i.m.lxty that fmg of t;ne orgemic ccmzpeunds noa be l:.evcé i.a m
the proximate subs strate for orga;uic e*vclumon mant have mmn pre=.
sent in the c:xzrigz?.ﬂal cogmie dust w’ium gave rise tO the eczrt.h 1t:salf
hag x :rermlv rece .z.v‘od added amth (Studiex, Hayatsu and Amﬁem ’ ._“L%S} .

vo are ::‘:am:ching for still older mc}{s, mc}.rs whic‘n have & es bé:wn_d
3000 millions of yeaxs m»d vhich cuntaxm GuluO"’he The mmxts f amcn
owe nead are, of course gething t~:na11er a5 L malyt}.ml b:)o}.& (..m be-
COming movs mmﬁistié:mmi, mﬁd L m:&.mvm that we will be mm@ tg cetar-
ming the nature of the carbozi‘-;e\‘mtainihg molecules present m oven tl'*a
oldest rc;cks. o | .' o

Thers is a’c lsast one ,&zrbigm. ty in thi.; who}.e qzmotm-z, anﬁ tﬁ:zt ig
whether the rocks a.zd the Irydmcamms in them are of tne uam mﬁ'"@;e

P

It is concelvable that some of the hydrocakbons mzy have settl cci imo

et

w



the LO{»S’&: long jé.fter the rocks ware formad. In discussing this with 1
L e :

geological friends they have informed/that a shale, for example the Soudan
m&e compacts relatively qmcmlg after it is settled in. the bottam of
the lake bz ccean bade . All thelr experience with the rocks as a fune~

tion of age wu:yd%m that ’c.hnsu particular types of rocks are’ compacted
in sop ’\mmg lesz than 100 million YEALS, which, for tbc prevent parposea,
is a very short time., At ,,J rosent L .«.roﬁld not ke tos conosined whc-:"c:l'xér
the oil wes a hundred million yoars more or less aged than t.xu rocks in
which it is found, whiczh are dated at least 2702 x:ulhcm yourss 5o mc:‘i'aF
then, for the wnm.ufsmm, wa can draw fron the gecchendeal exanination

in the anc_i@nt FOCKSe

PRIBIOTIC CHEHISTRY

Lot us now take the oti“,er'/ approach to the problem of ahc i.cezo BEvolu=
cmn,, nately, that of starting with the prz. ;.t.‘&c earth, at the ot*xeh
end oﬁ £he @w}.uticnary sequences Lot us begin with what the EFETONCIERLS
t2ll us was the nﬂturr* of the prm:«.txw &‘&Itha They tell us that the
primitive earth was fomm”x by a cold acmagatim ef c:mt. -aind GABS, -
and that it was originally dominated by *zyc&cmm. i‘hare,‘orw tnw primie
tive m*th“f" atmosphare was ciommantl.y ‘populated by reduced malc.cmlar
gpecies shosn in tha first ¥ow of figur@ 9, where the carben, m.tr@gm
and oxygm are all attaachm& >.L£,uwi3_y £ hydxogzm: to glve wethane,

amnonia and water. ‘“‘hi.s is *3 "*um,d to 3:;9 the ;_:::w,,summm of ﬁ:hﬂ p:*:.r.:fa\mu

atrosphere of the earth's surface,
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i H H H
H-0 =0 0=C=0 H-C-H ) N-H
H H Py

Carbon Carbon _
Water  monoxide  dioxide Methane Hydrogen Ammonia

0 H 0
f |
H-G:N  HN(CEN)p H-G-OH H-G=0 HOGHp-G=0  GHz-G-OH

Hydrocggindic Dicyanamide  Formic acid Formaldehyde  Glycolaldehyde  Acetic acid

0 0
1] ]
HO-G-CHp-CH2-G-OH  HoN-GHa-C-OH CHz-GH-C-OH »Ho-E-CHg-c'H-E-OH
NH2 NHo
Succinic acid Glycine Alanine Aspartic ocid

MU-16089-8

Fig. 9. Primeval and primitive organic molecules.
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The guastion s Can we, by mtrmuc:,.vg energy into such an ag jmga-
Lim of u@lscalekap achizve any kind of c:wlm.i@ wary developrent of m}.e-—
cular structures of any significance? "‘ém BICX lm in the fact that
\ guestion is subject to &,:gmarimnml_' tests We can set up such
molecalar or"“;csiﬁions and subject thomnm to a variety of éne:igtyg '$c>ur5as ’
such as lonizing radiation in the form of mtiwr* particulate or ggmm
radiat;m; or we can introduce energy in the fom o*c ultmvielet mm.a»
tion, c»x in the fom of el "*trical dizchaxce (such as m.qntnw; ms.qht |
Dm:iucﬁ). ALl of th«::':«» have been unnc: (Carrison, et ale, 1931, Calvm,,
1956 riller, 1355 ul“u. and Uwy, 1959 uro md i Sb&l,x.p 1963_, 1.962y
P@wﬁa@&;mﬁ; g&ﬂg_., 1863 a,b,0: ;96'4;' 1965 a,b. Steinmen ¢ lenmon and
Calvin, _1954, FL%S, *‘.:@mmq, Annjan and Calvin, 1265}, Indeed _whérz
-~ such high Snergy sourcas are brcmcxht to bear on. such malecular .mgm«

gatayg, the molccules do mf""*cm break - the cu:mn«n;yamgmm hzrdm

hydrogen, nit n?gﬁn-hja Gen ana oxygen-hydrogen bonds break ~ and ti}e_a

ra.:u,c.ala, or lonic :.x:agxra_ntu, which rcsult &r&n u‘,n h'*cnkaz ,r“' TGCOR \mn@
nc;t necessaxily in their omg; ml forne but in adw:c mtastuble fonnm
#a m¢e beon darle to uemnatww the Fo*matlon of all the c&'kunds
in the second and m..rd rows of figave ‘? as ‘cmmd u:am the pmav‘:ﬁ.
mlecules in the top X0l '\%i:mte that tiw.xa g;rimitim-_ ﬁocmdm:y molecul s
are th»n vary sama sz:*a.}.l .z;:alc»:‘, les upon whic:h presant day _li{ring Hesaetiiy ol
igms are bmw, beth as metabolites and as structural clements.

The expe rz.mnt:s havr‘ L»n uxnm& 1mach furt:her: than tm.& wozzl& sam
to indicate. Sumxs hew&z heen Formed (iz}ler, 1955 » :.lar ami U*‘eg, |
l%?'}; heteroeycles have been Em:mcd (Dm amd Ponnasma rum, :vrevs.owly

citad) ; end cther cunypounds eve forsed o tho HCr first amduoe.d and

tha amonia initially present {(Schinmpl, Lenmon and Calvin, 1965). This is

»



an mmn.cmt csmm_nt @m.‘.h at tha tims flgum & was m:.t..:xllf ~~:rev:>a.z‘cd
we did nc;t appra clata, We ha*-ﬂa since co‘k@d for c:a:: sounds wh;ca can be
Formed foom apmnia and HOW 5 namely, cyam mde (S Shingpl, LaRmon and

Calvin, 186%) and its various rmlawwm, gusi 85 she d:mu: of cyanarricz

dicyandiamide (Schimpl, m:zvlf\uclf f‘).i.ej} » mlam ,nc;z- {Hlayatsa, 1961);, and,

%

of course, dicyandiamide. Iall of these molecules which have been S()m}i 3
 have b seen fomnd after we ;:ré' fically JQ\}»{; t them, ;u. i;m maa{,n for
thiz ¢ A‘ earch will becars gpparent. | |
The important results of these @;q:&r:immts& is tmt' -t s introdaction. of
energy into .th.a yrvimaw.»l mdiuced mole cul g sten does indeed convert the'
systen m.,c; a more con complek one, and the _ﬁix’c ction of that cuw»"srsd.m seems
G ke cGwaxd tfw rmolecules ‘m;,m M_ teday the real :«;amstra.m Gf l..vmg

CRYaNLENS rxath in st;mctuz:e a‘-m& in functicn. Note that the aminov acxdi;,

-

mw nydroxy azids, the > dicarboxylic acmw.,- he sugars and réldte& Suk
stances are the cogmon mawm (als upon f»x;hich ?c,he_ present day _:i;iving érgaaﬁ
_i,'m can Q‘W}fd‘;‘?}- | o

llow does a mvwg organism opprate on mzws z."a%:_-c:x:ials?[v "h; vcm xmll
' know,; this is' aceumplished by %.?irtuc-: of,‘itss s;%iz:ucturai‘ Teatures. Many
of \tin'se :ut.ums, .azs w’éil :rs : the cmz VIS which are I miréd fcrmuam
Living org;m:;w* ,‘ am made up of mﬁ ﬁ\ﬂ"}tldm a! and vz:o*em mmmmo. ,’“‘ne
ENErgy Conver *3. n spparatus is *«ery haﬂr}.g c,epﬁn'v:ent ugon L‘!l{}h}.\! atmctur«-v
ed fezztumﬁ: of the .i%}pecif:ic vCa‘tﬁl}fth sysm.,as wmc‘n the lJ.nc,ar axray of
| polypmmides cor\tsu.n, or can dr—\vnlom the intmmtimal tramsfor as nact

of 3;z.v:§.n<; organisns is c::-'.nmnef* m aqomcx r:lmi of linear g.zzxag, f*:.M

polynuclectides, and there is a comglex .z.nt a.*:zlai“lo'mmp bvt'wcen thase

*  Dicyanamide is fmmd in greater than 1% visld umér.z ult, mvmmt 1rm~ '
diation for a few bours of v0.01 M solution of N C \1, a8 omnrm& m

our laboratory by Stelnman, Kenyon and Calvin (1865).
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varicus types of su »sx.emc“.n All of these properties and behaviors ave

dependent upon structucal features which are built into the molacules

and which show in the next stage of their evolution.

Nahvdration condensation resctions

In oxier to achieve the next ,ma,'.. of the evolution of the bm igieally
important molecules, the necessity for hc@kng the small molecules together
must be established. WWoen ¥ou examine the biologlcal macromolecules fm.m

constitute the structural and much of the catalytic basis fox&tiving organ

«-hemg, you con see that they are dorived by a rsaction comuon to all of

tzlega.@ They are wade fmm_ the primitive Jmlmml@a (amino acids, ,* _,:; T

phuophoric acid, h;mu}y afuus aad the like) by a single kind of reaction,

nawely, a uxymation condens axum., 3‘,1*‘* 5 16 and 11l show tha de'-»k;y&ra«

tion condensation reactions in yrmc..pm, at leasts Figare 10 Bhows

the dehydration condensation of Lh, amine acids; “the carboxylic acid

and the amino group .intemct to give £he poptide Mmag,e and then, of
course, the ﬁzoi@ml@ can gm:f from either gnd (the aafu:i.no‘m\ﬁ or the car-
bosxyl end) to make the polypaptides ; which ultimately become large emough
to have catalytic and structural n>ropertias. which we now xecognizé as
chax:aetéxistic' of pmteﬁ.ns;@ The formation ot polysacmariws 1#0

a d«‘*ydzamtm ml* merization. (It is 'dxmm in figure 10 as a glucoéi&ic
J.inkag:e mtweem {me smmmcetal structum of one giuma;e‘fmlamle ami ,

the 4~hydroxyl grcmg of a%tmr e bui. thare are Qbh@r types of dﬂw&m«»

tion reactions walch would qm., ‘rise to goly acmsamdc,s.) i‘h@ lipids also

are the msuh. of c’whydmmou condens ion reactions, the alcohol and the

carboxylic acid givinyg rise tc:s ester linkege, and this occurring on

several of the hydroxyl yroups of the glycerine will, of course, ghve

rige to the ordinary lipld type of structure,
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PROTEINS lamino]l lcarboxyl
N 8
HoN-CH-C—OH+H-N-CH-COH  ——  HN-GH-C-NH-GH-CO;H —=  POLYMER
| dipeptide |
POLYSACCHARIDES.
GHoOH
GHoOH c—0 ,
1 ol / H
H{_ C—O [OH ! )c\(?H h‘}c( —— DISACCHARIDE —» POLYMER
JOLQH HO[ _ ho” "g—¢” H
HO -C 'H H OH
i OH
LIPIDS

0

I ! - -“-
HOCH,CHOHCHy~OH HO-C~(CHo)y H — HOCH,CHOHCH,-0-C (CHZ)X H

-

Fig. 10.

ester bond

MUB-5261

Dehydration condensation of amino acids.

-
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NUCLEIC ACIDS (3 STAGES) RNA SHOWN - DNA LACKS OH ON 2' POSITION

[ adenine 1
ke
C
26\
'}l' Sclé 7\:(JH l|‘lH2
H
0&3/4 \9/ ,/C\ /N\
\ NS Ton
_l_
TR ] HC\\N/C\N/ o — POLYMER
' : 2~OH™ CH
Ji_'\c"/'# H\C“/' O o, oM c':/*.' ﬁ'\c/ 2o
H \cg-_ LNH ! ] <P 0 H~ ~42 67 <H \OH
HO  OH N_ . HO™ |
VO __} H0
| adenosine |

| adenylic  acid |
| dinucleotide (4p4p) |

MUB-5262

Fig. 11. Dehydration condensation of nucleic acids.



The fQL‘;»L""i‘.-h‘ oﬁ i;hga "1‘310}.«}:_35\«:@3. ma;:x:c«r:i;l@culeéf of geat ,myom,ww is
the graup of micleic acids, and figure 11 s»‘mw.a ﬁow -'nucla.ric_ acids may :
ba mmad a.;, the result of se'veaml diffzrent. tmcf,s-; of dehydration écm«-v
densation, First is the eﬁa‘-:‘n;;’&mtim m@ angation which gives ~risé. i‘tcs.
ﬁxeglycsssiﬁic 1ir wage between tzx@ ne_\.ﬁ“ocywlm {91 \Jmug and the o y~ ’
cosidic b wirowyl of the sugar; mmnd, the estex J.meg@a mtwmn 'L‘ﬂ(".*
primary hydroxyl (3') of the ;:ugar andd the phosphoric acid, ma, fl.”'.
nally, a rsecond. sterification Lr*twwn the second hy:,.m xyl of the ;hos'-

phoric acid and anothe: aymm wi Group | {3*) of another sugar moleculo

on & s8¢ ‘ccmd TONROIICLE mt,.w., This, of q::om:ae, can’ go on mc)tmr IR
sugar, et ggiva.mg rise, finally, to a mlmuc:leomﬂr\
11 of these, as vou Can ses, are reactions ofthe same ’mnd o :i‘mnynr*‘«- -

tion condansations - and a:n:s.ms mi. nods have Luean concaived ag routes'_

»

to achieving thase ,xydmcz.on covad'xzvsamqnc' in an ablological system; The

firgt one Wi den the chemists would ing ze,ammly consi az: is L0 put the

um*m.’.a:m.c xuawur.u Ainto an almyulc;u:; ::lto.mtl “1 -~ into & m.wm in which'
the activity. (tma:mmynmuc) of uze water :9 a:cm;‘*o W Gepn e%s <3 e “:au("“'i
that tlmw dehydration wi'll proceed spOntanao sl Ve This has been dox
One csz as ydu kNG, siirhw&v diissolve 'émxina'ac&csﬁ in a ‘;U.'L“’..ab‘; & non-—.
&MOLS mi‘ama and get a4 | ri;uratwu c:ondﬂmamm reactions &« 1ich can ‘ae
caxried to such an ext . ~-  to give pOl"m"’IDtlu? 0% Ingn r’ﬂlccul&x:.
wr::ightso I"{).»; (:\fzr@da and Fox, 1%64) has Leon the principal pmmrgﬁmsc
of this approach.

There avm_ othexr W y':,v and one :;cw.zl...‘z.”a:;;. re that tba th‘,.c»m{hc am
gming containing cpm;po;mds dmﬂd be absorbad on @ spacific t}q:m of Cﬂdy

k) -

or wineral surface m /nich the activity of H}n waky is in some specific

-

way red d Trag t’ma dehyd ratz.m conde ncsatim would be “mﬁw to t-ak@ place
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dei vdmz:mg

“on the/surface of a particular kind of mineral. The chief mrotagonist
‘'of this approach to the formation of thess 1\03,3'@?&:10 nate "ials has

heen I:’-ema‘l (1959) , and very early he proposed the clay minsral sur-
F . .

]

f:"\cw w5 the r\ts:zcz.‘”xal slte for the fomation of thase zmlymmc AR
ials; howcwr:, the c,x.be::r‘fw\n"*f* wih,;,ch s ght (‘c.rxxmtmto his Gnoany sige
nificant scale have not yet besn carried to the point whe

the kinds of
sure all of/the dehvdration resctions under these clrcumstances (Miller

8
G
&
14
g
Fg

and Parris, 19464).

We have taken a still different approach. We felt that since these

roncmeric units are formed primarily in dilute aueous media, we should

try to find x—zayngﬁ inducing the debydration copdensation in such ,di‘luw
aqwecﬁs madia. 7o chemists this .nﬁ.g."nt seem like somothing that .’)f‘ ”-'_v_fcml?
ish thing to try, i.0., to %:x:y’to ine'_mce a dehvdration in water scolution,
but it twms o that this can be \kmu, ‘

Wz took cur cue from the presence c:f N in Lhe meaction mixture in
the fim“%‘: instance (.1ler, 1957) » recoanizing that even thouﬁh_ HCN has
in it the capacity Fc)s: absorbing the elenencs of a wabter mole scule’ %o
fown formamide, it does moﬁ do it very readily __i.ri water itself, Then,
coupling this idea wt.h the If'ncs. lc—wgc of tnc use of a maltiéla carbons

nitrogen bond in a specific ck«zhychration condenzsaticn waich er«:is-ts in the

use of the carpodiimides in the acconmplish %‘-nt of th%@ ge.n;,dratmn con

densation reaotions (Yhor'ma, 1961) , we -tco}: the:*: next shep and -afz’s‘q@/\i,

Wy can 't we use the mmnt crarmm.lm%‘d@?” Tha tautomer of cax*bociz.imde

is, of com:se, cjanauuie;@, syanamide in agueous solut:.on acef“ not remain

5

as cyanmndn very long but dzx&“.r;zm to form ﬁic‘yan&iamiﬁ@g
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: Al‘chougi W sstaxtm with cywzwnic‘x@ wWe very “z\..ic«my rovad our efforts to

- Aicyandiamide {Dwa) HECAVSIE o£ A.ta gxcmmr &:L&Oll' .m auecus madia,

-

“It tuxns out that d:Lcym&imi.qe can indeed achieve these -aahvcimtion

v mrx&msatimw, all of them, in dilute agqueous oolm.mn (atc.wmm ;

Leswion #nd Ca.lvm, 1964, 1%5- 'St-f*};mam, Renyon "v‘xd Calvmo 1965) . - |
By cxs Iute I mean 0.01 H in ciz.c:yarch.wmm, 0,01 ¥ ox O 001 *.“;' m arm'.nd
&Qiﬁ De fno:*spaaww 2187 jc’ll‘t» and s::abo# Ces, Al of these rencﬁ:.xcns«.» **1

en acccxwlx_saed with ulcym‘cu.amdc_,, wi Lb varying doy rees of eff:-— :
c).mcy, -

F:A.ga.ze 12 ch.':s the tvpcﬂa of ::hgdrt.twn condensation T‘Q»‘CL&OD':; pm-

woted }.‘)j uicy&ndz.a&m.’*r ~= veotides, phosphate c.ute” kayrc,)‘w%hc‘tc, anci _

acetate estey; all et u* 3s¢ have been done with DCDA. Plgure 1.3 shows

& likely mechanism by &mi-ch the DCDA makes the dipeptide, and yc'u' can
see that we use it in the ‘“omn of the carbodijmlicdz. The cagyl mm.&.c@

andidinium form ws‘.&l add the car‘;oxylic acid to form the intﬁk:xmc':’.iate,

- whilch has not yet men is laLsed .;ma which would un&m:go a nwl..ogf‘u l:.c

substit ut:e.o*z of the incipient car bam.um ion to foxm the g pt:.df-s and

g-uanyluma., I might add ﬁ:‘n&t t:‘m.z p,cmt.;.tatz.vp rclat.:a.ons?xly i’ww'mn

paptidn formation and SRR, j..ulff,‘fm formd b a8 heen es.,mllgh &, &t Jeast

dychandldes 'v’n.‘ck, ("CJA)

e e . nm



_ PEPTIDE

figure 12

TYPES OF CHEMICAL BONDS PROMOTED BY DICYANDIAMIDE

' a) alanylalanine (from alanine) , ' o . |

b) alanylalanylalanine (from alanine) 'Mf,////

' PHOSPHATE ESTER OF A PRIMARY ALCOHOL,

a) glucose-b6~phosphate (from glucose)

b) ribose-5-phosphate (from ribose)

¢) adenosine-~5'-phosphate (from adenosine)
d) O-phosphoserine (from serine)

e) glycerol-l-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 ALCCHOL -

a) glycerol-l-acetate (from glycerol)

33
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PRESUMED MECHANISM FOR
PEPTIDE FORMATION BY DICYANDIAMIDE

_ H® enn ® _RCO T =NH.O]
e ; \»
C=N C=NH ?=NH

o I . (?,03@
Dicyandiamide (carbodiimide amidinium form)| 3@ ¢Z
R -
0 R‘—N(:
R'-NH-C-R + NH2-(':=NH2®<—-
vH
A4 I -
Peptide Guanylurea

MUB-6327




a8 ar. ag dicyandiemide is concermned. wa todk this step aboubt six months

ago, and althouzh there was a e;gmmtitativa xel&tic.‘m ;:xeatwém'x the amount

of wow»t.ul *‘om‘ﬁd and the amount of gl.ﬂumyku._ea formad {and a similar

relationship of guanylurea o phos ;:.hatn anhydride, or ester formed),

this wes not very satisfactory leceuse the yields were most often less

than 10% and frequently less then l%. It should be kept in g mind that

wa have not yet studied the mechanism of tnis reaction in ﬁut&l-.a
Howaver, Lt ocoourred Lo one © ' of the students thal 1f cyvonouide is

good for dehydration in squeous solutions, dicyenamide might b@ nEtters

{1 é%@n"t xnow woasther that is a very logical argument, but %:ha{: isn't

always the way sclence progresses anyhow.) Lt turned out thi x.hczammma

(D2A) is indead better (Stelaman, Kenyon and Caldvin, 1965). In fact,

cne of the reasons we had originally been dsappointed with cymdv*"d

was that we could not build the pol peptide very laxge. We h ad to run

the concentration of amino acids up vexy high before we coz;m get the

poly;:aers.s::;\ticnl o go very far, and this was another reasen for szeking

- babter agezntz‘s, It turns cut that dicyanamida is remerkable. ot only

does it make the digeptide but its I‘QGC"LJ.VJ.tj x—utn dipeptide a;p:éars

0 be greater than it is with the emin' acids. fhen you start with an

.armlno zcld you won't gat much u..,.;cptlf 2; the z:eccm& r@aﬂmon is £ asta,r

| than the first. For axmulc,, we can gat 6% yield of tetmg.lycima with

only 2.5% yleld of ds.glycw.e, and thig is a very short reaction time.

- A uwnole saquence of inves‘tigatioh:a n&w is opening up: 'Frxe exsmination

of this reacticn in terms of wechanism, ..n terns of Lt:s Sign ﬁ'mnce for -

de:‘*;ydmtiwn l_x;y ral ‘;..za’c:.on m ganexal, tnc conditions that are reguired

for surface catalysis and pH are just now being exploreds
_ ) v



S INFORMATION

The next step 'm the g@;rzemtion'éf SEIC t‘uz:é is to recognize that
onc,: having obtained these kyie;:wlyam:é they contain within their linear
SOYURNCS s;tmctuj:esi instructions, in fact, t’h@m:e}:"x"iyn&;rically stable
structural possibilities. There follows now a series of four illustra-
tions wiich show something with which most of you are familiar: that
thae vij.nez,:rf array of polypsptides has. i;z it structural infcérmatioﬁ given
rise to this second oxder structure (alpha hellcal structure) by w.r‘cm
of the hydrogen booding between every vthird I'c;:: fourth amino acid cax-
bonyl group (figure 14). The interaction of the sida c:m.x_m'; (im‘ﬁicﬁateé

heia by the stars) also plays an important role not only in the stabile

ization of that structure bub also, of courss, in its catalytic and

‘ tha fachk -
other propevties. The evidence for/that this is a themodmardcally

stable structure, one that is the result of the polypeptide seguence

itself, is shown by the fact thebt after we bave destroyed that struc-

>

ture by suitable means {either temy erature or ph adjustment) wa can,
Ly reversing either the 'tﬁrr@'axatﬁm or the pil changa, recover t’hat‘v
structure, It is thermodynamically built in and is pa?:tbf the atomic
arrangemzat and amino acld seguence, The evidence for Lm’c, reversiéil«
ity is @ spectroscepic one, a3 showm in figure 15. This is fo}: polygive-

tamle acid, a synthetic polypeptide. When the terminal carboxyl group

0

is ionized by raising the pil, the charge repuision between the nega-
tive cavboxyl group is lonized by raising the pi, the charge rgpulsion

between the negative carboxyl groups is sufficiently great £o break
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Z—T

MU-16147

Protein structure.

Fig. 14.
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TINOCO, HALPERN and SIMPSON, 1962

A A (mp)
180 190 200 210 220 230 240
T | v r 1.1 T 1. 11171 rT
7F .
Random Coil
6-
POLYGLUTAMIC
S ACID
o
* 4_
%E
3.—
2..
|_

!
56 54 52 50 48 46 44 42
y cm™) x 1074

MU-27653

Fig. 15. Absorption spectrum of polyglutamic acid in
both helical and random coil forms.
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doan the helical structure, ana you ge%. a random coily when the termine
al carboxyl groups are neutralized, which they -wpuld be at pi 4.9,

the alpha helix structure returned, as is ovidenced by this reversible
abosrption spectoam,

The same kind of evidence is available £or the double helix structure
-of the seyuence of hases ‘zmich is a result of base pairing and ﬁydmgan
bonding of the polﬂxuclaatldm {D¥A) . The struckure of the mlmcu‘lar
components of m« is shown in fz.gm:e 16, riere are shown the s:ugar
phosphate chains as a pair of xibboﬁsb from which is hung a sexies c;af

chains :
,mseb {guanine, adenme, cytosine, thymine)., G0 such/are Qa;.rc,d in

this parmmlar mahner to give rise to a helical structure which one can

visualize as resulting from the two strips being twisted, tmms ‘turning
the base pairs flat-on to each other in an aromatic tygxe of stackinbg.
The aromatic type of stackingin ‘a'aﬂdi.tz’,on to the hydrogen bonding holds
the chains together; tbe aromatic étac};ihg helps to st»:m:.llza tm.. heli.-
cal structura. The helical structure mkm itself a;mmnt in rmazy WAYS,
amonyg which 3._:9: a change in the ultravxole—t abmzptmn of the base palrs.
In Fig. 17 is showm I‘the snect;mm of thé helical structure, as well as
that of the random coil. '?z@ rraversm}.c transn,tmn Letween them is aJ.a«o

damnstmted as a sort of meiting :md crystallix.aucn g:*:c.ncz’ N0 A:'

the temperature is raised, the helix is melted into the con, am.l u'xm

< slowly lowering the temperatuve the helix comes- back againe. All that is

shown here is that the s‘*cmdaxy halx.cal structure of tha ;zﬂlvmxs i.

bullﬁ right into the lzmear array of the un:.t of w‘ucn tbey are m.ci,o

e e A
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| - |
0—P—0—CHz— cu—cr\i—o—lﬁ—o—CHz—c/:H—-cr\i—o—P-—o

. 0
: I \ / Il \ / 1
O—T—O—CH—CH—CHz——O—T—O—CH-—CH—CHz—O—IT—O

MU-16096

Fig. 16. Molecular drawing of components of DNA.
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Random Coil
T (1=989.4°C)
45|
SPECTRUM OF NATIVE
a0l CALF THYMUS DNA and
DENATURED CALF
, THYMUS DNA
351~ o NATIVE
o DENATURED
30
a 2 (1-228°C)
C5 .
20}
15}
.IOF—
o5t
(o] 1

200 250 300 350

MU.27654

Fig. 17. Hyperchromism onnucleic acid.



Beyond this, Chere .‘L& a third degree of ord@r which is again thermo-

dynanically ¥y control leua If we now take some of the helices, for exanple,

the helix of protein or polypeptide ’ and put them into a solution of

_ suitable ionic stz:engﬂ\ and **--i, the hellces themselves can beqin to

aguregate in a theonods jmm.«.cully coné;ro}.l%za fuiull@ﬂ, and. wa w:r..ll fmd

- that OQMJ kinds of w}.ypep cddes will aggregate to give c-:ertam tyges A

c:«f astz:uctump andd on,s.y c.e»z:tm.n tywb of structure. i‘qe ev:.cience foz: .
thie is agmt: mammléi,. z nave picked only one case because it is. a

rather well ¥nown one and a mthe,x: u,;»ac:tm,ular phcmomnon. .@.213.8 is the

case in which one takes apart & cona(u*x £ibril (a natur....l pol jp@ptmc}
into amwle helices == ﬁiz,aglu. protein mle.culea» — and then, f suitab).y =
adjwstinc; tbe sa."s.t c:ono:w:mtlon and 144, allows them ‘to reaggmgate and

to get bv:ac, ‘the or:.gma”f micmscopwally, visible biclogi‘ca}. s‘c:ructurﬂ

5

ns hcwn in fiigure lb, In the ur:per nalf we can see the omgle, oollagm

.. molecules; and in tbe lmzx..x “zalf the,{ are reaggmgated £rom the bi.nrglc

collagen ml.eculex ‘The collagen fibrils shown here a;g:pear to be iden-
tical with the natuxally is,olatc,d onginal collagen flbr:.la. ‘hi;; is
a highex d@wlm of order than the pmva.@us one (wh:.cn was the 3f>cond

degru of ordar) wmch j.s bu*lt ugh‘* :in*-o the linear arxay of pc»ly-

- peptides, Here, in th«:z col*.agnn, is axm.oltc,c, a th_t.rd degree of orx}cr

s which is agam the rebult of thelhu..llcal stxuctm:ﬂ of t:hc{;olvmptldﬂs

w*ucb wa Hdvl_ alrce«..dy seen 18 rwm.l into d.‘k..» -Jﬂ@o.r arxay of the amino

Y

acids, We have now Leacneri wmthm«; whim i.s visible -~ a w.»ai.ale

v a»tructurc bm,lt mto the moh_cube.ﬁ as a result cf the atom-, of w"‘l.LCh.

thay ara KECL‘ z
We can go one step fm:t.hmx. and say thaq sindlay kinds of." i.z:uctaral

featq,.m 3.:‘ two dimensions con e mu.,,.i. m, end have m@n ob sexved

e e o e
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FILAMENTS OF COLLAGEN, a protein which is usnally found acid. This electron micrograph, which enlarges the filaments 75,000
in long fibrils, were dispersed by placing them in dilute acetic times, was made by Jerome Gross of the Harvard Medical School.

FIBRILS OF COLLAGEN formed spontaneously out of filaments chloride was added to the dilute acetic acid. These long fibrils are
such as those shown above when 1 per cent of sodium identical in appearance with those of collagen before dispersion.

i ZN-3215



with lipid type mmmies . givmc ::15@ to thca Awo~din ns.e.onal st:mctum

s

of surface £ilms. Thic 'is a much less & volo»)eﬁ field of vzor}»,, in thess

verms ab least, snd is only just baginning to wﬁ:ploci»'m as a pOSS m},n 3IC.d

for cx:car-,i_c‘, ;p'hysi'cal &qd'vbiolcgicél .).)“W'&fstlga‘ti(m; it is Gne of ﬁ.he '

~areas which X thmzf %:llll GeV&le very \;uia Jy in the next’ few yeazs -

, Luuz,zati and Huss on,, 1962). Figum 19 show ..,, usmg mlczm;mjll 5 the

li.pic*i, t‘&«a monmnrnnwﬁ aggu_uat:m*x of r'htoroahgll m ;mmolaferﬂ" at a

water-air intexf Lu(.vt,,g O s hmr that me two«cmremz.oml mray is a th\_nm«

upwm..cally u;m:rollc,d gummmm (Traxnit and ”@Lamo, ;9_:9} o
Finally, I want to p:m on, fmn that to L}w next highex Lcm.l of
‘blological atructure-siw.m in .figure 0 which is a colle*&:iﬁn of mcro~

]

zsoagi;:ally visible x,.m.n:; 1.1.ch wa Ko L;:lay an m**mr ant role :Ln

»‘bio}.ogical g mnomf,ﬁa - 50 energy tmnei‘u: a.nd mmrnmtmn tmnmer,"

Ve

tha two rajoxr hmcﬁﬁ of tnimga wnich a 3.1 Ving organism has to bf» - ab}.c:
o m., The cnlompmsw mmm (un;mr loft) show thc lonellsx -.mmy, cmd
upper I.'L‘.:,E"!t shows the g*'cmcturez of one of -&heﬁea mmalla loo}; g ;lat—- ,
Onte You can see that: it is madc_ up cm part:mles roug‘xlg .'LO to 205 2 |
in diamceter, shewmy in cm_a tar aetml in figare zl(k’vzxk, 3.%5), 1t is
beginning ) bw ammnt that evm the quantasomss can be res ol{zeu mto

what appear to / ;ucmnits (perhvms .Loux) wim :m’

60 Ztu Since the 'majo:c dirension, m tha %mhyrm beat’.i of the chlorop‘x y1ll
olmml@ ia of the oxdar of 1 15 to- i) :x.L ‘s evzdmnt that tnere cannot
be many in eéc& of these au.bunitfs and’ timt t?x =y are fzot l:.kcly to ue
randomly arranged therein,
;«:a are now comdng down From the nlologz.cai. mwl to the r;oiecmar
lewl, Bm« within the p,ot too diwta;xt future I wl ieve we wn.ll ba :

able to reconstruct this chlomphlm:co*ztummq struchturs (gumtascms

approm.mt. rension of
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0.0. Trurnit, Colmano, 1959

0.9 s Y ' ' | . |
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o7k I, 2 : chlorophyll a films ot water/air interface i

06f 770 3 chlorophyll @ in ether I i

400 500 600 700mu

MU-27942

Fig. 19. - Film spectra of chlorophyll at water-air interface,
and solution spectrum.
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CHLOROPLAST WITH MITOCHONDRIA QUANTASOMES FROM SPINACH
CHLAMYDOMONAS (SAGER) (PARK and HEALEY) ”

NEG.-STAINED MITOCHONDRIA POLYSOMES MAKING HEMOGLOBIN
(PARK and PACKER) (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.



-47-

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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of figure 2%, l”tu‘s Ats- oy rponent. ”"1 ..az: parts, When we can do that ' ‘

. [ .
we will have carried oub the whole structural eVOluthl’l from the 2 atous co
of wihich the rmm\,a are wads wy, to the visible, biological. function-
ing strocture, |

CONCLUSION SR : &
‘ ' ‘ ‘ ’ o ' » Az
we have, I believe, raacne:i a J.evel Of understanding of the natwre of , i

biological structure and function irn aolecuwlar terms which .—ﬂ.lowé us to |
suggest a raasomble seguence of events from the primeval . molpculw of o
: Cthe - .
the earth's surface to the structural units which omstz.tu*o/ Emcf.immg - |
living organism. Because we have been able to do this in temvs ;)L a’ o o
. chemistry we think we understand, we are prone to take the ne*ct 3t€?§30‘ |
I-‘; seans like an obwious e, but it could be quite wrong. .Tnaﬁ is :
. to suggest that, g:i:veg. a starting .&:nviionment anywhere Wixicil r&;aa@r;bles

what we Uu,nk was the mmmvd envi mamnt of the earti’s surface, the

sawe kind of sejuence of events is lmmlj to have occarrec:‘i e J.r factk,

it would have been inevitable. The exciting thing about Lh 3 nolnt in o
time, aspecially for the young students who have the future a.'neaci of v -

- them, is that wa (they) will be able to find cut whether this notid‘z .
which is really a fundamental notion in all human thinking, is so or .

ls not so. o AP ’ :
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