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tow did life come to be on the surface of the earth? Darwin nimself
recognized that his basic idea of evolution by variation and natural se~
lection must be & continous procoss extending backward in time through
tnat period din which the fivst living things arose and into the pericd
"onanadcal mvelution® w;uc.h sraceded it, vie are apur oe.rm.m the ex=—
asination of these events by o routes.

’

Une 19 to seck for evidence in the ancient rocks of the earkh whi

9

were lald down prior to that time in whilch crganisms capavle of leaving
their skeletons in the rocks to be fossilized wers in existence. this
period is sometire prior to az:pro:drraﬁely 600 million years agw, The

th i balieved to have Laken its present form approsdmately 4700

@aillion years ago. We have found in rocks whose age is apouyt 1000

aillion yveors certain crgonic molecules whlch are closely related to

v

the green pignent of Ol.auw, chlorophyli,. "1’115.5 seems to establish

that greoen plants were alyeady fluorisnhing prior to thak tina,

Ve have now found in rocks of still greater age, namaely, 2500 million
years, the sauy kinds of molecules pentioned above which cnn Lo atiri
putaed w the presence of livinyg organisms, I these molecules are a3
0ld az the rodis, we have thus shortened the time availavie for the
goneration o f the comslex hiosynthetic seguences which gime rize to

o

» speciilio hvdrocarbons (polyisorrenoids) o less thon 200

{"f

“\ s
LS
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mEllion yesXs.
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The second asproach is to attenpt to reproduce in the laboratory
those chemical processes induced by energy of various kinds — radio-
tion from the sun, froa radicactivity, from clectrical storm, etC, =~-
which could give rise to sinple organic molecules and polymeric comibin-
ations of them, ultinately leading.to systems wihich couldbe call,Q alive,
‘This attempct has ulso succesded along a variety of lines, and many of the
present day piologically irportant molecules have been constructed ablo-
genically from the primevael atmosphere, thus providing laboratory evidence
for the hypothetical processes. The latest step in this approach has been
to deronstrate the formation of polypeptides in diute agqueous solutions
through the agency of molecules formed in the primitive atmosphere of
the earth. |

Finally we mast seek evidencs for the same processes in naterial
found elsewhere than on the earth, such as other parts of cur solar sys=-
tem, @.g., the moon and Mars, We can expect to kncw whether such materials
exist at all in the rocks of the moon within this decada. We may eﬁen
know something rore definite apout the botany of Mars during this same

pericd,
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living organisms, could develop, The idea that livimg organisms ooz as

,.J

atural Jeveloprent in the couzze of the chasalceal trensformation of the

surface of ths certh is not nav, In fact, 1t was TRcognize: 1 by Darwin

iy

svolution which he formulated were in

Almself that the basic notions

fact continucus, not only throwiout the appearance of living organisms

and thelr varicties at continuing back througn that stage of history

mmE Gy

into the poricd which preceded the existencs of living organd

ety
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nin was recognized by hin in a very fao-

remark which I thought it wight bo worth repeating now O make you

Cus

rove femdlior @ith same of Darwin's chemiezsl conoopts held as sarls
K

as 1874,

He savs {(Royal Society, 1859): "You expressed gmite corre ci.l oy
I had intentionally loft the f.;uagt.tm

o the Origin o.:’ L.' fo uncanvassed as being altogether LJ_U'@ viras

in the ;Jz;c:;cni, tate of cur muwledge, and that I dealf only with

tha manner of succsssion. 1 have mob J_L.h o evidongs ?mt BEDmS

in the ..ma'*“ i- astu/ort:uy in favour of so-called Spontansous Gener—

views wherne you said thet

ation. I brlicve that I bhave sonowhors ua.m (st cmmo- find the
passage) thot the principle of contimuity renders it probable that

303 - SNV ) 5 T2 - . .
the princivle of life will hereaftor be shown to he a nam., Or con-
sequence, of sone goneral lows.e.”

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

o 1871

9,
i
or

written aarlicer, pri

&

Arah e s st st or st
*  Bekerien Lecture of The Zoval Socleby of Ilondon, June 17, 1965,
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"It i3 Oi’ o said U it 2]l the conditions for the first producticon
oL a riving oryanisio 'Mc: oW present, widch conld ever hava boon
present, Lut if (a wh ohl winat a & ‘:J.g i) wa could congoive in sore
Lofshat! l,LLLlc wond, Wiki a,l..i, sorts of aemmonia and phosphoric acid
salts, i heat, electricity, ebtc. prasenit, theb a proteins com-
puand was ch "i&lL v fomed ready to andsryoe still nmore conplox
changes, at tne present day such mattor would be Instontly devouaye

ad or absorbed, which would not have been the case beforo living
n

)

craaturas wepe Lformnd.

‘

Darwin there axhibited two gualivies: Pirst, a romerkadle persplcacity
chout. the nature of chemistry and, secondly, an altogether characteristic
congervabisn aboul how rmach he krew, and how poch chemists know, ab that
time, about the naturs of mwolecules. And he was guite right, In thoss
davs 50 ..’Lif:tl@ vias wnown about the nature of molocules and thelr intor—
actions and behavior that it was fruitless for bbm, and others like hiw,

even to try o reconsiruct the chemical evolutivnary history of prebiotic

Today there are possible Lwo gpproaches to gaining a coneept, at
least, if rot direct uwneyuivocal knowledos, of whe_xt this seguence of
events night have been. One of these is to continue the Danvinian
appreach itself, nanely, the examdnation of the record as it may exist

in the rocks and surface formations of the earth., Darwin used only that

part of the recoml — theo fossil record -—— in which n.cxxznlza,al 1ife
forms existed; in which morphologically recognizable entities could be
(60
peg

exandned and described. Today, howevér, it is possible for us to/boyvond
this level of examination because of our biochemical krowledge and becauss
of the cvoluticn of analytical devices which permit us to not only doter—
ming that there are organic materials of various sorts present in ancient
rocks which contain fow or no morphologlcal features which are reoogalzable,
out Lo Jdescribe ia significant detell the intimate molecular architecture of

< . STV TR I * SN o ~ PO .. N
is a kind of YIozsil" exacination and coxrrelati

fﬁ
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exactly analogous to thet used by the palecnrologists bub it is in the

FRR. Y T A jen eyt JEPTR. R Y e
fands of the cruanic ond baological chanists,

o

3 e ey iy e e P o gy e S
e othwr approach s thab of trying Lo reconstruct the possible se-

guance of clmmical ovents that could have oocurred pilor to the existence

of iliving thinygs on the face of the carth, the effort that Darwin reformmd
o az beling consoptoally oossible but as veb not frvitful becausze, at that

time, not enowd informetion was avallable aboub the bebhavior of atons

.

and molecules wwler the influence of varlows plysical~chendceal forces.

b

Today, nowever, this has bocore a si:,mi cantly possible effort,
This afternoon I want $o dsscribe somae of the things we have Jdone along

botn of these eppreoaches: (1) to examine the historical record beyond
that of the momhologically recognizable forms -- "chenical fossils", if
you Like - and (2) to gulite independently see Lf we con find and recon-

struct sore of the chemical reactions which mighi have ocourred among the

on the surface of the esarth which could glve rize to

£

piologically important substrates, leading ultimately (1€ we can trace

-t

if) to the structures wd reactions which we know now are an essentia
comonent for the functioning of living organisss o {(Calvin, 1%6la, b, 1962b,
Horowitz and Miller, 1962
1864; Bhaensvard, 1963; Pox, 1960, 1965a, b; Gafiron, 1960;/Leosian, 19564;
New Biology, 1954; Ouvarin, 1957, 16592, 1961, 1964; wWald, 1964)
Thiskind of effort is more than just an exercise in detective work,
¥ AT 2

becousa the possibility is now with us, within most of our lifetires, of

&

exploring olher sites than the surface of tha earth for a rossible corro~

poration, or denial, of the kind of segquonce with which we mi '*'1t COR ULy

o P TR N ¢ ORI . 2 - 3 -} 4 vy ven g
a3 a resulbt of this study. what I am referring to iz the iminent possi-
Lo 35 3% . 3 N S PR~ - ~ 3 3 4=

Pility that w2 will hove pleces of the Moon (rocks) o examine for tholx

. H s o e 3 e g ey e 1, o ey i gnmed sade S T SR % o s -
orgonlc constituunits, To an organic chamist, looking Loy new sourcss of
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to nore and rore conplex chandcals, and at some point in time organic
evoluticn, that is, evolution bascd upon living systens as we know them
today, bogan. I suspect thab the asyrptote as here drown will probably
have to be modified somovhat:  wikh new knowledge we arve vushing the
baginning of organic evolution further and further back in tire.

e aro going to spend much of our time tracing organic evolution back
ingofar as we can trace it back in texms of "noleculor fossils” from the
earliest well recognized fossils of morphological form, approximately
600 million years AGO, and we are going to talk about (,hea'.m cals which we
can f£ind in rocks whdch are older than 600 millicn, some as old as 2700
million years.

wWhile many rocks in which known fossils have been seen have been
analyzed and the methods of analysis which were used for these rocks
squate, the doterminationcef the detalled moleculy structures
which are presant in the younger rock in correlation with the recognizable
fossil elerents is only just beginning. This is partly because t,m
analytical tools have only recently been refined to the peint in which we
can dascribe the intimzate details vc'f the molecular architecours thatis
prasent. The varicus kinds of molecules that cn: can lock for are obvious
ones, One would look for amino acids and heterocyclic bases as reprasan=
takive of fossils of the proteins and nucleic acids. This latter has not
bogn done to the sae extent as the aminoe acld gsearch because :?;e analyti-
canl tools avallable to identily amine ‘ acids in trace amocunts in the xocks
werae woch betber than for the nuclele acdd bases, The thixd group of mole-
cules wihlch has been knowa for a long time as organic fossil mateordal buat

IS

- » M oy S 3 3 S PR A
ntimate struvcthures have not besn analyzoed with this in mind ame the

,,‘
A
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hydrocazbons thosgelves, that is, rolecules made up only of carbon and
hydrooen in special architectural arrangersnts as reprasanted by petroleus
ond the materials found in it.

Wo have chosen to exenine the hydrocarbon compositicn of the anclent

¥l

rocks to sce 1f wo could not find characteristic architectural features

of the hydrocarbons which could be corrslated in sore wey with the organ-
isms wiich might have given rise to them. In oxder to get a date line
for our work, we elected to exwrine sune young rocks of rocent origin
whoBa biolagical precurserd, at least, wera well established, Using tho
redorn analytical tools we undortook the examination of the Gresn River
Shale which underlies a large part of the wes satern North Aterican contin-
ent., The Creen River Shale is only 60 mdllion years old and it has in
it a high proportion of hydrocarbons; in fact, it is presumed to be one
of the rich oil shales of the world. It was relatively easy to obtain
sanmles and to undartake this analysis,
The Green River mm was and.yzed by sultable extracticns and fraction-

aticns (Eglinton, 1965) and figure 2 shows the vapor phase chromatogram
of the aikanes from the CGroen River Shale. The upper chromatogram shows
the total hydrocarbwn extract after the rewmoval of any non hydrecarson

and aromatic compononts. This is clearly a comw}.u( rbisturas, ‘“ It was pos~

sible to separate the hydrocarbon extract into two quite distinct compon-
ents by peans of moleoular sieves (B A) . These sieves allowed the straight
chain hydrocarbons to wend their way through the 5 K holes, and to pre-

renk the passage ©f any material with a branch or cyclic coaponent. we

were thus able to zeparate the straight-chain hydrocarbonzs from the rest

Of the materials which were prasent, None of the branc:fzea and cyelic.

the center wortion of figure 2, pass

e
i
e
Q
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&
7
4
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5
5
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vdrocarions, wi
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Fig. 2. Vapor phase chromatogram of alkanes from Green
River Shale.



fis

into the molecular sieve, In the bottom part of this figure is shown
the fraction that sntered the sieve, At least in the Creen River Shale
this froction represonts & nice, cloan scﬁ;‘ wnee Of a normal saturated
%)
e have since: leaimed that these 5 A sieves will also absordb straight-
chain hydrocarbons with at least a temainal olefin in them. vhether they

will absort stralght-chain hydrocarbong with an intemal olefin or not

th

mocdaels it sooms as

o

A hole vhile the

rovaing o b determined. Prom an exasdnation ©

1 o

thoagh the ¢is inhemal olefin should not enter the 5
trans mignk,

The branched cycelic components can thus be soparated from the s‘;raight—
chain hydrocarbons, and the non~thermodynendce distribuation o the normal
hydrocarbons can be seen ~— the ceneral douminance of the odd-nurbered
hyfrocaxions ropresented hare by thoe Cl'? and Cw, etcs There is no quas—
ticn about the biological origin of these straight—chain 1:‘.rv:i3:or;az:bons:
most Of thew coma by the decarboxviation of the even—rrivber s-&tuﬁhtcc"

caroonylic acids.

There have been a fow compounds labeled in the branched cyolic series,

Avong them are the Cyg, Cygs Cyg and Cyg polyisoprenss; these were deter-

mined Dy cochroratograghy and by mags spectroretry, @nd there is no anbi-
gulty about them. Phytanc, of course, is the dominant one and pristane
the

{cne carbon atom less than phytane) next, ond yor will see/relationship

betwesn these in a noment. The absence of the Cpy isoprencid is alse

soronhing to note, baceuse I think it may give us some clue as to how

these polyisoprenoids originated and how they may have been transformede
In addition, a muwber of cyclic polyisoprenes are present (see figure

A -

2n); arong these are the Oy stersne, cholestane, md probebly coprastane,
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Cogy saturated steroids, ergostane and sitostane. The

:nce Of terpane, that is, Cqp Bt tacyclico hydeocaroons, is also

inddoatad {surline roond Calvin, to be putlished).

peaks ~— they are rulticomponent peaks as the mass
pe Ay Ty " O - ] - -~y e ey g o et et T 9
epectromstor has told us. At least two oI thom contain both the Cpg

iy et oy gt od » v, e -y - [P § . Vg, ha o
rangs.e The origin of these maperials is probably the reduc

tion of the covresponding wnsatursted, or oxymanatad, starols. IHers

are shown the carbon skalston Of coprastane and cholestana:

C 7 Sterane {cholestans, coprostan
Cyo sterans (24-mathyl 0?7 sterane, 2rgostane and iscmers)

Cag sterans (24-othyl C.7 storane, sitostane and iscmexrs)

The ergostane has a C,, mothyl and the sitestane a G, ethyl group. In
2

1Y A L o - ey o - 30N -, PR - P I =GP 1o
addition to that, the possibility exists in ergostans of four isorers

Docause there cen be cis~trans Junction of variows rings. The possibility



0

that Lher > four lsorers of exgostane probably ccoounts Lo poot for

3 e L I U ORI Sy - " - Tythe wms PERUIE S
the nualtinle distrisation of the ergostans mass gspoctramztry pattorn in

LS
] <

. 1] ca £ ) Ty
those four | altnousn this yeb romainsg to be determined, The mass

the threo storanes and the osntacycelic triterpane which por-

mitbed tholr masbligacus idenclification in the five GLC pootis (Jigare 2)
botween 22 and 20 minates arme shown in fZigare 3.

Here oxe polatively stuble hydrocarton narkers whose biclogical origin
iy pretty much uwnaablguous, and the prebable origin of the phytane and

.

vvoa.v soprenolds is shown in figure 4. Phytane very lJ_t\L.l} coes from
cnloropinyll which has the phyitol aledhel az an aster on one of thoe car-
boxyl groups. It 1s a tetraisoprenoid and has one Gouble bond and one

temulnal hydroxyl growpr which, apon Aydrogenction and hydrogenolysis,.

will give the Oy pliytane. 3y hydrogenaticon and then cxidat ion of the
termminal alechol, followed Ly decarboxylation, the Cia polyisoprena

pristane ifs chtained, The fact that the phytane is the dominant peak in
the Green idver Shale with pristane as the noxt one seens to be a signi-
ficant fact, wrchably of the presence of chlorophyll in tho biological

daterial from w nlch the Green Nver hydrccarbong aroge. The nresencs of

-

Ciger Crge Cio and Cpp polylsoprenes toyother with the uneguivocal absence
of the €4 compound would roguira two carbon—carbon bond clsavages em?;i

would, therefors, bo highly lrprobable,

This work on tha Creen River Sacle is, of course, ly a preliminay
exercise an leacndng how to pesforn the analysis and o xead and undoer-
stand the data woilch toe analysis provides, wWaat wa are really trying

to do is to go to much older rock formations in whlch the hydrocarion

2

centent s the only evidence thabt we may have upon which to base our

conclusions. w2 have done this, and have gone to several ol lder rocis,
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CHLOROPIIYLL

Hydrolysis

CHLOROPHYLLIN .—»  PETROPORPHYIN .

Crm ? -C3-CG-Cy3~Cc- C3-C=~C
c c - C ‘:TL ¢ c c
PRISTANE ' _ - PHYTANE

Figure 4, A possible sdurce of pristane and phytane

. (Bendoraitis et al., 1vo3)

~C-C3- C-=C3-C=C



de peported least vear on tha proscnce of the sams two lsoprenolds

(phyytane and pristane) in a xodd of about 1000 million y(:am,

’lLs

5’” /L Reve)
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- i T etalon S e
suczh Shale of Northeon

shals we b o nean that
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already in oxistoncs as

chloxophyll, oxr chloreohyllious o

e - * o A d ¥ " g
That iz to say, that the whole piwto-

gsyntietlc apperatus was functioning as carly os 1000 million vears ago

Since thabt was reported roughly & year ago, we have gone still fur—

thar backs We nave obtained 4 pieca of the Soudan Iron Formation of
(Cloud, Gruner and Hagen, 1965)
sidnnescta whdch iz deted ot 2700 million years./ I you remexber the

s

timg scale that is wore than half way back toward the origin of the pra-

4

sont earth. The earth is 4700 nillion vears and the Soudan 15 dated at

»

wlysis of the Soudan Shele alkane fractions

\Y
o]
~J
o
<
-
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C
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is shown in figure 5. Thig is the same kind of analysis which I described

a woment ago for the Green Plvar Shale. However, as you can see, ths

[

Soudan which is 2700 million vears old gives a dfferent distribution of

s’f'

tydrocarbonss  note that the stra i giib-chain series is vnry much contract=
2d and ne lmq’:r aas the sharp cdd-even behavior that the vxor“?-’ nydro~
carbon seriss had whic o found in the very yéung; olis. Mrst of all,
the Soudsan hag a veny much narrower distribution over a very much naryow-
er range, dauinated by Cyg. You can see that the Cyp is reslly highex

than it cught to 2 if weo ave golng to have & Cy9Cyg dominant ssries,

ig still far from anything that might be called

thermodynamlc in character, The presence in the 2700 million year old
Soudan of Lthe } BODI noid “:Dx..a...x.ﬁ,.,.:g QA L..«.f). (\. ) 8 s (.-1(*- i L. '71'. ;33‘1’1 avonsitie cf}l
. . (3

. .
S g . S e b sy ot < > - o ¢
seoprenond) athbests t h:: existonce of the ilsoprene systew even as carly



PRISTANE ,
Ty o i7
ATT'N
PHYTANE 100x 1
TOTAL
]
300°C
-]
35min 30 25 20 15 10 5 [}
] ] [l [} ] ) 1 1
PRISTANE
\
ATT'N
BRANCHED-CYCLIC PHYTANE 1001
N
Ca C,g ISOPRENOID
ISOPRENOID B
4
6
4
]
300°C
-
35min 30 25 20 i5 10 5 0
\ ) i ) | i 1 1
"
NORMALS v 0s1
J A T
300°¢
35min 30 25 20 15 10 5 0
L} [} 1 1 [} ]

SOUDAN SHALE ALKANE FRACTIONS

MUB-5282

Vapor phase chromatogram of alkanes from Soudan

Iron Formation.

Fig. 5.



as 2700 wdilion years ago (Belsky, et al., 1905). what may e ovan more
g
significent is the praeseacs of the Oy, Cog @i Chg storancs in the
- L4

branched-cyelie frection from this very ancient rock as well (Burlingame,

5

Haug, Belsky and Calvin, to ba publishad),

e 3 &

Pigure & gives a capariscn of a streight-chain set as a funchion of
age {Antrim, sonesuch and Soudan Shales), I hesitate to draw any voery
significant concluslions from these relative distriimticns bocause not
only do the ages of the rocks differ but the nature of the deposits
from which they come ave different, One of them ig a fresh water deposit
and the others appear to boe salt water deposits, and we are not yet oor-
tain of what the siymificance of that difforence may be. We really don't

Enow hexg 0 read the message whlch s contained in this as yebts thexe

»
»5

infomaation there, bub what it meansis not yet c¢leax,

I neglected to menticn that there were really four different homologies

present dn the éanciont rociks:  the normal homology of the straight chaing

he!

£t

he isoprens honology, the antelszo sories and the iso sevies. Figure 7
gives the structural relationship batween the homologies. The ones wikh

the nunbers under certain atoms are the ones, except for the Cyy lsopre~

¢t

noid, which represent the dominant compounds in cach of these seyies,

Among the iscoprenoids formed from phytane, the C10 iz undubtedly mads by

stripping off the terminal hydrocarbon atoms (Chpl, the Cip by breaking

(W)

the bond between the Cy7 and C, 4 atows. I think you can sea that the next

19
one can be formed by splitting off kabween C1g and Cl?' In order to et
the Cy7 lsoprencid we would have to mulke two broaks ~- the one between Cj

»

and Cyg and the one between Cp7 and Cigs As we have provioovsly suggestoed,



ANTRIM SHALE
~ 265 x106 YEARS

NONESUCH SHALE
[ x10® YEARS

SOUDAN SHALE
~2.5 x10° YEARS

NORMAL ALKANES

MUB-5281

chain hydrocarbons

Vapor phase chromatogram of staight

Fig. 6.

in three shales of different geological ages.

.
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ISOPRENOIDS

AT R P D
G- C C- C+C C C-C+C-C-C-C+C-C-C-C
| 15116 17 19 20
/S0 S/_-'R/ES
C |
G- C G- C+C-C-C-C-C-C-C—C-C—C-C-C-C
15 16 17
ANTE/.S‘O .S‘E/?/E.S‘
¢
C-C- C C+C—C-C-C-C-C—C-C-C-C-C-C-C
15 16 17

NORMAL SE RIES
¢-C-C-C-CG-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 probpably the mason why tne ~3_7 de »ﬁr,.anOlu is not puesent in

b.lc

£ i - oy 4=, 1} oy s O, = 1. $ - - 3% S e -
Wnat are the struchbwes of the polyvisoprenes and how 4o we balisve

» " . o ™ .. ) -~ g P
they care into bheing? docs it sean that the preswured bicloyical

imowas almady fully developed, oxr well

b
[

aveloped, a3 early &s 2700 wlllion yeors ago? How are these honologies
formad in the first place? Figove 8 gives a brief suwmary of the poten~

§ A s P te o ® a1 3 e
tial isoprencid reactiongs. First of all, we gt A -isopsntenyl pyrophog-
phate by @ sories of reactions through mevalonic acid from acat g.l. Coanzyie

A, Tne pyroghosphate oon then roact with nore acetyl CoA to give ris

te the anteiso saries, The (with isopentnyl pyrophosphate)

i:‘

sitiated by the incipient carbonius ions arising from the dinothellyl

pvrophosphate glve riss, of coursa, to the polyisuprenoids, The condensation

...:.

h

of this same lpcipient carboniwn lon with the acetyl Coid, and followed by
further acyl Cod condensation, will give rise o the izo series. The

acetyl Cod would itself give rise o the nomwl series, we have hers a

rather camplex soouonce of chony ng which ars reguired to pro-

sohate (Lsopentenyl and its lsomer, dimethallyl)
he comun precursor to ail of bhem with branches and also to pro-

duce the acetyl Coi, Those ave to be followed by all of the reactions

e ]
B4

viilch are required to nake these four homologias. The nurser of reactions
is considerable, and the specificty is nigh.

The interpretation which I want to make ©f this is thoat as early as
2700 iillion years ajo the whole biosyn tncu_c apparatus for preducing these
intermedintas nad evelvod, thus giving rise to the very specific isoprencids

= 31 % : T ivued w e 5 oy G 9 i o
28 well as the peoaliar distwibution of the gtralabt-chain houd

Vs p . [ P -~ . v . :
Yer Py Ny LG N o S Pl ] % T b . od 8 Rt et = gL P e < F . oI .
which wa now find as the molecular fossil evidencs of the eaxiy 3 OEXRLSTenOR

s

£ oy
of this apparatus.
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CHz E 0 0

CHoT CACHfoH2+o -P-0- P OH

\ |
S | OH OH
TR | : :
| ?H3 » Anteiso series
- ¢=0
. S-CoA
| :
omm e jcondensahon’ Isoprenoids
|
v oS3 e 0 0
CH4—C=CH-CH,+0—-P—0-P-0OH
3 o2 I I
5 | ! OH OH
Vi :
CH3—(l3 > |so series
S-CoA

MUB-5266

Fig. 8. Summary of potential isoprenoid reactions.



I wo now have to produce these complex woleculss and the whole
apparatus £or agking them in such o short evelutionary pericd of sowething
less thon 2000 willion yoars, ths whole sequence of eveoluticnery ovents
st e ruch faster than mest of us had originally supposed (Calvin, 1965).
I oan aficald thalb this tine Wl becoms still shorier as we finish our pre~

v

sont series 0f chasrvations, As we go bhack in our aexanination o

th
or
o
9
Il
6]

anclent rocks it would seam pepasonable €0 find a period in time at wvhich

thess hydrocarbons in ‘L, 2 rocks bx"r}*&- Lo get siwvpler; in wvhich, for ex-

omple, the entire i Loyl ugrof«“om‘m soquence is no longer preosaen
but sowething rore elementary in the way of biosynthetic zeactions would
have been occurring. I would like to find that point in time, and I sus

pect that it will bring us zo close to what is now bhelieve to be thoe

aga OF the formation of the earth that we are qoing to face some kind

{Cloud,

of a revoclution in cur thinking about this early evolutionary historyd
The pozsibility thet many of the organic covpounds now believed to be
the proxisate substrate for omanic evolution might have been pre-

sont in the original cosimlc dust which gave rise to the earth itself

4

ey

hag recently received added support (Studier, iavabsu and Anders, 1265).

I

We are soarching for still older rocks, rodks which have ages beyond
3000 millions of years and which contain carbon. The amownts of carbon

LA . .l

we need are, of course, getting smaller as our analytical tools arc bee
coming nore sophisticated, and I bolieve that we will bo able to dotor-
sine the nature of the carbon-sontaining moleculas present in even the
Clinst rocks.

Thera 15 at least one amblgeity in this whole guestion, and that is

Ty g da - e —— b S A, T b - 4 3, . . 25 4a% .
whothor the rooks and the hydrocarbons in them are of the sawe age.

SV R P S T 3V b PR TR AP . vt Bede T 2 ot
It iz concelvabie that saee ©f the hydrocaelkbons may have sebitled inko

1965) .



82
(3}
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. o e o ’ - €53 » g et e 29 €3, LR ate 1oL

the rocks long after the rocks were fommd. In discussing thas with wmy
e

gaological friends they have informed/thet a shale, for exampls the Soudan

rock, corpacts relatively quickly after it iz settied in the bottowm of

the loko or oo bad. ALl thelr experience with the rocks as a funce

8 are oonpacted

tion of age suggests that these particular types of rock

P44

N

in something less than 100 million years, wihich, for the presont FRATEASE 4
is a varv short tine. At prosoent I would not be too concamed whethoer
the oll wos a hundred million yoars wmore or less aged than the rocks in
which it is found, widch are dated at least 2709 nillion yoars, £o mach,

than, for the conclusiong wo can draw {rom the gecchemical exanination

in the anciont rocks.

PREDIOTIC CHEHISTRY

Iot us now take the otler ‘amﬂroach to the problem of Chemdcal Zvolu=
tion, naely, that of starting with the primitive earth, &t the other
end of the evoluticnary sequence. Lot us begin with what the astronciers
toll us was the nature of the prirdtive earth. They tell us that the
primitive earth was formed by & cold aggegation of dust and gases,
and that it was originally dorminated by hydrogen, Therefore, tho primie
tive sarths atmosphore was dominantly populated by reduced molecular
gspociaes shown in the first row of figure 9, wherz the carbon, nitrogen
and omygen are all attached prinerily o hydrogen to give methane,

amronia and water. This is prosumed to be the populaticn of the primeval

oy duaingm ez gy T gt . v 8 Loy o
atmosphere Of the parth's surface.
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" A H H
H-O ¢€=0 0=c=0 H-C-H | N-H
iooh

Carbon Carbon
Water  monoxide  dioxide Methane Hydrogen Ammonia

H H 0
| 1

0
H-GsN HN(C=N)p H-G-OH H-G=0 HOCHp-C=0  CHz~C-OH

Hydrocggiréic Dicyanamide  Formic acid Formaldehyde  Glycolaldehyde  Acetic acid

0] o 0
n l i
HO-G-CHp-CH2-G-OH  HpN-GHg-G-OH CH3-Cl:H-d-OH Ho-E—cHz-(l:H—c'-OH
NHo NHo
Succinic acid Glycine Alanine Aspartic ocid

MU-i16089-8

Fig. 9. Primeval and primitive organic molecules.



The guosticon is: Can we, by introdicing energy into such an aggroga-
tion of moleoculas, adiizve any kind of evolutionacy daveloprant of role-
& > 5

a

n the fact that

-+

cular structures of any significance? The answer lies
such & guestion is sublioct to experimental test. Wo can set v such
wolecalar compositions and subjoct thom to o variety of energy sources,
such as lonizing radiaticn in the form of either particulate or garma
radiatibn; or wa can introduce cnergy in the form of altraviclet rodiao~
tion or in the fom of elsctrical discharce (such as lightning might
produca). All of _thes-e, have been done (Garzrison, eb é.}.”. s 1851;: Calvin,
1956; riller, 1955; #5iller and Urey, 1959; Oro and Kiwball, 1961, 1562;
Ponnarperuna, et als, 1963 a,b,c; 1964; 1965 a,be Steinwen, Lewron and
Calvin, 1964, 1565; Steinman, Xenyon apnd Calwvin, 1963). Indeod when
such high snerqgy sources are brought to bear on such molecular aggro-

gatas, the molecules do indesd bresk -- the carbon~hydrogeon, hydrogam-

[T

hydrogen, nitrogen-hydrogen and oxygen~hydrogen bonds break ~— and the
radicals, or ionic fragmants, whidh result from such breckage reconbine
not necessarily in thelr original forns but in othor metastable foms.

i2 have peen able to deponstrate the formation of all the compounds

s

in the second and third rows of figure 9 as formed from the primeval
mlecales in the top rows Hote that these g;riﬂitiva- secondary molacules
ave the very same small zolecules upon which presont day living organ-—
isrs are based, betls as metabolites and as structural clements,

The experiments have boen carried much further then this would soen
to indicate. 3uzaxs have been fomned ((Uller, 1955; dMiller and Urey,
1958} hebtervoyoles have been formed (Oro and Ponnaurmerndan, .pmviamsly
citad); and other coypounds eve formed from the HCI first produced and

4 o

the amonia initially preseat {(Schicel, lesmon and Calvin, 1963). Thds is



o
(4

an irportant comment which abt tho tiwe figure § wos initially prepaxed

v e v - v, T~ ¢33, | -3 Toon, 4T, ge 5 n gy .
wo dld not appreciate. We hove since looked for compounds which can b
" iy 3 - e oy g e B e 3 s ey ) vy o
Porpsd Srom amonia and ol, cyanamide {Schimpl, Lommon and

Foera R AT 3 PR re .L » o oy T A
Calvin, 1285) and its wvarious rolagives, sucu es the diver of cyonomide,

, fwalamine

dicysndianide (Schimpl, previcusly

&
2 S & - iy o T ~ f T J A TN ey ey b e 3
7 ocowrae, dioyandianide. Al of these molecules which have been sought
. . = B R N PSR B, SR I PN P geb o “
nave been found after we spacifically 1w tham, and the reason for

this search will Doocors apparant.

The lmportant results of these oxperiments is that the introduction of

d

ensryy into the primsvael reduced rolecalar system does indeed convert the
system into a more corplex ane, and the direction of that conversicn seens

2 towaxd the molecules which are teday the real substrebtes of living

i

organions, bobth in struche and in funciion. Nota that the anino acids,

the hydroxy acids, the dlearboxyiic acids, the sugars and related sub-

stancos ara the common materials upon which the present day l;wm g organ=
.1./.:3:.1 k‘(’m ("\}OV‘ x-a.u

ow does a living orgonism oparate on thess materials? 2As yvou well

know, this is accomplished by virtue of its stouctural fea tures. Many

as well 25 the enzymes which are reguired for modermn

living organizms, ave made up of wolypestides and protein wolecules, The

enerqgy conversion goparatus 1s

od features of the specific catalytic systoms which the linear array of
polypeptides contain, or can devalop: the informationasl transfer aspect
of iiving crganisms 1s oontained in anothor kin Wl of lineger array, the

polynuclectides, and there 1s 2 complex interrelationship hetwoen the

‘h

”i

P

< S P : Ly, 3 4 PO S W [P - - 3
Dlovanamdldn is formed in greater than 1% viold upon ultrawiolet ir

gdu
o

Aiation for a fww bhours of C.0L M solution of SLC, as ochaervad

¢

won and Calvin {1965%).



varicus tyoes of zubstances, ALl of these proverties and behaviors are

[}

are bullt into the wolaculas

P

< e PR = - L cPEN 5 fon 3,
depandent ypon shoactural feabtures whlcl

and which ghwow in the next stage of thelr evolution,

Dotvdration condensation reactions

In oxder to achieve the next stage of the evwolution of the bioclogically

18]

important molecules, the rc::esuty for hookang the small molecules togethe
st be established. When you exsmine the biological macronolecules which
censtitute the structural and much of the catalytic basis foriiving organ-
- hsms, ;?ou can see that they are derived by a reaction comven to all of
tham, They arve wade from the primitive molecules {amino acids, ﬂug:;m :
vheophoric ackd, hyfrosy acids and the like) by & singlz kind of roaction,
nanely, a dehydration condensation, Figures 10 and 11 show the dehydra-
tion condensation reactions in principle, at least, Figurs 10 shows

the delydration condensation of the ardno acids; the carboxylic acid

and the anino group interact to give the peptids linkage and thon, of
course, the molecule cm grog from either end (the anino end or the car-
boxyl end) to make the polypoptidas, which Wltimately becone largoe enough
to have catalytic and structural propertiess which we now rocogpize as
characteyistic of proteins, The fomaation of polysaccharides is also

a dehydrvation polymerizatione (It i3 drswn in figure 10 as a glucosidic
Linkage batween the sendacctal structure of one glucose molecule and

the 4-hydroxyl group of an .“thez:, ot there are gther types of dehydra-
tion reactions winlch would give I.J.Sf" to polysaccharides.) The lipids also
ars the result of dehydration condensation reactions, the alcohol and the

carboxylic acld giving rise to ester linkage, and this ocoarring on

several of tne hydroxyl yrouns of the glycerine will, ©f course, glve

rise to the ordinary lipid type of structure,
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PROTEINS amino lcarboxyl |
T H 9
l-izN-(i‘,H-C-—Ql-itH_,'—N—(le-COZH —>  HpN-GH-G-NH-CH-CO,H —* POLYMER
R| R2 R Ro
| dipeptide |
POLYSACCHARIDES
GH,OH
GHoOH G—o0
2 H OH
[ O
He GC—O_ ! | \c/‘.JH h*\c’ —— DISACGHARIDE —+ POLYMER
\C/OH H\C'/ 'Q’ ~¢—G7 "H
___
HO” “¢—¢” “H N OH
Y OH
LIPIDS
— 9
HOCH,CHOHCHp=OH HOTC—(CHy)y H —= HOCH,CHOHCH,-0-G-(CHy )y H
ester bond

MUB-5261

Fig. 10. Dehydration condensation of amino acids.



_29-

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

I adenine 1
e
C
2EeNA N S
T " Now NHz
HG C
i 3 /4 \Rl/ N//C\C/N\\CH
. rool
ol o "sn O o T TORTNER
1
[H_Lc(ﬁ ?bc{ 2‘;OH | OH '/ﬁ'lbb/cH&~ /OH
WOl @Ry LHo H=Osge &-O~n O"RT0
HO  TOH Do oo S H
VOH_ T H,0
| adenosine |
| adenylic acid |
| dinucleotide (4pAp) |

MUB-5262

Fig. 11. Dehydration condensation of nucleic acids.
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The foarth of the bilological macrarolecules of geab importance 1s

Aanclede acids, and figave 1L shows how nuclelc acids may

arent kinds of dehwdration con~

on whilch gives rise o

T gem

g Y

wean the heterocycelic Wi group

TOTY e
-’ ol Ll

v

primany hwdroxyl (3') of the sugar and the phosphoric acid, and, fi-
nally, a second esterification betweon the second hydroxyl ¢f the phos-

»

VJ SOY L

mpdroxyl grovp (3°) of another sugar seloculo

on & s wnueleotide, This, of course, can o on o another

SUgdY, £8iC., giving rise, {inally, to a polynhuclieotide.

&

5 ovou can sed, are reactions of the same kKind - dehydra~

- Ad Various nethods have boon concpived as roubes
*+ achieving thogo 711 8 o 3 : aviolooioal ouslonr T
0 ACNLeVLT SR G e ;ljylrciuj DO Condamns u’t.l ViSs XYY an d!J‘&Q.L{J\J.L(.:l.'. oy AR e AIIED
first one wilch the chendsts would iwcediately consider is to put the

nomeric materizl inte an anhydrvous situaticn -— into & vedium in which

tho activity {(themodyvnamic) of the wabter is somelow deprossed —- such

iydration will procesd spontaneously. This has boen done,

~

aissolve amine aclids in a suitabdbleo non-

Ona ¢can, 45 vou KN,

-+

fam and gob dehydration condonsation reactions which can be

IASOUS BB
carried to such an extent as to glve polvmeptides of hidh molecular

ey ooy Tyge  f30.
CRAGNLS, LN HAXE

2 and Fox, 1964) has beon the principal
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dehydrating :
L ¥
on the/surface of a parkticular kind of mineral. The chief wmrotagonist

of this approach to the formation of these polyreric materials ha
cen Beroal (3959), and very carly he vroposed the clay mineral sur—
face as the principal site for the formation of those polymeric mator—
ials; however, the oxperiments yhich might derenstrate this
nificant scale have not yot heen carried o the point where we can Dro-
the kids of

sumz all of/che dehydration reasctions under those clrcwmtances (Miller
and Porris, 19%4),

vie have taken a etill different approach, we felt that since those
monaeric wnits are formad privarily in dilute cueous media, we should
try to find ways of inducing the dehydration condensation in such dilute
aguecas media. 7o chanists this wicht seem like asamsthing thot is a fool~-
ish thing to trv, i.e., to tov to induce a dehvdration in water scolution,
bat it twms cut that this can be done,

We took our oue from the prosgnce of HON in the mucum mixture ia

|9+
" foo

1 ﬁ\ .
N has

irst instance (8.1lar, 1957), recognizing that even thougn

bt

the
in it the capecity for absorbing the eleomenes of a water mole soule to

fomn formarmide, 1t does not do it very readily in water itself. Then,
coupling this idea with the knowledge of the use of a rultiple carbone
nitrogen bond in a specific dehydration C’O}‘kﬂ(_‘,ﬂ;“ltl@‘l which exists in the
use of the cerbodiimides in the asccomplishment of these dehydration con
densabicn reactions (Khorana, 1961), we took the next step and asﬁced,
Wiy can®t we use the parent carbodiindde?” The tautomer of carbodiivdide
i3, of course, cyananmide, Cyannmdde in aguecus solution 4ces not remain

as cyanamide vary long but direrizes to form dicyandiamide:



:
Z ¥ l

CHRXTLAMNALT Cy anarLue

A
M
H
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dychanddendide (DCDA)

Although we started with cyanamide we very gulckly moved cur efforts to
dicyandiaaide (DCDA) 'b::cau;ze: of its greater stability in ayusous modia,
It turns out that Jdicyendizmide can indeed achieve these dehydration
condensations, all of them, in ddlute agqueous solmt.ian {Stoimman,
rempmon end Calvin, 1964, 18965; Steinman, Henyon and Calvin, 1965).

By dilute I mean 0.0L B in dicyandiamide, 0.0 M or 2.001 # in amino
acids, phosphates, sugars and ribosides, satl of these reacticns have
been accomplished with dicyandiamide, with varying degrees of effi-~
Ciency.

Figare 12 shows the types of dehydration condensation reactions pro-

woted by dicyandiamids -~ peptides, gphosphote ester, pyroghosghate and

)
3

acctate ester; al

ft

of theso have boen Jdone with DCDA.  Flgure 13 shows
a likely wechanlsie by which the DCDA makes the dipeptide, and you can
see that we use it in the fom of the carbediimide. The carbodiimide
anddinium form will add the carbodylic acid o form the intx':rzmdié*\:e,

-

vy % % o - fo Fraan i i~ . = R B ¥ P a2 Yy o, 5 ey 1 F g
wilen has not yel been dsolatad and which would undevgo a nucleophilic

W ATy 4y o R D T TN LSRN VT T S - 3 P 2t UPR B e .
guanylureda. I might add that this guantitative relationship babuoon

i ke 4 oy rmay el e gy e T s 0y pgerrey oo e de oin 3 4,
cation and guanylures formed hes heon esteblished, at leas




fiéure 12

TYPES OF CHEMICAL BONDS PROMOTED BY DICYANDIAMIDE

~ PEPTIDE
" a) alanylalanine (from alanine) - ‘
b) alanylalanylalanine (from alanine) -
* PHOSPHATE ESTER OF A PRIMARY ALCOHOL " |
a) glucose-6-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) ,
¢) pyrophosphoric acid (from orthophosphoric-acid)
ACETATE ESTER OF A PRIMARY ALCOHOL -

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

® ,OH

R-Cs o -
—C= =Ny ® 70 —C=NH ®
NH2 ?—NH NH2 ? NH2 NH2 ?—NHZ
h.'H \ '.*H
C=N C=NH ?=NH
o I . (9/08@ I
Dicyandiamide (carbodiimide omidinium form) o1C) %4
L R -
0 r/ N1
1l ~H
R'—-NH-C-R + NHZ—(|:=NH2@ -—
vH
E—NHZ
N 11
Peptide Guanylurea

MUB-6327
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for ag dicyandionide is concerned. so todk this step aboub six months

)
!

ago, and althouwgh theres wios a guantitative relablon betwem the amount
of peptids formed and the amount of guanyliurea fomsad {and a similax
relationghip of guanylurca to vhosphate anhydride, or ester formed),
this was not very satisfactory bhocause the yields wero xost often less
than 0% and Lreguently less then 1%, It should be kept in mind that
wa have not yet studied the mechanism of tnis reaction in detail,
Howavaer, it cccurred Lo ong ofthe students thatb if cronoids is
good for dehydration in sgusous solutions, dicyenamide might be bottaer.
{1 dor ’t xnow wasther that is a very logical argument, bub that isa’t
always the way sclonce progrosses anynow.) Lt twned out tht dicyanemide

3

(D2A) is indoad better (Stedlmras, Xenyon and Calvin, 19635). In fact,

2 “ .

cn2 of the reasens we had originally been disappointed with cyansmide

that we condd not bulld the polypeptide very largs. We had to run

g

the concaentration of amino acids up very high before we could get the
polymerization to go very far, and this was anothoy reascn for sseking

X

kable. dot only

R

better agants. It turns out that dicyananide is remws
iigeptide bat its eact:ivitj/ with a dipeptide appoars
to ba greater than it is with the aminc scids. When you start with an

anino acid you won't get much dipeptide; the secand reaction is faster

han the first., For example, we can géb 6% yileld of tetraglycine with

[%a

only 2.5% yield of diglycine, and this is a vory short reaction tima,
A wiole sogquence of investigationsz now is opening up: The examination

ST et g oy - 5 3 N AT ety raey Y 3 wampart T G e ol eran 59 e £
F £his reacticn in tewxms of wochanis:i, in teyms of its slguaficance for

&

dobwdration polymerization in general, the conditions thab are reoulrad

1

for surfoce catalysis ond pH are just now being explorad.

]
pe)
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in the generation of structure is o recognize thabt

: : N NCUIUR DU, SOV aps Ha g R T Y Ehdrr Fod e 2 e
Cac? having obtalned theso piopolymers they contain within theilr lineex

va ¥

SERE o SWER N - - - 3y & 2l RLRVer DR a3 * ~- -
cnce shrochural instrioctions, in fasct, themmadynsmically stoblo
struchural possinilitics. There follows now a series of four illustra-

2 TR 03 prey -1y 4 y 4 sl N o 1em e - P 1y YA Dot TG oy s Yo vy
tions whicn chow something with which rmost of you ave familiar: that

the linear array of polypeptides has in it structural information given

4 ordor structure {alpha holical structurs) by virtus

ronding betuean ¢ ev"zry third cor fourth amine acid car-

3 - s prins 7 o SRR . A e : N, P el e - 5 oy B-EPVURE B, |
bonyl group (figure 14). The interaction of the side chains {indicated
Ty s ey e ! e eae sal es Ny QPR It & - - e PSR —de a1 o
hers by the stars) alzo plays on inportant role not only in the stabil

ure buk also, of CoNrsR, in its catalyvtic and
the fact
wties. The evidence for/that *’*‘x is a themodymardcally

ivation of that struct

tura, ong that is the rosult of b otide sequenoe

SN N o iyt s e ; Srmes b R £e 3y
abaelf, is shown Ly the fact thet after we have d destroyed that struoc—

turs by suitable mpansg {elther temperaturce or pli adjusiment) we can,

gy reversing elther the teupsrature or the pi changs, recover that

A

strvcture. It 1s thermodmomically built in and is part of the atomic

. Yt perenyet g dn .
Zming acld IOIUEnCs.

ey

. 1

oVl o for thah rovorsibil~

ity i5 & spoectroscopic one, a3 shown in figure 15. This is for polyglu~

- o

¥

tanlc acid, a8 synthetic polypeptida. When the terminal carboxyl grous

£y

t AN Y PRI 1 7 3 P 2 T e en
Ls ionized by ralsing the pil, the charge repuision betwoen the noua-

tive carboxyl group is ilonized by raising the
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Fig. 14. Protein structure.



-38-

TINOCO, HALPERN and SIMPSON, /962

A (mp)
180 190 200 210 220 230 240
T T T 1 T T T T T 1 T 11
da ,
Random Corl
6—
POLYGLUTAMIC
L ACID
o
< al
“JE
3-

| N I S I T |
56 54 52 50 48 46 44 42
y em™) x 10-¢

MU-27653

Fig. 15. Absorption spectrum of polyglutamic acid in
both helical and random coil forms.
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down the helical structure, and you get a random coil; when the termine
al carboxyl groups are neutralizaed, which they would be at pH 4.9,

the aipha helix structure returned, as ls covidenced by this reversible
abosrption spectrumn,

The sare kind of evidence iz available for the double nelix structure
of the seguence of pases which is a result of base palring and hydrogen
bonding of the polynuclectides (DNA). The structure of the molecular
components of DA is shown in figure 16, Here are shown the sugar
phosphate chains as a pair of ribbons from which is hung a series of
bases {Quanine, adenine, cytosine, thymine), 4wo such/are paired in
this particular manner to give rise to a helical structure which one ¢an
visualize as resulting from the two strips being twisted, thus turning
the base pairs flat-on to each other in an aromatic type of stacking.
The aromatic type of stackingin addition to the hydrogen bonding holds
the chains together; the aromatic stacking helps to stabilize the hell~
cal structura. The helical structure makes itself apparent in may ways,
among which is a change in the ultravicolet absorption of the base palrs.
In Fige. 17 in shown ‘the spectrun of the helical structure, as well as
that of the random colil. The reversible transif;icm between thom is also
demonstrated as a sort of melting and cryétallizatiozx phendmencn.  As
the temperature is raised, the helix is melted into the coil, and upon
slowly lowering the temperature the helix comes back again. All that is
shown here is that the secondary helical structure of the polymers is

build right into the linear array of the units of which they are made,
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Fig. 16. Molecular drawing of components of DNA.
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Bayond this, Cthere is a third degree of order which is again the
dynamically controlled. 1f we now take some of the helices, for oxanple,
the helix of protein or polypeptide, and put them into a solution of
sultaple ionie strongth and pil, the helices themselves can bogin to
agyregabe in a themeodynanically controlled fashion, and we will find
that ocertain kinds of polypeptides will aggregate to give certain types
of structure, and only certain types of structure, The evidence for
this is again manifold, I have picked only one case because it is a
rather well Mnown one and a rather spectacular phenomenon. This is the
case in which one tokes apart & collagen £ibril (a natural polypeptide)
inte single helices -~ single protein wolecules =—- and then, by sultably
adjusting the salt concentration and pH, allows them to reaggreqgate and
to get back the original microscopically visible biological :atrﬁcture,,
as shown in figure 18. In the wper half we can see the single collagen
molecules, and in the lower half they are reaggregated from the single
collagen molecules. The collagen fibrils shown here appear to e iden-
tical with the naturally isolated original collagen fidbrils. This is
A higher degres of order than the previous one (which was the second
dagree of order) wirch is built right into the linear array of poly=-
peptides, Here, in the collagen, is exhibited a third degree of order
which is again the result of th&mlical structure of t.he{:;olypey}tid&s
which we have already seen is bullt into the linear array of the amino
acids. We heve now reached something which is vigible -— a visible
structure bullt into the molecules as a result of the atoms of which

they are mada.

Yo can go one step further and say thaq simd lar kinds of structural

features in two dimensions can be bullt in, and hove been observed



-4 3.

FILAMENTS OF COLLACEN, a protein which is usually 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 Schoel.

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.

ZN-3215



with lipid tvpe molecules, giving rise to the two~diwensional structure

b

2

of swiace films. Tris is a ouach less developed field of work, in theso

7
>

rerms ab leest, and is only Just beginning to explode a5 a possible area
for organic, physical and biological inwvestigation; it 1s one of the
areas which I think will develop very quickly in the next few years
{Luzzatd and Husson, 1962). Figure 19 shows, using chlororhyll as the
lipid, the spontanecus aggregation of chlorophyll in monolayers at a
waker-aiy interface, to show that the twe-dirensional axray is a thanw
dymamically controlled phenorenon (Tranit and Colmano, 1959} .

Finally, I want to pass on fram that to the next higher level of
biological structure shown in figure 20 which is a collection of micro-
seopically visible things which we know play en important role in
biological plwencrena —- in energy transfer and information transfer,
the two major kinds of things which a living organism has to be able

to do. The chloroplasts have (upper left) show the lamellar array, and

4

upper right shows the structure of one of these lamella looking flat~

on.  You can see that it is made w of particles roughly 100 to 200 4

in diameter, shown in greater detall in figure 21{Park, 1965). 1t is

Laginning to i:x—; 2vidant that even the quantasomes can be razolved into
e

wnat appeayr tol/suminits {perhaps foux) with an approximats direngion of

o
60 A, since the major dimension of the porphyrin head of tie chlorophyll

molecule is of the order of 15 to 20 2 it is evident that there camot
pe many in each of these subunits and that they are not likely to be
randomly arranged therain,

ve are now coming down £rom the biological iewvel to the rmolacular

ievel, and within the not too distant future I believe we will be

e &~ - T ¢ [ ST . - - S
able to mzeonstruct this chiorophyll~containing struckure (guantasomes
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Trurnit, Colmano, 1959
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I, 2 : chiorophyll a films at water/air interface
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Fig. 19.
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Film spectra of chlorophyll at water-air interface,

and solution spectrum.
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)
CHLOROPLAST WITH MITOGHONDRIA 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.
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ystalline quantasome array (3000,000 X);

Quantasomes from spinach chloroplast lamellae.

Shadowed paracr

Fig. 21.

quantasome with contained subunits is circled.



oarts,. ¥Whon we can do that

of figurme 4.

wo will have carried oubh thae whols structural evolution from the atons

- ie

of windch the moiocules are mad: wr, to the visible, biological function—
ing structure,
CONCLUSTON
We have, I believe, rzached a level of understanding of the nature of
piologleal structure and funchion in molecular terms which allows us to

agquence of events from the primeval molecules of
he )
the earth's surface to the structural units which constitute/functioning

X

suggest a reasonable s

A%

living organism. Because w2 have been eble to do this in temvs of a
chemistry we think we wnderstand, we are prone to take the next step.
It seams like an obwvious cne, but it could be quite wrong. That is

to suggest that, given a starting environment anywhere which resesbles
what we think was the primeval environment of the earth's surface, the
same kind of seoquence of events is likely to have occurred - in fackt,
it would have baen inevitadle, The exciting thing about this point in
time, aspeciallv for the young students who have the future aread oOf

£y

them, is that wa {(they) will be able to find cut whether this notion,

which is really a fundamontald notion in all human thinking, is so or

3 - -
18 not 80,
LTV
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