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1. : , o e
At moment X ’ S : !
the universe heman, : : ‘
It began at point X.
Since then,
through the Hole 1n a Nozzle,
stars have spewed. An
inexhaustible gush
ropulates the void forever,

20
The universe was there
before time ran,
A grain '
slipped in the glass:
the past began.
The Container
cf the Stars expands;
the sand o _
of matter multiplies forever, .

3.
From zero radiue
to a certain span,
the universe, a Large Lung
specked with stars,
inhales time
untll, turgent, 1t can
hold no more,
and collepses, .Then _ :
space breatbes, ‘and inhales aga*n,
and breathes agalns Forever,.

.- May Swenson, "Models of the Universe" ' .
in Poetry in Crystal, Steuben Glass, -
Spiral Press, lew York, 1063.
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"ae well as the lipid~11ke compound, qlvcerol acetate.

ABSTRACT -
* The results reported from many laboratories over the past decade -
make 1t clear that monomers necessary for biogenesls could have been

formed under conditions believed to have existed on the primitive

- Earth, There remains the problem of finding reasonable mechanlsms

by which the biological monomers may have condensed in aqueous soluﬁionA

to prqduce more complex corpounds, such as phosphates, acetates, pyro- .

- phosphates and peptides,

It was proposed and experimentally demonstrated here ﬁhat;dicyanf:,‘.‘:
dlemide may have played a role in the types of condensations occurring .
on the primitive Earth. In dilute,.aqueous, acldic solution, dicyan- ,
dimnide 1s able to promote the synthesi° of a variety of phoeph?te '
esters and phosphate anhydrides . (see..text for complete listin?)
The clay mineral, kaolin, was found to enhance dicyandiamide-mpdiated
phosphate anhydride synthesis by qurface catalyﬁis. In addition,.

-

4 dicvandiamide 8UCC@>SfUlly leads to the production of di- and tripentides

In an attempt to find comnounds which might act as more effective :

-dehydrat? ng awents than dicyandiamide, the possible use of dicyanamide

vas 1nvestigated. It was shown that tbe latter compound provides
better yields In a‘number of syntheses of peptides end phosphates

than the former reagent, That cvanamides could have heen produced

. under primitive Farth conditions has been demonstrated.



An extensive study was made of the'mechaniém,of dipeptide .
synthesis promoted by dicyanamjde. In the case of glycine, it -
'anpears that reactivity increases with increasing length of the j
participating peptides. The ylelds of the reactlon are pronortional
to the 1n1tial'cohcentrations of the amino acid, dicyanamide, and

HC1. The dipeptide bond formation is effected by the production of

the corregpohding urea of the condensing agent, Although the reaction "

goes best at low pit (1-2), due to the orotonation of dicyanamide anion R

and the carboxvlate group of the participating amino acid it gives
~'detectable yieldO under neutral conditions, ,.»
?he synthesié of dipeptide 1s restricted from goingtto comple-
tion by the aminencatalyzed dimerization of the dicyanamide. Thé
latter feaction;apparently utilizes the amino addition compound, &
tituted cyanoguanidine, formed from glycine and dicyanamwde as
its 1ntermed1ate. Divalent cations fail to prevent this dimerization
of dicyanamide, but the gradual addition of condensing agent to the
reaction rixture permits hivher vields of poljpeptides. The -
appearance of an acylurea side product sunnorts the ougge tion that
the reaction operates throughyan acylisourea,intennediate, likehthe
| qarbodi’imide%. 3 | .
It is significant to note that the syntheses discussed here
have been restricted to the conditions of simple, relatiVely stablev

rpactantu, moderate temperature, and a1 ute, aqueous solutions. In

accoruance with the hypothesls set up for this study, 1t is telleved
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that these circumstances reflec'c prebiotic events and demonstrate ' 
:»,one means by which essential biochemicals could have been formed

~on the primitive b,arth, thus pmv*ding materials needed f‘or the .

oririn of living; svstem's. |
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HISTORICAL REVIEW AND THEORETICAL CONSIDERATIONS

&

Chemlcal Evolution -

~ Once the primordial source of matter and energy has been postulated _

(see Appendix II), one 1is in a position to consider possible explanaticnsv
for the cltimate appearance of life itself(i In any‘considefaﬁion bf the
primordial originAof biological life, the means for the synthes;szef bio—i“f'
chemically significant compounds must first be estaclished.v Chemical -
evolutioh may be defined as that pericd in the Earth's history preceding‘ '
the uppearance of living systems in which the compounds necessary for

‘the Subaequent developnent of organisms were synthesized. In discussing
possible solutions to this problem, the available sources of energy, .
the types of compounds probably at hand, and the general environmental
condltiono,.such as -atmosphere, temperature, and relat;ve abundance of
water, must be fully taken into account; In attempting to develop
further‘insight experimentaliy into thie‘problem, one must assume that
primordial events can be re-enaced and recreated, with the 1imitation of y‘
less time, in the laboratory, i.e., that observatios made in the test - |
“tube may indeed reflect prominent events that took place on the young
Earth, Secondly, it 1is assumed that the courae of primordial events went
from the simple to the complex, that the‘firsp avallable reactants were
simple in constitution, Thus, for example, proteins would not be eipected
to have appeared before appropriate reactions would have brought about the

_synthesis of amino acids from very simple nitrogen and carbcn compounds.



protoplanet giving oxidized ndnerals. Nitrides reacted with hydrogon '

bEvolution of Earth

Although it was originally belleved that the Earth orjginated as a

fiery offshot from the Sun, the theory of the steady-state universe (8,8a)

is now taizn more seriously° This theory suggests that there 1is a con-

tinual dissipation and gravitationally~promoted reaggregation of stellar
material.' Such a concept could be used to- explain the origin of the
Earth. The dust of space conslsts of hydrogen (90%) plus small amounts
of.helium, neon, water, methane, ammonia, and various oxides, sulfides,
carbides and silicates. The low gravitational attraction of the {orm-
ing protoplanet allowed the lighter gases to graduilly escape, giving

rise to a secondary atmosphere later. Ultraviolet light from the Sun

caused the photolysis of water into hydrogen and oxygen. The oxygen

was probably picked up by reduced substances on the surface of the

ahd gave”aﬂmwnia, suifides gave'HQS and carbides yielded.vérious hydro-

carbons° Therefore, a secondary atmogphere was formed consisting of

- greater amounts of methane, ammoriia, and water in particular, as well as

gydrogen. o - .
The proseoco of carbon dioxlde and water and.other vdlatilé gases |
but the absence of incrt gaseo nww be due to the fact that the Sub-.
stances listed first were chemioally bound to the young planet (9).‘ o
It has been suggeoted that later milé heating by radioactive sources
such as uranium, thorium, and potassium, as Well as gravitational com~ .
pression, qéused low melting materials to rise to the surface of the‘

planet, Thé composition of volcanle, gas, whioh may glve some indica- -
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tlon of the‘composition of the primitive atmosphere, 1s mainly water
vapor and also hes carbon dloxlde, carbon moooxide,'hydrogpn chloride,
hydrogen fluoride, hydrogen sulfide, nitrogen, ammonium chloride, éndv §
- some methane. The acids in the vapor phase probably came into equili— ‘
brium with the ayueous phase on the Farth's surface and were thus |
drawn out of the atmosphere into solution.

The primordial abundance of hydrogen-containing compounds 1s also

°uggeoted by observations made of the atmosnheres of other planets and

the Sun. For example, the Sun 1s 87% hydrogen, 12,9p hellum, 0.025% oxy= -

gen, 0,02% nitroben, and 0.01% carbon (10). Methane and ammonia have __"

been observed on other planetu such as Juplter, Saturn, Uranus, and
Neptune (11). It nas also been drvued (11) that if much hydroven were '
present in the.primitive atmosphere, methane and ammonia would be
.thermodynamically favorcd. It is possible that carbon dloxlde Qas:
removed from the early atmosphere by minerals which absorbed it and
formed insoluble carbonates (11), The lack of krypton and xenon_re—x
tentlon suggests that accumulatioﬁ of material ueed in formation of.
the Earth took many years, thus suggesting a moderate tenperature due
to slow radiation of gravitational energy 1nto space (12),

Several sources of energy were probab}y-available to carry'oo'feé
actlons. Firsf, and foremost, was ultraviolct light of wavelenghhs
less than 250 mu, which probably contributed ae much as 570: ca}orieé
per sguare centimeter per year (10). Electrical discharge may have

glven as muoh as 4 cal/cm./yr, radioactivity 0.8, and volcanoeq maybe

0.13. As much as 5% of the Sun's emitted energy is in the ultraviolet (13).

A (\:
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This energy ¢can cause hydrogpn, aethane, anmmnia, and water vapor to ;

. glve guch reactive qpecleo as methyl, methylcne, hydrogen and hydroxyl
radicala. Ultimately, with the appearance of oxygen, Ozone was produced
. and acted as a shield from UV irradiaticns This ended simple evolution

-and ‘started complex evolution.

Three general stages of the Farth's evolution can be outlinedf(lb):
1) The first perldd began;about”M.Stx 109 years ago and lasted
5 x 108 years (this figure is open to debate) after the Farth's forma-
tion. The‘atmosphere wasAﬁlghly reducing. Most cbemical eﬁolﬁ;ion _

occurred at this tina. The absence of oxygen made ultraviolet radia-

“tion a signiticant i'orce° 71‘

2) Next the atnpsphere became neither strongly reducinb nor |

strongly oxidizing. Carbon dloxlde replaced methane and nitrogen .

. took the place of ammonla,

3) The final stage was the present Oxiélzing atmosphere. - Oxlda-.
tion states of uranium minerals suggest that the transition from the
gecond to the third stage occurred about 1.8 x lO) years ago.

The fundamental modern theory of chemical evolution was first pro=

- mulgated by A. I, Oparin in 192M and was expanded in 1938 (15). oiml—
B _lar bpeculations were presented by J.J.o. Haldane in 1929 (16)., Opar-

in's ideas followed from the theory of flery origin of the Larth pro-

posed by Jeahs and thus considered high temperature reactions., Fbr
example, at elevatod terperatures caleium carbide and water give

hydrOCarbons, methane yieldu acetylene and hydroben, and caleium carbide.v



vand nitroggn produce calciﬁm cyanamide.Jﬁurther reactions could éive
rise to alcohols, aldeliydes, ketones, organic aclds, and so forth.’
Oparin further sugegested that the resultant organiE suspension éould
lead to the formatlon of coacervates which would offer a deiimitafion
from the surrounding environment. The maig contributlions of thils theory
were the suggestion of the reducing atmosphére, the possible role of

the coacervate, and,bmoéﬁ Important, the idea that trecourse of events
necessary'ror_the ultimate appearance of'biélogical systems could be
,expléinéd by.thé lawé of chemistry and physics and are subjéct to'
"mporatory verification. However, it has been argued (17) from
thermodynamiqs_that.the concentratlon of products formed under the
conditions proposed p& Oparin could never have reached a high enougb,
level because eneréy SOurcés would also favor destructioh and small
 equilibrium gonstants.‘Thﬁs, moderate~temperature chemistry would pro- o
bably hold'ﬁhevkey to_elucidatiﬁg the actual course of chemical e&olu-
'tion._Aiso, in considering this problem, one must be on guard not to . IR ﬂ:
,trahsfer present systems unchanged backward to simpler lev¢13'1n order i
to define earlier systems rather than to consider all pertinent factors o i
and extrapolate along the line of evolution (18). N .

Amino Acids , o »

A great deal of work has been done to ﬂétermine how amino'&ci&s could
have been syhthesized during chemical evolution. One of the earligst | ORI
experimentggsynthesized glycine by submitting a gaseous mlxture of |
carbon ménéxide, armmonia, and water to a silent electrical discharge (19). o
In the same year {rradiation of an aqueous solution of potassium ni-

trite, ferric chlorlde, and carbon monoxide with ultraviolet light
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gave a mixture of amino acids (20) Soon, a similar 1rradiation of

an agqueous solution of formhydroxamid acid yielded amino acids and

other organic compounds (21). Ultraviolet irradiation of glycol plus

rate and titanram oxide produced amino acids (22)., Serine, aspar-

v ,_t;c acia, valine, lysine, and other amino aclds were synthesized
A wnen sunlight was directed at an aqueous uolution of paraformalde»

- hyde potassium niurate, and ferric chloride (23). w1th time of 1llu~-

nination, some amino acids disappeared and others appeared., Similar-

Aly, when a 500 watt electric bulb was used to irradiate an aqueous

suspension of colloidal molyobdenum oxide and paraformaldehyde for

_twenty-five days, amino acids were syntheeized (24), Apparently =

nitrogen had been extracted from the air,

One of the most siénificant experiments, since 1t initlated

 great interest’in the field of chemical evolution and directly

’teuted somp of Oparin's speculations, was carried out in order to

synthesize amino acids under presunrd prinitive Earth conditions

and 1nvolved passing an electrical discharge through a gaseous mix- '
ture of methane, ammonia, nydrogen, and water (25). Analysis by
colum and paper chromatography indicated that glycine, alanine, )

sarcosine, g-alanine, a-amhobutyric acid, formic acld, acetic acid,

| propionic aeid, glycolic acid, and lactic acld had been produceé.

It was suggested that the amino aclds vere synthesized by a Strecker

" reaction since ammonia was avallable and the presence of aldehydes ..'

and cyanide was observed. The appearance of g-alanine was attriee.

k3
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buted to a[Miéhael addition of ammonia to acrylonitrile., To cooro- -
bordte the suggestion that the spark experiment operates by a

Strecker‘méchanism, a mixture of hydrogen, ammonia, hydrogen cyad-

&6

ide, formaldehyde, acetaldehyde, and propionaldehyde was bolled for
‘a3week (26);' In thls case glycine, alanine, e-aminobutyric acid,l
g ycblid acid, lactic acid, a~hydroxybutyric acid, 1minodiacétic;{
acid, and imino—acetic—propionic acld were identified as product§,
as before. v | ‘ | | | |
The possible significance pf'lightning as an important cata-: 
' lytic’force during chemical evolution had been . éuggested.earlier*
- (27,28). rhe opark experiment W&u repeated (26). Thls time, addi-
tional analyois also 1ndicated the production of 4-methylalanine,} 7
agpartic acid, glutamic acid, iminodiacetic acid, and 1mino-acetic- AR 1v;';H
propionic acid, as well as a~hydroxybutyric acid, succinlc acid, : SR
hrea, methylurea, and some undeflned polymer. Evidence for.é -
Strecker reéctién was also noted by following the time course of  B
appearanée and disappearance of cyanide, aldehydes, anmonia, énd.¥f
amino acids durinp the sparkihg process. In the early stages ofi?_‘ . "; :  ?
'3the uynthesis cyanide, aldehydes, and amino acids increased wnile | o

_ ammonia decreased. A" the reaction proceeded, the anmmnia concen-A

AR

- -tration continued to decrease while the amount of aldehydes and

of cyanlde«also began to decrease, even though amino acids con—".
tinued to appedr. When nitrogen replaced ammonia in the origihal _
reaction}éixture the same products were observed but in lower v
yleld, Wiéh oxygen present, no products were noted. In these ex§? 

periments, no purdness or pyrimidines were identified.
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The sbark eiperiment was repeated using gaseous mixtures of
-~ 1) cafbon dioxide, nitrogen; hydrogen, and water |
2) carbon‘monoxide,‘nittogen, nydrogen, and water
3) carbén dioxide, ammonia,.hydrogen, and water
4) methane, ammonla, and water.
In éach case; émino_acids were synthésized4(29). Thése results:were
corroborated, and, Qeré extended by adding hydrogen sulfide té*a ;i
nethane-anmwmia—water nixture (30) Upon the application of elec-
trical discharg ammonium uhiocyanate was observed among the pro—
ddctu. |
It has been argued that the reaction of methane, ammonia, and
water to produce alanine involves a change 1n free energy of +62 |
kilocalories per;mole (3l).- On the other hand, the synthesis of
élaﬁine from methane, carbon monoxide, and anmonia would ;nvolve Hv_
‘a free energy change of -5.9 kilocalories per molél(Bl). Using ﬁﬁe
latter gaseous cbmbination, alanine synthesis waé dgmonstréted in the
presente of electrical discharge, as well as the. synthesis of gly-

cine, S-aldnine, a-aminobutyric acia, aspartlc acld, and &1utamic

dcid. This ‘would also suggeut that free hydrogen was apparently not'x ‘

: necessary in the reaction. . -

Tne use of nitrogen sources other than ammonia or molecularv
nitrogﬁn in amino acld production was 1nvest1gated. Aspartic acid -
was'synthésized when.urea Waé heated with malle acld (32).. »Glutamic
acid resulted when urea was heated with a—hydroxyglutamic acid (33).

Also, heatinv glucose and urea together gave glycine.



The use of other forms of energy to promote amino acid .synthes.i;s
has also been considered. Fbr éxample » when dry émmonium ca.fbona‘éé -
was irradiated wiﬁ‘n Y-rays, ammonium formate, g;]\y.ciae, and alanine
were produced (315); X-ray lrradlation of various mixtures of me-
thane, écetyléne 5 hyax_'ogen, water, nitrogen » and anmeonla produded ..
| . ninhydrin-positive material (35). When a mixture of methane, carbbn
monoxide , anmonia, and water was bombarde;i with the short wave-; o
length energy ffom a ‘hydmgen lamp, severai amind ‘acids were pro— .
duced (36). The 8 irradiation of ammonium acetate In water lec}
to the synthesis of--g,lycine and aspar'tic acid (37).v ‘The B"adiation
was produced by a van de Graaff electron accelerator. An amlde |
radical and a carboxynv-\thyl x’ddical were belleved to be key 1n’cer-- )
‘mediateé. Ultraviolet irradiation of dn arqueocus solution of forml—
dehyde and ammonium nitra‘ce produced serine, g;Lycmra, luta.mic acic,
'alanine, valine, J.ooleucine, phenylzlarine, and some basic amino
acids (31). Simllariy, merely refluxing an agueous solution oi‘ |
Tormaldenyde and k'xydmz:me led to the synthesis of‘g;lycine » valine,
and lysine (38) ~The possible primordial orig,ln of hydrazine has
been de";cr* strated with electron bombardment of a.rrmonia (39) ‘

It is pousible to clte sevenl more examples of amino acid syn- '
‘theois under possible primitive Earth conditions and such a su.rvey
is necessary since together these demonstrations form a pattern o
which helps to elucidate the probable preblotic origin of these
compounds, For example, amino aclds were produced when hydroxy

i
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acids, keto acids; and dicarboxylle acids were 1nradiateq with ultra~
violet liéht in the. presence of ammonia or ammonium salts.(uo,hl)‘ 'L
This cmpnasizes the role of reduced nitrogen and ‘also supnorts the
contenﬁion that émino acld synthesis did not have.to be restricced
to a gaseons'réaccion. ‘Similarly, when hydroxylamine was neatcd‘
for £ifty hours at 80-100° C with formaldehyde , amino acids were
, produced (H2) Cyanide and ammonia were apparently important 1nter~
undiateu. The importgnce of cyanide in the wnole scheme will be
diseussed further. | -
Thethydrocarbons other than methane were possibly important in
.amino acid oynthGSIS was shown by irradiating a mixture of ethane,
armonia, dnd water. with shorc wavelength ultraviolet 1ight (43).
The products included blycine, alanine, a-arﬂnobutyrio acid, formic
| dcid, acetic acid, propionic acid and some liquid hydrocarbons.
Methyl radicals were probably formed Irom the ethane. Most yieldg_ |
| were increased if the reaction was mercury sonsi 1zed. Thié-sug}_
gestion of methyl_radical participation was corrobofated by.replacing‘
_ nethane in é mecnanewammonia~wétér ntmosphere witn meﬁhanol (uu){ -
| With electron dischargn, the yield of amino aclds was increased 'F
| 50%. This is unders andable since it takes 20m less energy to »
form mothyl radicals from methanol than methane (US). A gaseous.
mixture of methane, ethane, ammonia, and waer, upon electron dis—
charge, yieldcd glycine, alanine, aspartic acid, asparagine, isc—‘.
leucine, élycinanﬂde (the stnificance of this compound will be dis~

© cussed 1ater), proline, an insoluble yellow polymer, and sevcral
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ultraviolet-absorbing compouﬁds whiéh ﬁad the spectral propertiés
of purines and pyrimidines-(h6). Simllar resultq were observed
when a high energy electron linear accelerator was employed (M?).
The fate of the methane was followeg by using & luC--labeled e
methane—ammohia—water‘mixture and bombarding 1t with B-particles
from an electron beam linear'acceleratorl(MB). At the end of the
experiment, carbon monoxide, carbon diqxide, ethane, etﬁylene, :
cyanide, urea, C3-C7 hydrocarbons, glyeine, alanine, and lacticf
acid weré identified. Uréa synthesls was Inhibited by phosphine,
The production of sugars was suggested. The origin of g-radiation
on the'primordial Earth may have been K46, »
‘Irradiation of.variousvco@pounds in éqdeous.solu tion apparently
allows reactions which are prohibited under sinular conditions 1n .
the & gaseous phase, For exampl-? by passing an electrical discharge  ;.
into an aqueous solution of acetlc acid,.it was possible to synthee -
size glycine In the presence of air, which is 20% oxygen (U9). ‘Thé
amino group was apparently synthesized from molecular nitrogen and
water, Also, sparking an agquecus solution of glucose resulted ih
 the production of glucosamihe. . o
From the examples cited thus far 1t may be noted that sincé f
mdny differcnt Jaboratory systems glve essentially the same products,
many answers are possible for defining plausible primordial condi~
tions, _hg;ever, certain~characteristics may be concluded to be | B

shared 1nfcommon with most of these demonstrations. First of all, v
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any one of a number of energy sources could be used to promote the
deslred syntheses. Secondly; carbon and nitrogen in any one of
several oxidation states could have served as feagent sourées.
Also, the required reactiong couldnave taken place in the aaseoﬁs,

aguecus, or even solid phaoe and probably involved all tnree..,How~_

‘ever; the most important polnt to be discerned 18 the central ro%e
~of C“dniﬁe in theue reactions. Recognizinnr this, certain experimento :
- have been carried out which‘uae cyanide as a rearent or as a knovn -

.~. internediate of other reactionso . N

Function of Cyanlde

First of all, it has already been pointed out that during the'
electron 1rradiation of a methane-ammon¢awdater atmosphere much .

hydr01en .cyanide 15 produced (26). Tius, vhen hydrogen cyanide was

heated to 70° C for twentwaive days in 3 normal ammonium hydroxide,;

glycine, alanine, and aupartic acld were produced (50% When °uch a

' reagent mixture was heated at 90° C for eighteen hours, hydrolyzed

and analy?ed more extensively, it was possible to also Identify .

threonine, serine, glutamic acld, lsoleucire, leucine, sfalanine,

~8-dlaminoproplonic acid, a-aminobutyric acid,. guanidine, and‘urea_(Sl).‘

Seveal othér'compounds, both ninhydrin-oositive and negative, remain- ‘

'ed unidenti”ied. ‘There was also some evidence for the presence of

a polymer-like product.,

aince it Was known (52)Ithat heating ammonia and methane‘over

" alumina or sllica produces hydrogen cyanide, a gaseous mixture of -

methane, ammonia, and water as passed over 311ica heated to QOO—
1000° C and then trapped in ammonium hydroxide (53). Several andno
aclds were’identified in the product mixture. The reaction apparéntlyl

involved a cyanide intermediate.
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Heterocyc’ic Bages

Heatlnm aqueous solutions of ammonia and cyanide aloo led to
the synthesis of adenine, guanine, and nypoxanthine (51,54,55). '
- In the adenine synthesls, N-aminoimidazole-S-carboxamide was aiso.
1dentifled, thus g;ving a good ldea of the mechanisn of the reac~
~ tion (55,56). (Tbiu compound as well as glycine, acts as an inter—
mediate in the blologlcal synthesls of adenine.) Other productsﬂof
this reaction were u~amihoimidazole~5—éarbbxamidine, forhamide;
'formamidine, glycinamide, and some ultravlolet-absorbing compounds.
The reaction of guanidine with aqueous ammonla and H-undnoimidazole—
‘5-carboxamide (AICA) yielded guanine (57). The reaction of AICA
with urea produced guanine and xanthine Acrylonitrile,_s-amino»
proplonitrile, and B—aminoprooionamide are ¢onsidered to be possible 
: intermediates invthe electron discharge synthesis of 8—alan1ne deu-,‘ 
cribed earlier.lWhen.any'one of the first thfee compounds was heated: vl
with‘aqdeous ammonia and urea at 130° C, uracil resulted'(ST),

By paséihg an electron beam through a gaseous atmosphere of .
methane,iammonia, and water, hydrogen cyanide was produced (58); ’1,.‘
Likewlse, under these condit¢ons, using 124C—labeled methane as one: ‘?’

of the reagents, adenine was &laO identified (59)

With the ultraviolet irradiation of an aqueous solution of hydro-.

gen cyanide for seven days, the final mixture contained 1% adenine,
0.5% guanine, and 10% urea (60). By promoting the reaction between |
malic acid and urea with polyphosphoric acid, uracil¢Wad~synthesized

(61). When an anhydrous mixture of two parts blutamic acld, two parts
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~thenlthe product was heated to 100° C, a polymeric substance resulted

"~ acids.

ammonia, and water, formaldenyde was produced (66). Thls type of exper=

sdlution of methanol (68),

u]trdviolet light or y-rays from a Co
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aspartic acid, and one part an equimolar mixture of sixteen other

natural amino aclds was heated to 170° C, guanine.was‘produced'(62).~

Thus 1t may be seen that means have been devised by which

- most of the blologically essentlal heterocycllc bases could have

appearad on the primitive Earth. Again the role of cyanide has been

em hasized. To ultimately elucidate the origin of such important
compoundo as DNA and RNA, as well as polysaccharides, the appearance

£

of ougars must also be consldered.
Sugars'
It has been shovun some time ago that formaldehyde could play a

central role in the synthesis of augars (63). When this reagent was

‘placed in ¢ an alkaline solution, ruTerous carbohydrates resulted.-

When an agqueous solution of ;ornaldehyae was Irradlated with ultra~

violet light, various hexoues and hydroxy aclds were produced (64, 65).

which‘was probably furfurylalcohols or polyhydroxyphenols, Such com-

pounads coqld concelvably have acted as. precursors to aromatlic amino

By passing an'electric‘sparx through a gaseous mixture of methane,

' iment aisovpfoduced ribose and 2-deoxyribose (67). Fbrmaldehydé was

also synthesizéd by sending an electrical discharge into an aqueous :

When an aQueous solution of formaldehyde was.ﬁrndiated with

60 souree, various pentoses and

hexoees were synthesized (67). With the UV -experiment, ribose and
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deoxyribose were producéd, in particulaf, By heating to 50° C_salt .
solutions containing formaldehyde andAacetaldehyde, or glyqeraide-v
hyde and acetaldehyde, a 5% yield of 2-deoxyribosé was obsérved (69)

These experiments therefore demonstrate that cdrbohyﬁrates could
be readily Synthesized by conditions,beliévcd to.have existed on the
primitive Earth. They also show that-’ formaldeh)de probably played a
central role in the synthesis of the ougars.

Wucleotides and Phosphorus

By irradiating an aqueous solutibn of adenine, ribose, and phos~“
phate_wiéh ultravioiet iight, it was possible to-synﬁhesize édenosine
(70). Similarly, the ultraviolet irradiation .of an adueous solution
of adenine and deoxyribose (both'of whose possible pfimordial origin
 has alréady been diécu ssed) and phosphate produced deoyyadenoaine (71).
The same compound was observed even if cyaniue magncsium 1on, or
cyanam&de replaced the phosphate. By reacting adenine and ribose in
the presence of ethylwetaphosphate and ultraviclet light, AMP, ADP,
ZATP and AHD were reported to have been produced in addition to adeno=-
4sine (72) The preoence of a metapolyphosphate on the primitive

arth 1s questionable. The means by which "uch a polyphosphate com~ '
“pound could have originated as well as resisted‘destruction by hy-‘l
drolyslis after only a short period of time under primitive Larth
conditions cVen if it had becn produced, has not been establishcd.
The polypho§phate used In the experiments descrlbed was syntheslzed
from phOSpﬁgrus pentoxide (72), itself a high enefgy~compoupd which
1s'readily;hydrolyzed by water. Anhydrous heating of nucledsides

and phosphate also produced nucleotides (73).
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Pyrophosphate Was successfully synthesized in aqueous solution
by the réaotion'of potassium cyanate gnd the mineral, hydroxy apatite
| (75)+ When these owolcompounAS were shaken together for twénty days
at 35° C, conoideraly nore byrophosphate was- produced than when a
501uble phosphate was useo. Apparently thé'nuneral surface allowed
~ for a local concentration of phosphate and tims enhanced the kinetics
of the reaction. DBest yiélds were observed when the'reactionvwas‘rup
around neutral pH. Carbémyl phospoate was belleved to be an inter-
nedlate of the reactlon. The use of ¢yanate had been suggeéted earlier
(76)‘since 1t was known that cyanate and phosphate could react to glve
carbémyi phosphate (77)' The simpliclty of synthesis and structuré of
 the compound ndde it & good chdeatc for an investiuatlon concerned
.with chcmical evolution. |

A nunber of possible reasons‘havoAbeen cited.as to wgy phosohoric
- acld, rathér than other aclds that were undoubtedly avallable to evolv-
ing sﬁﬁems, Was chosen:by nature as ﬁhe primary means for disﬁributing
energy in biological organiumu (78). First of all, the resonance
‘;energy of this acld 1s rather hiv . Secondly, the :amides and anhy-
~drides of phosphorlce acld are kineoicallg more stable‘yhan the corres- .

© ponding compounds of other acids, Foé examble, acetic anhydride and

pyrophosphorib acld are thérnodynamicélly.(with regard to_hpétsvof
hydrolysis) SIhilar; but in neutral solution in the=absenoo of‘suit- ,.
able ca“alyg ts the former hydrolyzes much faster than the latter. |
Simple phosphate esters do not release as mich energy upen hjdrolysis

as to the pyrophosphates and mixed_anhjdriees. Thus, the elucidation
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‘ of ths possible prehiotic origin of this bond is Important as a supply

" of chemical energy needed by eoblotlc systems which later appeared.

¢

" Organic Acids and Hydrocarbons

The electron hombardment of a methane-amrmonia- ther atmosphere
leads to the oroduction of oeveral simple ‘organic acids, as noted
.'earlier (26). Long chain carboxylic aclds of up to forty carbon N
atoms were synthesized by exposing a a carbon dioxide and ethylene'}
mixture to y-radiation at room temperature (79). This demonstration
sugzested a very plausible means for the primordial.origin of fatty
aclds needed for the subsequent appearance of liplds used in mem-
branes. : o . | \

The irradiation of a mixtufe of carben dioxide and water witﬁ
40 h@v aloha particles produced formic acid and ﬁmmmaldehyde in swall ‘
amount s (80) The iwportance of both compounds 15 evident from the
© discussion thus far. Oyalic acid and formaldehyde were produced ,
with the alpha—irradiation of aqgueous formic acid (31). ‘Larger .
yields of cxalic acid were observed when calclum bicarbonate or
'ammbnium bicérbonaté was irradiated by the same means (82).AThe»;’
alpha bombardmcnt of agueous acetic acld led to the production of-:
succinic acid, tricarballylic acid, nalonic acid, malic acid, and
clpric acid (83). The combination ofHCarbgn dioxlde in aqueous solﬁ—
tion and gamﬁavfays from a 0060 soﬁrcévyieided formaldehyde, éce-
taldehyde, formic acid, and what was believed to be oxalic acld (84),
The best ylelds of oxalic acld with low dosage level were observed;

at very low or very high pil. When ferrous lon was present In the o

1



21 .

reagent mixture, some carbon monoxide wag produced. The yield of for—

maldehyde went down if oxyren were present.

Bombarding methane with 1ow energy electrons produced nydropen,

ethgne, ethylene, and acetylene, plus other lesser substanceo (85),

whereas when high energy electrons were employed, the major products

were hydrogen, ethane, ethylene, propane, and butane (86).

‘.The effects of an electric spark and a semi-corona arc on mee

!

thane have been compared (37). oaturated hydrocarbons prédominated

in the products formed using the latter type of energy source, where-

as aromatics were the rule in the former case. Products were analyzed

by mass spectrometry.

| "The possible origin of melanin was demonstrated with the ultfa— '

violet illumination of phenylalanine and tyrdsine (88). Under thesév

conditions, polymeric melanin-like compounds were produced,
: Thus far,'é number of energy sources have been suggested. To
donplete the 1list, hypersonic organosynthesis has been investigated

(89). Into a methane-ammonla~hydrogen atmosphere was fired a high

speed bullet so as to momentarily set up a serles of hypersonic

shock wavés, A nuﬁber’of organic compounds were observed but weré ‘
not fully characterized.
Porphzrinq B | '
The roie of porphyrins in the structure 6f hemoglobin, chloro-
phyll, the cytochromes, and otherimportant bioloblcal compounds 1s
well known (90) Therefore, in order for efflclent oxidation\and
reductionfsystems to have evolved to meke better use of enefgy sources
availablei the appearance of porphyrins and porphyrin~utilizing com=-

pounds was lmportant.
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It hasbeen suggested (13) that prebictic porphyrin syﬁthe$1s
followed, at least in its initial stepe, thefeame generai pathway-
used by biolegical systens, l.e., the coudensation'of glycine with}l
acetate or succinate. Tbis~wou1d then lead to the synthesls of J-
aminolevulinic acld, followed by porphobiiinogen, and ultimetely
yield porphyrins. Such'a complete system has not been'observed under

¢

primitive Earth conditions as yet.

It was demonstrated that the ultraviolet iliumination of py%role-

and benzaldehyde in water produced porphine-like compounds (91) The
exact requirerent of the UV light was not determine d.

Polymerizations

Thus, it may be scen that the possible means for the preb;otic

origin of most es senuial monomers has been demonstrated. ﬂach remains

to be done but since no "eye~witnesoes" ar¢e avallable to substantiate |

wirich experinents have truly recreated prebiotic evcnts, tentetive
opeculations must be made from the experimental evidence at hand,

The role of cyanide and formaldehyde has been enphasized, for example.
Th cfore, a“"umlng that all requlred MOTIONEr'S Were, in one way or
another, present, the means by which these.units Joineg to form the

macromolecules needed to deflne life itself muét now be explored._‘

The possible origin of polypeptides has received a consiaerable ;

amount of dttention. wWhereas biological oystems now use a variety of
eomplex enzymes to expedite the synthesis of these as well as pther

| classes of;macromolecules, a nurber of' simple physical énd chemical
means have;been examined to e;ucidate possible means for the preblo-
ﬁié phenomenon of peptide vond formation which finally led to the |

zappearance of proteins.,



. The polymerizatioﬁ.of unsubstituted amino acids has been carrled

out using a number of different, forms of energy such as heat (92), a

electrical discharge (93}, ionizi_rlg radiation (94), and ultraviolet
1ignt (95). For example; by heating ammonium malate under anhydrous
conditlono for three hours at 200° C, an amino acldpolymer was form-
ed which, uporn. hydrolysis, was shown to cousist of aspartic acld and
alanlne (33). By heating to l60-200° C.an anhydrous mixture composed :
of two parto aspartic acid, two parts glutamic acid, and one part an
equimolar ausemblage of sixteen other anino acids, a high molecular |

compound termed a "proteinoid", was syn‘cheslzed (92) Addi‘ciorx of‘ :

| various phosphates,vsuch as orthophosphate, ATP, polyphosphoric acid,

and calciam phosphate to the reactlon ndxture allowed the tcmperature .
necessary to brinv about the desired reaction to be 1owered to 65° C

(96,97,98). (When polyphosphoric acld was used, it was also employed

'a¢ the solvent for the system.) The reaction did not appear to in-

volve siwple acid cataljsib since sulfurlic acid was unable to pro-
mote the desired synthesls. Polyphesphorie acid has also been used
in the production of diketopiperazines (99). The "proteinoid" formed .

by.the heating of the anhydrous amino acid mixture gave positive

.biurep, xanthoproteica and Hopkins-Cole reactlons (100). Its infra--

red spectrum was much 1ike that of a true protein and 1t exhibited

similar solubility properties of oroteins in that it could be salted

in and then salted out of solution. The proteinoid centained both

‘Dand L amlno acids ard did not bear antigenic properties. Its mole-

cular weléht ranged from 3,600 to 8,600, depending on the temperaéure :

of synthqbis.AIt was susceptible to the action of proteolytic eﬁe .
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zymes (101). The proteinold appearéd to have nutritive value for
bacteria (102). | | | '

Powever, it must be polnted cut that a number of objections
could be railsed for invoking this tjpe of oynthcsis as the prlmary_
source of polypeptildes under primitive Earth circumstanceé. Flrst&:
| of all as was already-polnted out, the témperat'”e of the young
Earth was belinved to have been relatively low, somewhat couparable

extent of the '
to what lt is today. Secondly, the/contribuuion of volcanic action
to chermdcal evolution is open to debate (103). Finally, it has beeﬁ"'
pointed out that the mean life of alanine is 1011 years at 25° C
but 1s only 30 years étl150° C since 1t tends to decarboxylate
easily at thi°'temperature to give methylamine and carbon dioxide'
(104). Tba presence of water in the primordlal environment must
also been congidcred _ | ‘ '

The ultraviolet irradiation of an aqueous solution 6f’glycine .
- and alanine was used to syntheuize small amounts of glycyl—glycine
and‘;ycyl—alanine (lO)). By heating to 140° C for nineteen hours c=ly--
cine in 2 normal ammoqium hydroxiie, polyglycine of up to eighteen
units was produced (105). The product gave a positive bluret test
ylelded glycine upon hydrolysis, and exhibited an infrared spectrum
similar to that of polyglycine II. o » o

Anothgr approach to the formaﬁion-oﬁ.polypéptides was ﬁith %he
use of aminoacetonitrile (107,108). By heatlng-this'compougd to 135° C
in the présence of kaolinite, diglyecine and triglycine were produced; _-
Aminoacetonltrile ltself can be made from ammonia, formaldehyde and

hydrogen cyaniae._ Assuming thatpolyglycine was available, formalul
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hyde wés réacted with polyslyeine in th% presence of water aﬁd kao- .
lin to yield 2-3% seryl residues. Likewise, by replacing formalde= -
“¥hyde by acetaldehyde in this reaction, 1.5% of the g1ycyl residués
were converted to threoninu. Thls also emphasized the possible role.
of gu:face catalysts suggested earlier (108&) ‘
By ﬁeating anhydrous glycinamide to 100? C, 1t was possible to

synthesize polyglycine (109).: As was noted{earlier, glycinamide can
" be made by passing an électric‘spark through‘an atmosphers of methané,
ethane, ammonia, and water (46). 3imllarly, by warming a solutidn ‘
of Llycinanﬂdc in 2 normal ammonium hydroxide to 100° C, polyg lycines
of thirty to forty units were produced. The nature of the product
o Qas substantiated by'iﬁfrared spectrometry. Tne product also exhibit— g
ed a posifive'biuret tégt;. Upon dCid hydrolysis, glyclne was recover-.
o L |

_ When a suspensbn-of ferrous_sulfide in gqueoué ammonium chloride,
' Strough which methane was being bubbled, was irradiated with ultra-
violet light‘from a mercury lamp, a smalllpeptide was'produééd (110).
Upon hydrélysis,'phenylalanlne, méthionine, and valine were»tentapive~
ly idcntlfied. | | | :I

By reoeating the experiment in which: an . electric spark was

passed through a methane—ammonia~water atmosphere, 1t.was possib;e‘
to also ldentify threonine, serine,:isoleﬁcine,'1eu¢ine, and lysiné
(111). In addition, peptide~like products were obsérved. For example,
upon hydrolyuis, one such polynwr yielded glycine and- isoleucine in

a2tol ratio.,_- . ‘ o



26
Thus. it mayfbe seeh that a number;of approaches have been test-
ed to‘exﬁléin the prebiotlc origin of polypeptides. The most sieni~
ficant were probably those . carried out at nmderate.ﬁemperatugesé'in
the presence of water since ohese appear to conslder the most ven~v
erally accepted conditiono of the primitive Earth rather than in-
voking bizare clrcumstances, whose occurrence was elther question—l
able or was limited to a very small segrent of the Earth's surface.
The success of a glven laboratory demonotration, no matoer how effi-

clent, is only significant in terms of chemical evolution as long as

a realiotic approach nas been used to recreate primitive ccnditions.: :

The origin of polys acchurides has also been conqbdered, By

heating blucose in O 08 normal nydrochloric acid to 98° C for

ten hours, bentiobiose, lsoraltose, cellobiose, maltose, aophorose,=7 .

and trehalose were produced (112). A melt of glucose in phospharic
vfdcid heated to 140°~l70° C yicldod a non-dialyzable polymer (113)

| Glucose was the only product recovered after acid hydrolysis of the
oolymer' : ‘

At this Juncture it 1s important to consider the role of pH '
_durin& chemical evolution. Evidently this is an unsetyled point. on
the one hand, the experdments just -disoussegi indicate that desirable -
polymers coula bé’synthesiééd if the pH weré on the éoid side of the.
scale (112,113). Albo, by pPOpOuing that the composition of _gases .

found in présenteday volcanoms reflects the nature of the primondial

ﬂ

atmosphereg a strong argument could be made for the abundance of aclds

on the prihitive Earth (9){ On the other hand, 1f a large amount of

¢

A



ammonia we;e present in the early athosphere (11), a corresponding.pfe— ‘
valencevof ammonium hydroxide in the primordial ocean would also be |
expected. Similarly, the presence of deposits of mineral carbonates
(116) would also arpue for an alkaline environment. Of all the ques-
tions po ed by the recre tLon of chemical evolution, the problem of
pH 1s one of the most di ficult and uncertain to settle. : '

~ In the field of polynucleotides, polycytidylic acid ﬁas syn;
thesized by heating cytidine rnnovhosphaﬁe and polyphosphoric ecid
, toaether under anhydrouu conditions at 65°C for two hours (117)

The polymer produced eppeared to be ribonucleaee—seneitive. Ethyl -
-:metaphosphate, deacribed earller (72), has also been uoed 1n nume-
ber of dchydration condens auiono '(118), For example, 1t was used to
condense ribose and edenine to glve. edenosine and 2'3' -diphosphoade~
nosine. With this polyphoephate deoxyribose and adenine gave deoxy-'
- adenosine, amino acide ylelded polypeptides, and nucleotides pro=-
duced polynucleotides. Using the metaphosohate 1t was also possible
to synthesize polys accharides. However, as discuused earlier, thée
’ presence of such a phosphate compound 1in any sibnificant quantity '
under primitive harth conditiong 1s quite questionable.-

Discussion . _ o ‘_” -

| It is evidenL that the prebiotic ori&in of biopolymers has’ ;H
not becn satisfactorily explained. The, object of the presnnt dis~ a
seration is to further inve stigate this particular question. bince |
At may be assumed that a large percentage of the- surface of the

young hartb was covered . by wator, the role of solution chemistry
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mast centainlyibe taken into consideration. Since most'polymerizations
of biologiéol interest involve the removal of molecules of water, '
the most pressing problem would be to find a means for preferentlially
taking up this aqueous byproduct while the entire‘system is diseolved'
in water. Also, the synthetic procedure must be carfied out.under

such conditions that the rate of polymer production is greater than

the oppo ing rate of hydrolysis or monomor destruction, For example, v
at elevated temperatures amino aclids terid to decarboxylate at a rela-
tively repid rate (104). Thus, for appfeeiable amounts of bolypeptides
to have acoumulated the entire system would have had to be in an en-
vironment of woderate temperature.} | |

v _ Ir specific compounda, in addition to the monomers waitinv for
polymerization, were to be employed 1in promoting the dethration con-'
densation proceda, such chemicals would have to be simple eﬁougn to .
have been- synthesized under prlmltive Harth condltions and otable |
enough to have resisted destruction under these conditions for a :
significent oeriod of tine._‘S;nce chemical evolution is taken to be
that perlod preceding the appearance of living blologlcal nniterin /
the.course of the Earthfe history, such compounds as enzymes cannot
be invokedtas éandidateé for dehydrating agents or catiysts, at'ieaet
in the earlier, more simple Stages of developnent, since enzymes. them—'
. Selves are polymera of amino aCido formed by dehydration condensation.
Also, compounds such as oolyphosphoric acid which are easily hydrolyzed
on their ownvoud be un*ikely participants in the desired polymeriza~
tion of monomers in equeous solution, As Indicated throughout the dis- -
cussion thﬁs far, cyanide and its relatives appear to navevbeen'ine

portant agents during chemical evolution, Therefore, tne possible role’
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of this claos of comnounds In promoting dehydration condensation as

well %s Northy of further consideration, Since polymerization of |

nearly all oiological monomers involves the same process of water
‘removal; it-ﬁould be'desirable toufind a compound ableto promote
 this reaction in most, if not all, of the‘pertinent cases, |
Lo It nay be assured for ihe moment fhat sui*able means-ha#e

now been uncovered to elucidate the onigin of bi ologically essential
vlmononeric units such as amino acids, faty aclds, sugars, heterocyclic

baces, and the like. wi*hout plauoible means for explaining the |

apuearance of polymera, é critical link in the chain of eviutiongry
| evcnts would remain 1ackinw 50 that the course of events afteﬁ poly-
mer production would be dit“icult to reveal. This is so since the i '

_expanse or limitation of. conditions wnich polymer production would
,requlre would be undetermined so that speculation as to the_most |

likely state of the primitive Earth would also remain.uncleaf.
', Although one can never be certain of these conditions, reasonable J
tpeculation% can be made based upon the types of exoeriments that -
ﬂ.CcequUIIY produce the desired compounds under posaible primitive 1
Earth conditions. For example, the success of-the methane~ammoniaf a
‘water experimﬂnts (”5).corrooofatesnthe suggestion of the reduciﬁéwn
dtmosphﬂrc (15). Thus, the importance of determinins the. most like-
ly course of poljmerization under primitive Barth conditlions 15 '

eVidento | : . : . . o i .l o \

i ) .
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Part I: -

USE OF CYANAMIDE AND RELATED COMPOUNDS

TO EFFECT DEHYDRATION CONDENSATION

General Introduction and Background - '} :

As was extensively discussed in the previcus sectlon, the need
'éxists for the demonstration of a means by, which biopolymgrs could
"have evolved iﬁ aqueocus soiuticn during chemicai evolution. In gen-
er;l, the usual means by which bilomonomers condense into polymeré'
of blologilcal Interest 1is for molecules of water o he chemically
removed. For example, the Jolning of two amlno aclds to form 2 di~
peptide, as has been known for a long time, involves the elimination
of a molecule of water (119), as shown in Figure 1.

q o 0 .

(=~ . [ ==
NHCH~CHOH _MMU{-(H~COO s NHp=CH-C-NH-CH-COOH +1 O

Ry "Ry ) Ry R

Fig. 1. Dimerizatlon of amino aclds

Similarly, phosphorylations of various compounds require the elimina-
- tion of water. An example of this would be the addition of a phbsphat¢5

group to adenosine to form AMP (119) (Figure 2).

!

] . .
1} : ‘ y
BPAN /CHZ-O:H | PR
Ad-g? /CH | S - Ad-CH ;ﬂi' Q\? .-
, | HO=P - — , ‘
;}P~CH - lQb J &—-gﬂ T*m{ + Lﬂpﬁl
OH . OH | OH OH H OH

Fig. 2. Phosphorylation of adenosine (Ad = adenine)
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The problem encountered in carrying out oUCh a process In the gre—.

sence of water is evident., The uge of polyphosphates and high tem—

i

peraturep, to promote such as process, as diocuosed earller, is.

- probably unrealistic in terms of cﬁemical evolution, as is the need
to Subgeot anhydrous rewions on the ourface of a youno planet which
undoubtedly experienced endless ohlfts and relocationd of aqueous ‘
_bedles. Therefore, 1t 1s neceseary to loog for a cnemical process -
that may have existed on the primitive Larth which could have ,
carried out such a reaction. It seems that a more likely approach

to the problem of biopolymer synthesis would be to find conditione .-
that‘would}result in dehydration condensations whille the reactaote\ .
areidiésolved in aquecus media. | _ ) . y :

The important role of hydrogen cyanide during chemical evolu-
tion has already been indieated. By the experimental evidence cited | ‘
it 1s.£easonable to assure that'appreciable amounts of the compound N
were presenp.

‘That hydrogen cyanide may bave‘aeted as an agent for promotihg ' 
dehydration condensetion has been proposed (119). .As Indicated in Fi-~
gure 3, the suggested ability of this compound to induce peptilde
formation would yleld formamide as a side product by which the un-
wanted water,moiecule would berremoved from the‘appropriate siteé f
on the reacﬁing molecules. | o |

A similar type of reactlon might be suggested by the known :
applicatioh of ‘varlous carbodiimides in promoting polymerizations |
(120). Dialkylcarbodiirﬂdeo have been used to syntheslze phosphute

esters oﬁ nucleosides, polynucleotides (ohosphodiester ), pOlJpep- :
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GxNHa
0-H 0 +Ht 0? H
H-Cz=N + G=0 G=0 6=(|3°@—-—--=N?CH-002H
- - - - 1 ]
H-G-NHy H-C-NHp H,N-C-H Ro
H-G-NHj
0
9 @
POLY - HoN-CH-GC-NH-CH-COoH -t 0=G-NHs-CH-COsH
PEPTIDES Y. ° (éH ° EH G i L S
' | 2 HoN-C )
PEPTIDE R

MU-27658

Fig. 3. Suggested mechanism for peptide formation using
HCN as the dehydrating agent (from ref, 119),
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tidés;vpﬁosphorad&détes,_cyclic phosphates, pyrophosphates, and mlx-
ed anhydri&es (120). These reactions are usually carried out urder
nonqqueous'conditioné._lﬁ ﬁas also been demonstrated thatpeptide
synthesis ﬁsing substituted carbodiimides can be done in.thelpre- 
senée of water (121,122). Tbe productionléf.pélyglycineAwith diéikyl—
carbodlimides gives thé best yields at low pﬁ.(lél). Similarly;l 
phoéphate esters have been synthésized in thelpresencé of-water‘ |
"using cérbodiimides (120). In some of these phosphorylations,
partially ayueous environments were actually advantageoqé'since
they enhanced the solubillity of the reaétants.‘Tnis might also sug-
gest that phosphate ls more reactive with the proposed intermediaée
of thevreactionvthan water.v‘Using the carbodlimides 1t 1s also 14
possible to form lactones and carboxylic esters (120). -
However,-from the standpoint of chemical evolution, there is
vlittle reason torsuppose that any.significant quantlity of dialkyl- |
| carbodlimides was present on the primitive Earth, A more likely |
‘candiate i$ cyanamide, a compound which hydrolyzes relatively slow-
ly, that wasIQuite likély present ¢ the.primitive Earth, and that 1s

a tautomer of carbodiimite.

3

NHp=C=N  wee>  NH=C=NH - o

Fig. 4. Tautomerlsm of cyanamide and. carbodiimide

\

Cyanamide has been successfully employed in the synthesis ofN,

nucleoside pyrophosphates (123). By heating for 12 hours at:75° Ca



mixture of adenosine-5'-phosphate, uridiné-S'fphospﬁaﬁe, énd'oyana—
mide in the presence of a small amount of water, it was possible to
‘produce P1U2~Jiadcuoo¢ﬂo~ '~pyrophosphate, Pl~ud»nosine-) -Pz—uridine-
5'-pyrophosphate, and P132~d¢uridine—; —pyrophosohate. Similarly,
'dAmcrs of dcylated amino aclds were fornmd in nOnaqueoug mﬂdia by
‘ncating to B0-100° C in the pPLSanG of cyanamide (124, 12Ha)

CJdnamxde is made in the ldborduory by reacting cyanogen Sré-
mide with ammonia (125). By gradually adaing an aqueous solution of .‘
lead,acetaté to thiburea in 12% aqueous potassium hydrokidé, it is |
'_also poséible to produce cyénamide (126), The disodium 3alt pf cyana-v'
m¢de can be prepared by heat.nb sodahdde with carbon, sodium cyanidé,
v’or carbon dioxide (127, 128) Cyananude reacts with glyéine to g}ve |
glycocyamine and sarcosine to glve creatine gtvelévated temperaturés (129)f

Silver ion can be used to precipitate cyanamide (130); On:con-A
‘ densatioﬁ with various dialkylcyanoaceticAacids; cyahamide produces |
pyrimidine derivatives, | _ . -

The structure of cyanénﬁde is still open to debate, It hasvbeeh
suggeéted that bothﬁthe diimine and cyanoéﬁine forms (see.Ficure M)

? exzst in equilibrium in. aquecus . solubion (131 132), Cyanamide is a »
" base with a disuociation con tant of the order of 10‘11 (129). dith |
acld hydrolysis-the compound yields urea. The reaction 1s of the'
first order with res spect to cyanamide (133).

Sllghtly acld solutions of cyanamide are stable for sev¢ral
months (134). However, upon standing or heating, both solid cyanamide

and solutions of the compound tend to polymerize to glve dicyandia—
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mide (135). . o -
NHp=C=NIi
N
e
I‘ig. 6 Dicyandmmidc
Tbe dimerizauion is accnlerated by both acld and bdse. Lhe ovtinum
rate 1s found at pH 9 6 (136) By heating cyanamide to 200° C, nela—

mine 1s produced (137) A similar heating of dicyandiamide also pro—

. duces the cyclic-trimer, melamine (129).

.- 1/0\‘
I

. NHp=C_ +  C-NH,

Fir. 7. Melamine

Aqueous so]utions of dicyandidndde are. neutral (133) an decom— v
'_ pose very glowly with time (129). The hydrolysis of this compound, |

‘also called cjanogu&nidine, yields guanylgrea (133), a strong base (138).

4

Nl~i2-(‘3=NH. o I

NH

l .
(Ve
O=C. Jﬂa

‘ ~ Fig. 8. Guanylurea
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It has been arguédsﬁhab because of the electron-withdrawing capa-
city of the nitrile group ofldicyandiamide,.the hydrogen of the
secondary amine wbuld, in fact, be quite lablle in aquecus solu-

tion (139). This hydrogen would then be avallable to satisfy the
" basicity of théiamidinium'group.:Théfeforé, the most probabler :
;'FStfﬁnturéQof diéyahdia&ideonuld be that one which contains two
~amino groans. In addition, since dicyandiamide displays a h*;b
.meltinglpoint, sglt~llke character, low 'sdibllity in nonpolarx
solventé,lahdlhigh'ten@erazufe coefficients of_sqldbility in watcr;jf
landlalcohbl, the cémpound may exist t6 sone degree as a zwittér~: o

ion (140).

L

- . . . + N .
i‘€}i2-(ij-Nf12 : 3\:}12-—?=NHZ:- L N}I2=(‘2 th Nuz-cl:=z-m :
N N N N

: C=il = =NH

Fig. 9. Proposed structurecf_dicyandiamide_in aqueous’
solution | | | '
Such structures have been suggested from x~rayndiffraction'studie$‘°-
of the solid as well (141). It is importent to note for :éférence :
later In this di scussion that "‘gure 9 sugpests the exis»ence uf

4

the carbodliimide group within dicyandiamide. Similarly, the diimide

of' the compound
form was argued for on the basls of the relatively low toxluluy/wnich
tends to suggest the absence of CN groups (142), For some time it
was believed that dicylnoiamide (DCDA) may even bear a four—membered

ring containing palrs of -alternat ing carbon and nitrogen atoms with
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amino grouﬁs (or imino groups, depending on the tautomeric‘form con«'

oidered) attached to the carbons of the ring (143,144), The ring

‘Wdo thought to exist in neutral and alkalline solution as well as

in the solid, wnereas the open form was found in acidle solution,

This was suggeoted.from the types of products found after hydroly-

- sis, However, Raman spectral studies (145) supported the proposal

of the open diamine form indicated in Figure 9. The suggestion of
the open form is further °upported by the fact that hydrogﬁnation“v

of dlcyandiamide yields gudn;oine and methylamine (140), Thus it 7

may be seen that the exact nuturc of the structure of DCDA In

soluoion remains uncertain.

quigFQCOmpounds able to supply an active hydrogen can add acroso

the nitrile group of dicyandiamide, (140), For example, hydrazine U

_ reacts with cyanoguanidine to glve aminobiguanide (1&7). Another .:

potentlally important set of reactions of dicyandlamide, -from thé
étandpoigt ofbchemical evolution, is that with esters of acetoacetic
acid, di§ubstituted malonlc acid, or cyanoacetic acid, various pyri-
midinés and barbituric aclds can be.synthe cized (138,148 1&9) -

. . . tOi
Using copper acetate as a catalySt it 1s possible/form l-amidino-

O-alkylureas from dicyandiamide and alcohols (150). _ : \?*'vf*

. Anotner slgnifi canu relative of cyanamide is dlcyqnanide, the
dinitrile of iminodioarboxylic acid (151). This compound, as the so0-
dium balt,hcan be prepared in the laboratory from the reaction of
cyanogen bfomide and the disodium salt of cyanamide (152). The i

crystallihe hydrate of dicyanamide can be iscolated, but is somewhat
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unstable (153). If, when dicyanarﬁde is hydrolyzed one mole of
water is taken up, cyanurea is formed, whereas with two moles of
- water, bluret 1s produced (152,154). Hydrolysis of cyanurea similar-

1y gives biuret. .

' HOH e HOH [
NH GH-CN 7 ’ NC—NH—thbz NH2-C—VH-C-Nh2
dicyamanﬁde ' ‘ A cyanurea ' : _ : biuret

Fig. 10. Hydrclysis scheme of dlcyanamide

-~ Free dicyanamide isvdiffioult to isolate since 1t tends to poly—
merize (132) however, 1t is redsonably "‘“b*c in solution, and,‘
by conduotiv1ty meaouremento as a functlon of pH, exhibits orooer—'
ties of a strong acld (1)2) By heating odium dicyanamide to dull
redness, the compound is converted to the cyclic trimer, oodium tri—
cyanomelamine, which iu melunlne (see Pi~ure 7) with a nitrile group

replacing one hydrogen of edch amino group (130)

Experimental Methods = Ceneral

The general- method employed in this series of experlments first
required a reaction period of arbltrary length in which the condensing
agent was dlsoolved in agueous oolut*on with the compounds to be join-
. ed, Usaally at least one of the reactants was 1aoeloo with a radio- |
actle atom such as 14 C or 32p, | ) | o

To éhe product solution was added a detectable amount of the
'compouno uuspectcd of belng one of the products of the reaction. .
‘ilnoanh cf the standard was added to permit location by an establlsh—i-

I

T ed unohod, such as spray¢nw or ultraviolet photography, with respect
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to whichever was applicable in each.case, and the resultant mixtufe'
was_spotted oﬁ a oheet of Whatman No. 4 chromaﬁography paper. The
o geoeral chromatogfaphic.method followéd has been described in de;
| tail elsewhereﬂ(lBG),. Two—dimensional resolution was carried out}

After thé chromatography process was completed and the sheet”
was dried, radioactive ink spots were placed as positional refer-
ences at selected points on the paper and the chfomatogram as H

foldéd to the Sizc of standard X-ray [ilm.. ‘

In those expériments where the added standard was UV;absorb:f'wﬁ
ing, advantuge was taken of this property to pernit detection of
the final lOCdtLOﬂ of the carrler. In the dark room, positive con«wu_w

| tact photographic paper was placed under the chromatogram, and a
hanovia 125 watt Type 16200 mercury ultraviolet lamp placed about
“two feet aboveythe paper illuminated it for fifteen seconds.. The
photographic paoer~was developed by standard techniques. [~absorb-
ing carriero and the ink Jpoto appcarcd white on a black backgroundm
‘ Advantaue was tdken of the fact that carbon—14 has a half=
1¢fe of 5770 yearb and emits a beta particle of 0.156 Mev (157),
making, it detectable with standard X-ray film (156). A sheet of |
7.blue-sénsitive,X~fay film was placed In juxtaposition with the -

: chromatography paper and together both were fitted into a liont-_
tight envelooe.-After sufficient exposure time the film was with—
- . drawn in the dark and developed by standard techniques. The d“ied

| film was then placed on top of the contact print made earlicr.
Al;gnmeﬂt,of thc two wuu-achleved.by.addust}ng,their positloog so 1

-~ that tne_radioaccive reference spots . appearing .as black marks on



the X-ray film were directly over the correoponding white marks on

the contact print, In this manner it was possible to ascertain ;f

one of the radioactive products appearing on tbe film, whose ori-

- Zinal source of radioactlvity had been one of the "eactants, corTes- .-

ponded both in position and shape to the otdndard outline on theIﬁJ
shadowgram) L

~ contact print/ of the same chromatogram.

Those carriers whichm®sponded to cﬁe eal sprays, such as nin—
hydrin for amino acids and benzidine—periodate for 61ycerol,‘were;'
~located and compared to the radioactive products in a corresponding v'
manner, : |

| NOTE:

In the experimento to follow, he general outline is arranged
in terms of the types of bonds formed. First, nucleouides are dis- .

cussed; followed by phosphate esters, acid anhydrides, peptides, |
- carboxylic esters, and finally, glycosides. Each set of data 1is 15-'
troduced with a staténmnt,of the particular relevance of the. conpound
under study to the general.problem of biogenesis. Each expefiment‘ o
follows the.general anqutical outline Just noted. Particulér ds~
pects of the experiment are listed, such as concentrations, reaction.
-timeé, chromatographilc solvents,'carrier detection, aﬁa resultant
- data. Finally, a short discussion is presented'of‘the results and

thelr relevance to the general problem at hand. ;

!
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‘Experimental Data and Discussion

A. Nucleosides

Nucleotides‘are compounds‘containing an ofganic heterocyclic

~base and a sugar (90} They make up, with phosphate, the essential

structural and functional elements of deoxyribonuclelc acid (DNA)

and ribonucleic acid. As discussed earlier, means for the possible

- primordial origin of ribose ahd 2-deoxyriboée, as well as some of,

the purinea and pyrlmidines found ir nucleic acidu, have been

e exporimantally demonatrated. Thereiore, ‘the next problem would be

to establish how these suounits Joined to provide the nucleosides

and nucleotideo nccoed in mdcromolecular conotruction. The linking of
a purine or erimidine to a pentose molety involveq overall the re-

moval of a nolecular of wuter. It has already been postulatcd in

this discusuion that cydnanude'° dimer, dicyzndiamide (DCDA),

riight operate in a mamner gmilar to that of dialkylcarbodiimides_as__
a dehydréting agent. Therefore, in ordef to investigate one possible
function of dicyandianﬂde the synthesls ¢f adenosine from adenine_
and ribose was examined. |

To be sure of the identity of the dleyandiamide being used, a
numper of tests were made on the compound.. First of ail, ihe mole—'.u
culaf welght (Rast)‘of the compound.closely matched thé theoretiéal
value of.dicyandianddé. Elemcntél analysié.and meiténg point deter~1}lw
ndnation'aléo éupported the ldentification of thé reageht.

Sincc;it is known that the hydrdlysls of dicyandiamide 4s an
acid-catalyzed reaction (130), an attempt was made to utilize this

reaction in the desired synthesls of adenosine. A one milliliter

H
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N

agueous solut;on was preodred con’calnin0 chronatograohically ouri—
ried Mc-laveled adentne (0.80 x 1073 P), unlabeled rivose (0. 7x

- 107 -2 M), nyurochloric aclid (10'2 M), and dlcyandiamide (10™ -2 m)

Lhe solution rer nlnod in the dark for forty hourg and was tnen
brougnt to a volume of about 0.1 rullil*ter by evaoorution unde
reduced pressure. To the_soluuion was then added a smll amount of”
kmovr aoenosine, and togcther they wefe applied to a sheet of'What-_
man No. 4 paper. The organic phase of a n-butanol:acetic acid'water
- (4:1:5 by volume)m;yture (155) was us sed as solvent in the first
dimension. The solventvsystem employed in the sccond dirension in
Vthis éxperimcnt was an isopropaﬁol:water (h:1) mixture (159).yAftcrv
the oaper was dried, ﬁhe adenosine carrier was locaﬁed by the shadov-
gram method and the labeled products ﬁcre locatedlby X-ra& film. No
coincidence was obserﬁedvso as to Indlcate that the combiﬁation of
dicyandiamide and hydrochloric acid di not oromote the condeﬁga—
tlon of adenine and ribose to b*ve adcnosine.

As mentioned, aden;ne is an miltraviolet-abs orblng comvound..
Similarly, dicyandianide also apsorbs UV 1ignt. (Tnis point will be
discussed further. ) Thereforc, with the pos sibili‘y»thatultraviolet
o 1ight might act to exclte both compounds and thus promote the syn— R
thesis of adenosine, the_following experiment was carried out: A

luc—labeled

three milliliter agueous solution was prcpared contalning
adenine (0,3 x 10-3 M), ribose (3 x 1073 M), and dicyandismide (2 x
10“2 M) and then was Irradiated with a high pressure General Electric

Type A—Héimercury larp at a distance of 7.5 centimeters for 4.5 hours.
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Throughout the'illumination period the Sample, contained in a seal~ .-

ed fused silica cuvette,'was cooled by a .steady air stream blown
across the surface of the vessel. The possible role of aCAdic con-
ditions has already been noted. Tzerefore, a,simllar solution, which

‘also conuaincd hydrochloric acld (J.O"’2 V), was prcpared and Irradia-

ted in the oame manner. Both product oolutions were analyzed by the .
'cthmatographic method Just outlined. Nelther sample exhibited ade= -

o 'nosinc as a product.

: Tﬁe role of phosphate in enhancing variocus dehydratioh conden-~

ations was 1llustrated in a number of cases already ciﬁed. Theré— e

fore, in the eypectation thatphosphate might asslst dicyandiamide‘f

3

~in synthesizing adenooine, the following erpﬂriment was: examlned"

A one milliliter aqueous solution was prepared containinT 1“C—label—w¥~w

ed adenine (0.8 x 10~3 M), phosphoric acid (10~¢ M; final pH 2.1),
ribose (037 x 10 M),'and dicyandianﬁde (10"‘2 ). This solution

. PGl..uwew tn The dark for 40 nours at room temperature and was then

analyzed in'the manner already described. No adenoslne was found S

in the product, ‘
inally, ‘1t was reported that ‘the ‘ultraviolet irradiation of
"adenine and ribose in_tne prebence of phosphate produééo adenosing
(70). This syﬂtheéb was repeated usingva ﬁhree milliliteriaQueousv
solution of lgc~labeled adenine (iO”u gD,'phosphoric acid (10‘2'ﬁ),
and ribvose (0.3 x 10~ ﬁ).' A similar solution was_prepared’which.'
also contéined dicyandiamide (10"'2 1), Both solutlions were irra- |

S

diated with ultrdviolet 1¢bht for 4.5 hour: and analyzed in'the same

ashion as with the previous samples, Adenosine was cobserved in both |

a
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cases, and no‘significant quantitative difference was noted between
the two. The res: ultu of these s1x experimcnts have been surmarized

in Table I, DCDA apparently did not promote nucleoslde syn;hesis.

Table I. Results of Experiments to Synthesize Adenosine

¢

*¥ ERR BRER

CExpt.t  Acia - S\ DCDA Adenosine Product
1 HCL - + - -
2 - % -
3 - HC1 + -

’ 4 H3PO)4 - ‘+ -

5. H3POy - - + .
6 HgPOy + - o
¥ All contain adenine and ribose

B# - A1) acids used at 10'2'ﬁ
#E 4.5 hour exposure from mercury lanp
#4EE  Dicyandiamide

. ~
o

B. Phosphate Esters

vl) Adenosine monophocphate ’

| Prosphate csterb of nuclcosides (nucleotides) are important
biolobically in that they form the unita of nuclelc adlds and are in-
volved in various energetic‘and oyntgepic ?unCuions in living sys-
tems_(QO);  For example, the triphosphate cf adenosinc (ATP)lappeafs
 to be the unicersal biological conveyénce’of metabolic enérgy. Tﬁusv_
an important link in elucidating the course of cheﬁical evolution
would be the synthesis of nuclectides under possible primitive Earth
coqditions. | |

Asg indicated in Digure 2, the phosphorylation of nucleosides 1s

a dehydra?ion condensaticn reactlon. Such a synthesis, as discussed
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earlier, has been successfull carried . out wit h the dlalkylcarbo-.
diim¢deo. Therefore, reasonable test of the possible role of di-
cyandiamlide aa a condensing agent would be the production ofvnucleo- |
side phospnates. | |

The synthesis of adenosine monophosphate (AEP) was attempted using |
; ultraviolet irradiation of a solution containing phosphoric acla B

% C-labeled adenosine (0.38

(1.3 x 1072 M), DCDA (1.7 x 10~ M), and
X 10"3 fp. ‘The use of ultraviolet light: to.excite both the adenqsine
and the DCDA was legical since the former compound is known to‘ab—'
sorb strongly around 260 mu(160), whereas the cyanamide dimer in |
waﬁer; as demcnstrated in the Cary Model 14 specérOphotoneter, ex-
Ahlbitb a stron~ absorption at 21U ru. A.ter the sample was irradia-,
ted for 4,5 hours with ultravioleu llght (in exactly the sane manner
as the correoponding experiment discussed un@er nucleoside synthe—_
-8is), the volume of the sample‘was decreased by evaporatlon ﬁnderf:
reduced pressure. Carrier adenosine<5'-monophosphate was added tb

the solntion and together they were applled to whatman No. h,
.cnromatography paper. Then'n—butanol'ecetié acid'waﬁer (M*l;s—érgenie
phase) we cmployed as the oolvent in the first (long) dimension. :'
'Isopropanol water (4:1) was used as solvent in the oecond (short) r
‘dimension. A shadowgram was made of the carrier AMP, After suffl- -
clent exposufe to the chromatogran a sheet of Xkray'filn wae then |
developed aﬂd by comnarison with the shadozgram .ndicated that AMP
had lndeed been syntheszed. |

As a result of this obscrvation, uevcrul queotionu rema*ned to

be answered. Pirst of all, only the ”—nonophopphate had been used
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8s a carrier. Although the 5!-hydroxyl of ribose is the only primary
hydroxyl and would thus appear steficaliy most susceptible to attack .. -
in contradistinction to othér pﬁsitioﬁs, both the'2' and 3! hydfokyls, E
even though bonded to secondary carbens, might also be susceptiblep;néﬁﬂ
to phosphorylation. In other words,'after{disregarding the Smal;'
tﬂric differences of the available hydroxyls of adenosine, one mi;ht '
©eXpe ct from the dpparent nonspeciricity of the reaction that dll tnrce-=
hydroxyls would be amenable to ohoophorylatlon. The uynthesis was re- -
peated a‘ before. The product, after irradldtion, was divided into o
three parts, AJenosine—2'-monop1osphdte was added to one fraction,
while the 3‘—phbsphate'was added to the second, and the 5f to the.
'third. Each irradiated sample was analyzed for the appropriate_moﬁd—
phosohate by the paper chromatography method previously described. -
The results aopearea to indicate thatonly the 5'-monophosphate was
produced,

It.was noted that when a solution containing adenine, ribose, and
ﬁhospnate was irradiated with UV light, adenosine but no AMF was pro-
duced (70) Therefore, this synthesis was repeated but DCDA was in-
cluded.lAMP was observed to be a product of the react;on.v' _a _

At this'poin* the exact function or need for the ultrévidlét iight‘v
in the phOSphorylauion step was uncertain. Therefore, the synthesis
of AFP was repeatea. A oolution was prepared containinv adenooine S
(0.% x 203 1) and DCDA (1.7 x 10°2 M). A 3 ml aliquot was irra-
diated with ultraviolet lignt for 4.5 hours whereas another 3 ml
aliquot re@ained in the dark for tﬁe same_period of time, Both sanbles .
were analyéed by paper chromatography using the same solvents as be;

fore, AMP was ldentified in both cases. The prdoucts were eluted and



| pnogphate (O 01 W) and was adjusted to pH 7. An. aliquot of the
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rechromatographed with the same solvents! AMP was again observed
(see Figure 11). Thﬁs,-the’phosphorylétion‘of adenosine'appeared
not to require the UV light and was actually a darﬁ reaction.

It may be recalled, that phosbhoric acld was used in every phos-
phorylation already discussed and it was ihtended to make use of the
acid-catalyied hydrolysis.of DQDA.- Whethef DCDA might operateAat. |
neutral pH reméined to be ascertained..To determine the effect of:c
pil on the phOSphorylation of adenOOLne, a solution was prepared con- '
taininr 145 1aveled adenosine (0.3 x 103 i), DCDA (0.02 1), and

: solution was 1rradiated with ultraviolet light for 4,5 hOUPo. Another
B aliquot remaincd in the dark. Both solutions upon chromatoqraphic
analysis exhibited no AMP as a product. Thus, the role of acidic con-

. ditlons vas emvha sized,

“Table Ia., Results of EXperiments to Synthesize AVP

Expt. Adenosine UV HPOy DCDA .phosphate (pH 7) AWP product

+ o + % - +

(o S L N “U ¢ e
+
+
i
“+
+
L
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&<—— ISOPROPANOL : WATER (41)

ADENOSINE  5'-PHOSPHATE ——>

< (1!1:p) ¥31VM [ QIoV 21130V . 1ONVLNG-U

ZN-5299

Fig, 11, Autoradiogram and shadowgram of chromatogram
showh%% the synthesis of adenosine-5'-monophosphate
from " “C-labeled adenosine and phosphoric acid using
dicyandiamide,
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. 2) Rioose-5~phooohate ¢

_ 'ﬂThe‘succe sful phosphorylation of the ribose moiety of adenosine
wouid suggest that DCDA might also act with phOSpuoric acxd to phosf _:
vphorylate unbound zugars, such as rioose. The role of the'sugar phos-
phates in metabolism 1s quite significanti. Forvexample, ribose=5-
phosphate 1s a key coapound in the phOSphogldconate oxidatilve path;
way, or "penﬁose shunt" (90). Other sugar phosphates are’importaﬁt
‘intermediates in tne photosynthetic proccss. Similarly, glucose:6—
phosphate plays a prominent part in bleOlyuiu and as a source of
material for lipogenesls. The neéd for such compounds to be availr

able to orotometabolic systems appearing later on the primitlve Farth
is readily apparenu.v Assuming the first metaboliVinm.eysteme were
| heterotfophic,vas will be discussed later, the means for the prebiotic
’aooeaLlnce under probable pr¢m*tive Earth clreumstances of these ess en- -
tial phosphate compounds must be considered.

An agueous solution was prepared containing chromatographically
purified 14c.1abeled rivose (9 mi), DCDA (10 ), and phosphoric acid
(10 m). The mixture remained in the dark at room temperature for 22
hours, The product solution was spotted on Whatman No, U4 paper ad-
Jacent to an aliquot of standard ribose-S-ohosphate and resolvedrwith.
the organic phase of a n-butanol:acetic aoid:hater (4:1:5) mixture
as solvent. After it wee dried, the half of the chfcmatogfam con-
ta;ning the standard wae eprayed with the usual molybdate reagenﬁ for - .
phosphates (161). (A ohe liter volume of the spray contained 50 ml

of 603 perfhloric acid; 10 ml of concentrated hydrochloric acid, and
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.5 10 grams of ammonium heptamolybdatetetrahydrate.) .After the_chromatoa‘
gram was sprayed, the standard was exposed to ultraviolet light and |
 the characteristic blue color of the phosphate compéund appeared.

By é#pos¢ng thevothér half of the chromatogram to X-ray filh, ﬁhe'
autorédiogfam indicated that one of the labeled producté éxhibited

a simiiar_Rf vaiue to the ribose~5-phosphate standard. This fractlon
'wasvéut out and eluted with water, Fresh,standard ribose~5-phosphate
was added to this aample and together they were applied to Whatman

No. Q_papef. Chfomatography was cérried out with isobutyric acid:
coﬁc.aﬁmoniun hydroxide:water (66:1:33) as a solQént (160) in the first -
dimension and.iSOprOpanol}water (4:1) in the second. The standard was |
locaﬁed with molybdate spray and X-ray filn_iﬁdicated thaé the radio- :
active'product co;ncided in both position and shape to the ribose<S~ .
phosphate carrier (see Migure 12). This sﬁpported tﬁe suggeétioh that
DCDA in the presence of phosphoric acld mizht act as a means fof.
.phosphoryléting sumars In acueous solution. ‘

3)  Glucose-O-phosphate

4

Tosihvestigaté the possibility of syhthesizing gluéoseé6¥phoé--
phaté with DCDA,‘a soluﬁion WaS ﬁrepared contéining cﬁrométographically-
purified lL‘C-labele‘d zlucose (0,64 nm), phosphoric aéid (0.0l gpé and
DCDA (0.01 M). The solution was allowed to stand fpf 19 hours at room
temperature (159). Carrier glucose-6-phosphate was then added; and

. the entire solution was chromatozraphed on ¥hatman No, 4 paper using

as the first solvent system (162) methanol: conc, NHqOH;wéter (6:1:3) an

methanol :éthanol: water (9:9:2) as the solvent system in the second di-
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ISOBUTYRIC ACID : NH4O0H : H B(66:1:33)—>

RIBOSE-5-PHOSPHATE —

<— ISOPROPANOL : Ho0 (4:1)

ZN-5302

Fig, 12, Autoradiogram of chromatogram demonstrating the
production of ribose-5-phosphate from phosphoric acid
and ribose using dicyandiamide,



rection (163). The sugar phosphate standards were located by means
| of a benzidine apray. (This reasent contains 0.1 gm of benzidine—
1C1 and 3 gm of TCA in 8 mi of 8.5 " ac cetic acia and reactv with re-
duci & Sugars upon heating to glve brown SpOtS on the cnromatogram
(164)). An identical experiment was perfdrmed using freshly prepared
cyananide monoéer (0.0I'EQ in place of the dimer,
The fesults recorded in Table II, demonstrated that‘cyanamidé

can induce the fornation of the ohoophomonoester of glucosp (see i o
gure 13). A standard ChPOWatOﬁP&m of the origiml labeled qlucose
indicatéd that no glucose-b-phosphate was detectable in the reagent.
The &ields wefe cbtained by measuring the amount of radloactivity
exhibited by each spot on the chvom;togrim with a Baird—Atom¢c Geiger-v
_ %uller Scaler Dodel 123. The dimer of cyanamide appears to be aoout

twice as effective as the monomer in accomplishing this reaction.

Table . II. Formation of Glucos e-6~Phoouhate

3

Glucose Cyanamide ‘DCPA H3POy  Glucos e-o-Pnosphate
L . Product
+ + - + +
+ - + + +

Later studlies (to be discussed) indicated that phosphoric acid -
and DCDA can react to vizld D"roohosphate It might thefefore be :

suf:"°tcd that it was this wyrownosohate product which acted to phos-
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-—-———)CH3OH202H50HIH20 (9.9.2}

GLUCOSE

v

GLUCOSE-6-PHOSPHATE

ZN-5303

Fig, 13, Autoradiogram of chromatogram demonstrating the
production of glucose-6-phosphate from glucose and
phosphoric acid using dicyandiamide,
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"

phorylate the glucose. To settle this point an agqueous solution was
prepared containing labeled glucose (0,05 mM), phosphori.c acld (o;01;@4§;
and pyfophoséhate (0.005 M), No glucose-G-phOSphate was detected.in
v_ the product analyzed by paper chromatograﬁhy.
To determine the'éfféct 6f pH on the phOSphorylation of glucose
~using DCDA, the followins group of expériménts was performed: A stock
/sgiiiggn was prcparcd containing ll'c-l'c:mbcled glucose (0,04 mM) DCDA
(O Ol N), and phosphate (O oy ND The solution was divided into five -
equal parts and the pH of each wau‘adjusted to 1.0, 2.0, 3.5, 4.2, or
6.8. Each sample remained in the dark at room temperature for 23 hougs » ' E
and was-then analyzed by paper chromatography gsing the same so;vent |
system-as béfore._ Since éérriers had been added, benzidine Spréy
locatedvthe glucose—6—phosphate and indicated which radicactive spot
was the desifed‘product. The amount of radloactivity of the compound
and the total material on each chromatogram was nmeasured with the
Geiger—M&ller éounter. Thesevdeterminations indicated that no glucose- -
6~phgsphate appeafed to have been syntheslzed ln those casés where
the pH of the reaction solution had been 3.5 or higher but was quite
evident at pH 2.0 or lower. o
+.In an attempt to find compounds whiph might act as more effec-
tive denydrating agents than DCDA, the possible use' of dicyanamide
(DCA) was inveotiwatcd in the case of these phosphorylations (165).
An aquepus,solution was prepared contalning ll*C--laoeled zlucose (0.08

M)y phosphbric acid (0.08 1), and the sodlum salt of dicyanamide

(0.1 ). A similar solution was prepared containing DCDA in place
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of sodium DCA. After 40 hours at room temperaturé in the dark, each

solution was applied to Whatman No. 4 paper and chromatographed ad-
vjacent to a standard glucose-b-phosphate sample using 95% ethanol:
water:formic acid (70:29:1)’és solvént (166). The standard was io~ :
cated with benzidine spray. The results as measured with the Gelger-
M&llef counter indicated that DCA is about three times as effective
in the production of glucose-b6-phosphate as is DCDA, with the yield

using DCA being 1.9%.

7 4) O-phosphoserine

In the blosynthetic paﬁhway for the production of sériné,'phos~

phoserine is the precursor to it (90). Although it has not been de-  .

. monstrated as yet, reversal of the steps of thls reactlon sequence .

EIRUE TR

could concelvably serve as a source of 3-phosphoglyeerlc acidﬂand; ul-

‘timately, glycogen. Such a process bears significance?as"a pQ§sible_
key to pfotometabolic systems. Also, some important proteins, such

as éasein,.contain a;xnuchfasv0.9% phosphérus mainly in the form of
phbsphaﬁe bound to the hydroxyl groups of serine (167). It was once

- believed that ﬁhosphodiester bonds might,aléb'contribute té.ﬁhevsecon-
... dary structure of proteins (168,169) but this point 1§_présently under
debate., Thus, the synthesis of O—phOSphosefine is significant not

only from the standpoint of the phosphory}ation in agueocus solufion
Vof_a hydroxyl-containing compound other than a sugar but also because

of the biolégical significance of the compound 1itself,

An aiiqﬁot of luC-labeled serine was chromatographically puri-

fied. An'ahueous solution was prepared containing this serine (8.3 m1)

as well as phosphoric acid (0.01 M) and dicyandiamide (0.01 ).

~The solution was kept in the dark at room temperature for 15 hours.
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A one ml aliquot of the Solution was spotted on VWhatman No. 4 paper
‘adjacént‘to a standard sample of O-phosphoserine. Themixtures were

resolved with the organic phase of a n-butanol:acetic acid:iwater.

(4:1:5) mixture as solvent., Molybdate spray located the standard

aﬁd X~-ray £ilm showed that two products might be the desired com-

‘pound, Each was eluted; added tb thg pnhosphoserine carrier, and re- -
chréﬁétographed_using the n-butanol:acetic acid:water solvent in %he‘

_first dimension and phenol:water (9:1) in the second, X-ray filmtre-g

mained in juxfaposition with each dried chromatogram a sufficient

- period of time and, after development, located the radioactlve com-~

pomnd. The éorresponding location on the c¢hromatogram was divided U

, in half; .One—half was cut out and sp:ayed with the molybdate m;xa L - é
‘ture for phosphate; the other half was sprayed with ninhyd?inlfof | v
thesaminp groups;_The cut portion was rejoined to the chromatogram :

and the sténdard was located by both the positive ninhydrin ang posie

tive molyﬁdate reaétions. One of the radioactive spots matéhed.the

shape and‘bosition éf the carriler and was thus identifled as O |
phosphoseriné.‘The other product may have been the phOSphoramidéte_.

but ‘chi_svweis' not definitely established. o |

5) Glycerol-l-phosphate

The'central role of-glycerol~l-phosghate.1n glycolysis is well
knovm (90). With suitable catalysisvit can serve as a source of
vmaterial for carbohydrate synthesis or lipogenesls. Its imporpahce

is thus evident. A preblotic source of the compound would be very . -

:

functibnalfas a vital source of supply for metabolizing systems once

they appeared and would also promote the initial appearance of such



systems, - | :

In order to explore the possibility of synthesizing glycerol-
l-phosphate, an aqueous solution was prepared containing chromto-
graphically purified lu(t—labeledt zZlycerol (2 x410“3,gp, phosphorlc
acid (0.0l M), and DCDA (0.01 M). Another solution contalned gly-

' éerol f0.01 M), 32P;1abeled phosphoric acid (0.01 1), and DCDA

(0,01 M), Both mixtures remained at room temperature in the dérk N
for 17 houfs. They were then chromatographed parallel to one another
on Whatman No. 4 paper using a mixture (170) of ethanol and water
(8:1) as éolvent, Products with very similar Rf‘vaiues were n oted
in the two cases, The product whgpe labeled glycercl had been used -' 
. was elutéd and rechromatographed adjacent to'é glycerol phosphate
standard using ethyl acetate:acetic acld:water (3:3:1) as solvent
(171). The standard was located with molybdate spraj and indicated
that the ldbeled product observed with X=ray film had similar
chromatographic properties, | |

The experiment using labeled glycerol was repeated exactly as
before._ Carrier glycerol-l-phpsphate was added to the product solu-  vA‘
tion and togéther they were spotted on Whatman No. b pépef. “Tn the o
first dimension, n~propanol:acetic acid:water (8:8:1) was employe@
as solvent (170), and phenol:water (9:1) was ﬁsed in the second di- :
rection., Molybdate spray located:the carrier and showed thatone of
the radloactive products_noted on the autoradiogram.of the chromatégram
matched the standard compound in both position and shape (see Fi-

zure 14),
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. PHENOL ! WATER (91~ =y

‘GLYCEROL PHOSPHATE

CETIC ACID: WATER (8:1:1)

¢——— n-PROPANOL.
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Fig, 14, Autoradiogram of chromatogram exhibiting the
formation of glycerol-1-phosphate from glycerol and
phosphoric acid using dicyandiamide.
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6) Phosphodiester

e

a) d-fpho o

ZThéflinkage of two nucleotides in é,natﬁral polynucleo-
tide consists of a phosphate group bohded as an ester to the 3f'hy—
droxyl of one of the pentoses and the 5' hydroxyl of the other member
of the pair (90). 3Such a vond appears to be the primary iinkagejbe;v
tween the units comprising ribonucleic aclds, as well as deoxyribo-
nucleic acids.

Sincg dimerlization by a diester bond in the case of deoxynucleo—
tides (5') immediately eliminates the possibility of a 2'-5¢ linkége,
qu—lébeled d-AMP was chossn as.the reagent for the study. A number of
experiments were éarried out, éach utilizing‘d hethcdehich had pre-
viously proved successfullin othef phosphorylations. The set;upé are.{“
sumnarized in Table III;

Table TII. Surmary of Experiments to Syntheslze the Phosphodiester .

_of Deoxyadenosine-5'~monophosphate

AERE

Expt. a-ae®  HCL®™ NapcA™*™  DeDA*** Kaolin

1 + + + - +
2 + + + * - -
3 + + - + +
4 + + - 1 + ) -
5 + + - - +
6 | + + - - - ‘
* [a-WP] =000l 3 . *¥¥ [NaDCA] = [DODA] = 0,01
B [HCl]; = 0,01 N ®E%% Kaolin = 4 mg (see section on pyro-

phosphate synthesis)
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Aliquots of each solution were chromatoéranhed adjacent to a d-ApAp
standard  (172) usin~ t-butanol 0.02 M ammonium formate (55: MS) mix— _"'
~ ture as solvent (173) These analyses appeared to indicate that no
dinucleotide was_synthesized'under the_copditions of theSe experie
ments. Addiny phOSphofic acid as a reagént did notlhelo. Sbnilarly,'
NaDCA was unable to promote the synthesis of isopropyl phosphate a
'reaction/iiiglvlnr the pho phorylation of a secondary alcohol. (Com—'
pare this with the unsuccessful synthesis of AVP (24) and MP (3') al-
ready reported.) This will be discussed further.

Ab) Surface catalysis

, It has been suggzested that polyglucosaminc (chitosan)
'fnight be useful as a surface teﬂolate in polynucleotide synthesis (68).
This might result from an electrostatic bond being formed between the
.phosphate and the‘amino group of the respective participants under
sultable conditions (see Figure 15).

: %1 - R'
ety 03

R-0~ E -
H
Fig, 15. Proposed bonding between a nucleotlde
and armaminopolysaceharide. |

an . .o _
: Onaasuch/arranvement would occur (sterically it 1s possible) with a o

nunber of nucleotides internucleotide phosphoesterification might
take place-between adjacent nucleotides by suitable means (sdch as
DCA), Since chmtosan 1s a g-glucoside, the amino groups of adjacent

units are on Opoosite sides of the oolysaccharids chain and linking
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of bonded hucieotides would reself in a coil. Then the electrostatic
bonds with the hﬁCOpolysacchafiQe skelefon would be broken by the
strain of the unraveling'of the growing polynucleotide chaip and an
indepenaent'polymer would result. Chitosan has been employed experi-
mentaliy (174) as an ion exchange system for polynucleotides, un-
doubtedly haking use of the type of bonding proposed here. Since
glucosamine has a pk of 7.8 (175) and the phosphate group of AP
exnibits a pk of 6. 1 (160), it 1s likely that the type of bonding
probdéed in Figure 15 would be most favored around eeutral conditions.
mheref‘ore, experiment no. 1 (see Table III) vas repeated/except

“that 2 mg of powdered chitosan replaced the kaolin. A magnetic

: stirrer kept is suopended throughout the reaction period. Also, no
HCl was eddea, and instead the solution was buffered to pho.8 with‘
0.2 ﬂ_cacodylic'acid (176). When analyzed for diher as before, none
was observed. o |

c) Acid anhydride

1) Pyrophosphate

_ The ﬁyroohosphate bond appears to be universally employed
by bioloyical systems since this anhydride bond release a signifi—
cant amount of -energy upon hydrolysis and compounds contaiﬁinp the
vond are convenientiy tored and distributed (177). The tﬁahosphate :
of adenosine is the anhydride of pnosphaic acid most often used by
biological uystems Tor a readily available source of energy. As an

' ;iwﬁgw source; the primary function of the metabolic breakdown of
glucose_lsfthe.production of adenosine triphosphate. Other‘pyrophos;
phate—conteining compounds, such as S-phospheribosy1~1—pyrophosphate,

are important in biosynthefic processes (90).
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Although synthetlc polyphesphates have . been used experimentally

"~ 4n the past to;synthesiée ATP (72), the‘ekistence:or persistence of

" such reagents on the primitive Earth is hishly questlonable, The

employment of simplevreactants iﬁ an asjueous environment probably

. more clésely’fécreates the situation existing durlng chemlcal evolu-

tion. Thepossible role of DCDA in promoting the synthesis of the

vpyropho sphate bond was therefore invegtivated

That it was 1ndeed possible to syntheslze oyrophouphate 1tself

'under primitive Earth c0ﬁditions was demonstrated by presaring an
agueous solution containing phosphorice acld (0.01 N) and DCDA (0.027M).
After it remained ten hours in the dark at room temperature, the

‘sample was chromatographed adjacent to knownﬂstandards of“orthophos-

phate and‘pyrophosphéte using isopropanol:water:trichloroacetic'acid:
conc. NHYOH (75:25:5:0.5) as solvent., Molybdate spraying of both the
standards énd tﬁe reaction product indicated that pyrophosphate had |
béen produced. No pyrophosphate was observed in the reagent phos-
phoric acid used.

Quantitative determination of ylelds was possible by using label-

- ed phosphoric acid (see Flgure 16). By eluting the prbduéts and mea-.

suring them in a Packard HModel 527ITri-Carb_LiQu1d Scintillation‘Coun-”
ter, 1t was shown that when DCDA was allowed to react with phospﬁroic
acld (labeled with 32P) for 20 hours (0,1 M concentration in both), &
;Jrophoéhate yield of 0.2% was realized. (This fi?ure was corroborated

by Drs, Beck and Orgel of the Salk Institute (178)). S
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Fig, 16, Autoradiogram of chromatogram demonstrating the
production of pyrophosphate (PP) from orthophosphate (P),
Experiment A had employed both DCDA and kaolin whereas

experiment B had used only kaolin in the course of the re-
action,
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v

i he suggestlon of the possible use of mineral surfaces in cata- .
ﬁflyziﬁg prebiotic syntheses has already been discussed. Xaolin, a

: "jhvdrous aluninum silicate mineral, is a good starting point for an

r.”f ¢nvestivatioq of DOSolble catalytic ourface° since the two oxides

' fifof which 1t is comperd are in relatlvely large abundance on the

“"faa:th's‘surface (116). Also, since itis known that the hydroxyl |
'Vigfoups‘on the_surface of kaolin, in particular, can be réplaced by
- the‘HZPOq‘* ions (179), the possible enhancement of DCDA-mediated

- :phosphorylations by kaolin was considered. It was postulated that

. aViOCél'COncenbration of phosphate on the surface of tﬁe‘mineral,

'}fmivht catalyze the phoopnorylation reaction. A ;olution Was pre-
'77pared containing 32p.1aveled phos phoric acid (o 1M and DCPA . |
."} (0,1-ﬂ)._ Then one ml aliquots of each solution were added to 8 mg
f’ 6f-powdered_xaoiin (the X-ray powder pattern of this kaolin compared

?'well with the perlodicities reported in the literature (180)) and

quthfweré continually stirred for 40 hours. The kaolin was removed

| ”ngy»centrifugation, ard a 100 » aliquot of each sample was analyzed

_:;fqr~pyrophosphate by the comblnatlon of paper chromatography and

vaSSCintillation counting (see Figure 16). Kaolln alone did not appear

v15~-to promote pyrophosphate synthesls, but the combination of kaolin

~ and DCDA gave a net yleld of 1.8%. ‘his figure 1s to be compared
" with the value of 0.2% yield observed with DCDA alone. This increase

Lin pyrophogphate was also docummnted with the molybdate colorimetric

B mﬁthod (161)



) and DCDA (102 M) was kept at room temperature in the dark for 17.5
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2) Adenosine dinhosphat;e (ADP)

- To explore the possibility of synthesizing the pymphosphate
of adenosine , ADP, the following experiment was carried outz A one
ml solutton of Mc-1abeled AP (1073 M), phosphoric actd (1072 M),

hours, Ad,}acent to the product was chromatographed an ADP standard
-;lusing isobutyric acid: conc. NH,OHtwater (66:1:33) as solvent (160)
on Whatman No. 4 pa.?;e;. A comparison of the shadowgr'gxﬁ and auto-
radiogram ot‘ the chromatogram Mdicated thatone product had very |
‘simllar cm'omatographic properties to ADP, This compmmd was cut out .
and eluted. To it was added ADP carrler and together they were re-
chromatomphed using the same. solven’c system, The result:ant auto- B
- radiogram and shadowgram exhlbited a common spot.

| 3) Adenoéiné sriphosphate (ATP)

The previouéx experiment was repeated and a radioactive

product 'vih,{ch possessed a similar Re to and ATP standard run in. o
parallel was eluted and rechromatographed with added ATP carrter, - -
‘I‘he results showing the ATP product are found in Fipure 18, in this
case as well as the previously described ADP case it appears that the |
elution and rechromatography processing contr_ibutedv to an appre-- B
ciable amount of hydrolysis of the desired compounds.

The use of the oombination of- kaolin and DCDA in the production
of ATP was next examined. A one ml .solut;;on containing ADP (0,01 M),
phosphorlc acid (0.0l M), and DCDA (0101 M) was prepared. A similar
solution containing no DCDA was also prepared. Each solution was
stirred in the pfesehce of 8 mg of kaolin for 2l hours. The kaolin
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Fig, 18. Autoradiogram of chromatogram demonstrating the
production of ATP from AMP and phosphoric acid using
DCDA., The shadowgram ofthe standard ATP carrier is
also shown,
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| was then removed By centrifugatioﬁ and the solution was finally neu-
t"élized w*th NaOiH. oamplcs were analyiéd by the: luciferaoe method
| (182) where the total product aolutlon was added to cSOx_of th°
buffered enzyme solution (isolated from firefly talls) and observed
in an Aminco spectrophotofluorometer at'556 mp Standard samples of
~ATP were u:ed to establiish a curve to relate enzvme response to AIP
concmqtration. The net yield (after uubt"acuino' the small effecu due
' to ADP) of ATP with DCDA and kaolin was of the order of 0,55, When
the reaction waé repeated/igsencé of kqolin, the ATP yield was léss‘
than 0.0é%. It was demonstrated that ﬁCDA, orthophOSphaté, and
pyrophosphate‘as.well as any matérial that may have been leached out
of the kaolin by the presence of acld did not glve a positive luci-
ferase response, Therefore the c5nclu;ion that the luclferase re;
sponse was due to DCDA-mediated synthesis of AP was apparently legi—"'
timate, _ | |
C It %as found that kaolin retarded ATP synthesisvhen DCA was

‘ermployed as the. condensing agent. Since kaolin binds anions (179)
‘ and‘DCA is 1argely di?sociated in agueous solution, it is likely that4‘“
ﬂe DCA coﬁcentration in free solution Wa.s effectivelv reduced by
being bound to the surface of the clay and thus withheld fron par— :
ticlpating in the de51red reaction,

D. Peﬁtide

Several éarly attempts to synthesize peptideé using diéyandia—
mide gavejanconclusiye results, For example, ultraviolet light appear?
ed 60 prqiote the dimerization of alanine in the presence of DCDA (159).

(This observation was later definitely confirmed by another labora-

tory (18§>).
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The first definite indication that‘this compound could effect |
amino acid polymerizaﬁion was observed with a solution concaining
chromatosraphically purified LUc-labeled alanine (0.01 i), DODA
(O;Ol M), and HCL (0.01 M). After the mixture stood In the dark
for 20 nours at room temperature, the product was spotted on Whatman
No. 4 paper adjacent to a dialanine standard, Chromatozraphy was
carried out using water-saturated phenoléénnonium hydroxide (ZOO;i)
mixtﬁ:é (184) as solvent (185). A radioacﬁive spot, shown by X?;ay
film darkening, that had the'same Bp value as alanylalanine (0.79)
Qas elutea frdm the papef, Carrler dlpeptlde was added, and the
reéﬁltant'mixture WAS chromatqgraphed on paper with the organic phése
of a n~butaﬁol:acetic acid:wntér (4:1:5) solvent mixtﬁre in-the
first dimension and lsopropanol:water (4:1) in the second. Nin- .
hydrih spray 1ndicdted that the position and shape of the,carrier
were in coihcideﬁce with the radioactlve product (see Flgure 19).
The possiﬁle role,of rhosphate  (phosphoric acid)-inAenhancing
: 'prebiotic reactioﬁs has already been dlscussed. The possible im- .
portance of phospﬁorous acid has also been suggested.(seeLHistorical
.ReviEW). Therefore with the possibility thaﬁ either one mizht aid
thé dipeptlde synthesis just described, the reaction wés repeated
wlth each of the phosphorus compounds present kseparately). In %he
presence of phosphorlic or phosphorous acid no alanylalanine appeared
to be synthesized, bub wﬁen the only acid present was HCL tbétdipep—
tide was thained.'Tne absence of a dimer product may ha&ekbeen due

to coneurrent acld anhydride synthesis,
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Fig, 19. Autoradiogram of chromatogram showing the alanyl-
alanine product synthesized from alanine using DCDA,



It may be noted that in this, as in previous syntheses dis—.‘
cuesed the time of reaction and the concentration of reactants
were arbitrarily ehosen and retained since they gave the éfoducts :
desired under the approximate circﬁmstanees believed.to have exist-
Ved‘on the priﬁiti&e Earth. Further work —- to be discussed later —— -
determined jusﬁ how correet, fme a mechanistic standpoint, these’
conditionsvwere. For example, it appears that a low pH is advan- -
tageous in the dicyandlamide-promoted condensatlons, when HC1 was
| onitted from the'amino acid reaction mixture, with all other con~
'ditions (time, temperature concentratlons) remaining the same, Oﬂly
a trace of dipeptide was observed A ;
In order to pre care product golutions for paper chromatography
their volumes had to be requeed by evanoration under partial vacuum,
To determine the effect of thip, if eny, on the reaction (the first
nonphOSphoryiatioh attempted thus far), the following experiment
was performed: First, the synthesie of the dipeptide of alanine |
| was carried out exactly as before, Second, the synthesls was re-
peated, but, before evaporation,_the‘dicyandiamide_wae‘precipitated_
with silver‘acetate. Any residual silver was then rémbved with po-"
tassium chloride, and after filtration.the'volume of the resultant r
solution was;reduced for chromatography. Third, another solution
of alanine énd HCl in the same proportlons as before was prepared
and.evapore%ed to a small volune, However, this solutioﬁ at ne_tﬁpe
contained.éicyandiamide. The‘ﬁhree solutions, after appropriate time,

vwere chro@atographed with the water-saturated phenol: conc. NHyOH
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(200:1) solvent. fhe yieldu were m“agured with the Geiger-Muller
counter, The second solutlon exnibited the same degree of/giptlde
‘vsynthesis as when DCDA nad not been removed bcfore evaporation. The
third solution appearea to Indicate only a tracer of di imer. The ori-
ginal appearance of algnylalanine may thus»be largely attributed to
the action of dicyandiamide. | |
. To investig Jatc the possibl ity of synthesizing tripeptides, a
one ml aqueouo solution was prepared containing L~alanine (O,l ED,,
L-alanyl-Lealanine (0.1 ), DDA (0.1 1), and HC1 (0.1 X). _'
similar solution was prepared without DCDA. Eoth solutions remained
in the dari at room temperature for 24 houfﬁ Than one ml of 0.1 N
NaOH was added to each sample which was then traoferred to a lO ml
. volumetric flask and diluted with water to uge volume cf the container; '
The resultant mixture was added to 5 ml of biuret reagent (500 ml of
- aqueous solution containing 0.75 bl of_CuSOg,-é.OO zm of Nak tarQJ:
trate, ahdviS gmn of NaOH (185)) and was allowed to sténd for 30'miné,v
‘utes, Anialiéuot'of each solution was observed in the BeckménvModel
- DU speéfrbphoﬁometer at 570 my. The net results ap?eared tb 1ndi?
~cate that a small amount of tripeptide had been fonned |
;o observe tnis tripeptide chromatographically, a sélution vas -
prepared_cohtaining Mo 1aveled alanine (0.2 M), HCL (0.0lvg),,(
“and DCDA (0.2 M). After the solution reﬁained in the dark at'room
temperaturegfor 18.5 hours, an aliquot was chromatographed on What-
man No. 4 ﬁaper adjacent to a trialanine standard using the water—
saturatedjbhenol: cone. FH,OH (200:1) solvent. Appropriate locatiﬁg'

methods permitted elution of a suspected radiocactive product at the
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| position of the trimer. Carrier was added and the mixture was
', chromatographed with the same two solvent gystems used earlier for
thls purpose. A trace of alanylalanylalanine was finally observed,
The possible catalytic role‘of mineral surfaces during chemical
evdlution has alfeady_been diécussed. -Attentlon has been glven to
clays such as monﬁmoriilonite and kaolin, since they aré kno&n tolv
bind organic bases (187) and thus might provide a local concenﬁraﬁioﬁ

of reacting units. Keolin has been successfully employed in this

work as a caalytic surface in the synthesls of anhydrides of phosphorlc

acld (see section on acid anhydrides). Tnerefore , the possible use of

these two-clays to.promote dipeptide synthesis was next COnsidereﬁ;
Theiﬁonhnoriii&nite (whose identity was also verified by X-ray analy-
sis) was schicated in suspensibn in 0,01 N HCL with a Bronwill éio-'
sonik for 15 minutes. Sincebthe kaoiin was already powderéd, it wés
used directly. Then, the synthesis o% alanylalanine using DCDA WAS Ie-
peated as before except thatportions of montmorillonite, kaolin, alu-
mina,‘and;silicic acid were added tojaliquots of the reaction mix-
ture. The'last threé'solutions had to be kept in suspension with con-
tinuous application of a magnetlc stirrer. After theéreaction period
all solutions were neuﬁralized and centrifﬁged to remove the clays.
Paper chromatomraphy with the zame sélvenp system previously describ;
ed indicated tnat the yield of dipeptide was not enhanced by the pre-
sence of thé clays and in the case of montmorillonite appea;ed to dé~
crease preshmablyvdue to the binding (and resultant ihactivfion) of

the DCDA as well,

-
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Earlier it was noted that dicyunamide (DCA) was a more effective
',‘phosphorjlating agent than dicyandiamide (DCDA). (See section on
glucoue—o-phoopnate uynthe51s.) Therefore, in an attempt to find
compounds which might act aé moré effective peptide hond-synthesiz-
ing agents (sipce this, like phOSphorylation, is a dehydration con-
densati§n reactioh) than DCDA, the possible use of DCA was considered.
Tﬁe synthesis of alanylalanine previocusly described dsing labeled ala-
nine wés repeéted usling sodium dicyanaﬁide (NaDCA) in place of dicyan-
diamide. In this case a yield df 1.58% of the alanine dtnér was ob-
served after 20 hours of reaction time which was_three times the
amount noted‘when DCDA was employed. h

To iﬁVﬂotigate the application of dicyanamide in the, syntheois
of polypeptldes, as well as the relative reactivity of amino acids
;and peptides, the following experiment was performed (165)._ A 100 A
agueous solution was pre@ared containing glycine-2~luc (0.12 M),
triglycine (0.12 4), NaDCA (0.12 ¥) and nydrochloric acid(0;12 N).
A similaﬁ solﬁtion was prepared containing no NaDCA. After the
mixture remained 21 hours in tﬁe dark at room temperature,.zox.ali-_
quotes were removed from cach sdlution and wvere spottgdlon strips -of
Whatmen No. 1 filter paper together with standards of diglycine and
'tetraglycihé. These samples were then subdected to low=voltage *
horizontal electrophoresis in borate buffer at pH 9.2,(188). X=r2y
film located the labeled pfoducts and ninhydrin identified the carriers.
Radioactivé bands coinciding with the standard diglycine and tetra-

slycine wéré observed. The determination of the activity associated
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vwith each band indicated that the yield of tetraglycine was about 6.1%
and that of diglycine was about 2.3%, both based on initial glycine,

E, Carboxylic Ester (Lipid)

Lipids constitute an important class of compounds in biological»
. systems (90,180). They are usually fatty acid esters of glycerol withv
various combinations of phosphates,amines, and alecohols, The mosﬁ COM=
mon chafacteristic linkage in acylic (and some alicylic) lipids is
‘the ester bond between glycerol and a fatty acld. These fatty aclds
are all sﬁraight chain @embcré of the acetic acld serles of monocar- 1
‘ boxylickacids. The productlon of a carboxylic estef is another examnle
of a dehydration condensation reaction. So that the reaction might be
‘carried out in an aqueous enviroment; glycerol-l-acetate, or monéacetin,
wag selected as thé compound to be synthesized since 1t is soluble in
water, the‘radioactive tracers of both the glycerol and acéﬁic acid
are readily»availablé, and 1t is the simplest'exampie of a condensi- o
Tion of a fatty acid and glycerol to form a lipld-type compound.
A solution of luC-labeled glycerol (1.7 mM), acetic acld (0.0l g),

.and DCDA (0.01 M), as well as a solutlon of ;?C-labeled acetic acid

(0.01 M), slycerol (0.0l M), and DCDA (0,01 M) were both kept in the
dark at room temperature for 20 hours. Allquots wereJthen chfomatograph—
ed adjacent to one another using a mixfufe of ethanol:water (8:1) as
solvent, A.common spot was observed witﬁ X-ray film. The spot was ‘
eluted in each case,.divided in half, and chromatographed in pérailel
with its correspondipg fraction from the otheﬁ experiment'using nN-
'propanol:gcetic acld:water (8:1:1) as solvent (170) iﬁ one case énd

phenol:waéer (9:1) as solvent in the other. Both samples indicated .
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similar fractions in each solvent (see Pigure 21), suggesting the.
productlon of ‘a compound containinﬁ both acetate and glycerol (quite .
possibly the acetate ester of glycerol). | .

The experiment using labeled acetate was repeated with a solution.

compounds of the same reagents; the solut;on was kept In the dark at

room temperatureifor 45.5 hours. Since the unused "hot" acetic acld -
is volatile, it was easily removed from the solution upon_spotting on
the chromatography paper and thus left only nonvolatile labeled pro-

ducts to be observed. Standard monoacetif’was added to the produot

and together they were chromatographed on Whatman No, 4 paper'osing

- .the upper phase of mixture containing isobutanol:t-butanol: water .

- was prepafed in the same manner but an e@uimolar amount of NaDCA re-

(43:9:48) as SOlVEHt.eray film located the labeled products. The
standard was located by spraying the completed chronatogram with,;

0.1% sodium meta-periodate solution followed by a spray made up-by7'

adding 70 ml of water, 30 ml of acetone, and 1.5 ml of 1 N HCL

to a solution of 2.8 gn of benzidine in 80 ml of ethanol (190).°

Since this rﬂayent requircs viclnal lyools, 1ycerol-l—acetate is

the only acetate ester of glycerol thatcould be detected. The pre-

sence of elycerol—l—acetate as a product was substantiated (see

Powe 22), . T B

The previous experiment was_fepeated. Also, a second solution t

placed the DCDA. A third solution contained neither one. After 50
hours, aliquots were removed and chromatographed on Yhatman No.‘h o .
paoer adjacent to glycerol and monoacetlc utandards. When the X—ray |
£ilm was, developed after three days, only the reaction which had em-

ployed MNaDCA exhiblted glycerol-l-acetate. (A longer exposure had
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Fig. 21. This illustrates an autoradiogram of three separate

chromatograms suggesting the production of a compound
(possibly an ester) containing glycerol and acetate (using
dicyandiamide), In each chromatﬁgram, column no,'1
exhibits the experiment in which ~“C-labeled glycerol had
been used and column no, 2 is the one where labeled acetic
acid was employed in the same reaction scheme, The arrows
indicate the products with very similar Rf values, This pro-
duct in chromatogram A was eluted and rechromatographed
as shown in chromatograms B and C, This would suggest
that the designated compound is the same in each case and
contains both acetate and glycerol,
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Fig, 22, Autoradiogram of chromatogram sh
of glycerol-1-acetate from glycerol and
acid with dicyandiamide,
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oiN4ing the synthesis
C-labeled acetic
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been used'in the ear%ier experiment witg DCDA only.)AThis‘would sug—o
 gest, first of all, that the synthesis could be attributed to the
added condensing égent and, secondly, that MNaDCA works better than
DCDA 1n this reaction.. Although the yield was small (~ 0,01%),
the acetate ester had deflnitely been produced. ' The use of acetic
acid a r°lat1velj wed<ac;d rather than ] stronger acld to regulate
pii (1n‘addition to acting as a reactantl undoubtedly accounted for
the low yield. . |

An attempt was madé to synthesize the silyl ethers of giycerol
and moooaceti&, ahd ahalyze them on an Aerographﬂvapor Phase Chroma-
_tography apparatu but the few columno tried falled to give the _

. needed oeparatlon of the tuo derlvativcs S0 that the method was

: abandoned.

F, Glycoslde (Disaccharide)

1) Introduction

: Polysaccharides serve a number of functlons in biological
systemu (191) First of all, thej play a structural role in plant cell
wall% and the shells of crustaceans, As mucopolysaccharides they
act as important componentq of blood. Also, they serve as a means
by which chemical enervv can be transported and stored, aUCh as i
sucrose and glycogen. The most common disaccharides are_dihexoses;
Linkage betweén the two hexoses 1s achieved.by an okygen br;dge bew -
:tweeﬁ tﬁe heniacétél hydroxyl of one of the unito and one of the.
vhydroxyls of the second. |

- The ;ormation of the glycoside bond 1s’ another example of a de—

hydration condensation, but, in contradistinction to all previous
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condensationo unich have been succes s”ully promoted by DCDA or NaDCA,
thils one involves the_reaction between two hydroxyl groups'rather
than one acid fdﬁction_and one hydroxy; group. VIt was diséussed_-

- earlier thét HCN mignt act as an agent to promote dehydration con-

| densation (119). Therefore, the possible application of HCN to di-
TIQCObe fbrnatlon was first considered. i

2) Dizlucose
Early results in this work suggested that the application of

ﬁltraviolet to a solution of glucose, sodiﬁm cyanide, énd hydrochior—
ic acid produced dimers of the carvohydrate. A large number of sol-
vent systems were tried in the chromatographlc éﬁalysis but did not

- permlt positive conclusions to be dravm because of incomplete separ-"
ation of pfoducts. FinallQ; it was found that the bést solvent sys—
tem.for‘the separation of glucose from its dimers is ethanol:methanol:
water (9:9§2). The appllcatlon of this system permitted defhite pro-
duct idontificétion. Similarly, previous results indlcated thét‘
sodlum dicyan&ﬂide could operate effectively as an agent to pro~f

mote dehydration,condensatio;. Both cyanide and DCA absorb (are. '
excited by) ultraviolet light, as observed in the Cary Wodel 1M M
spectrOphqtometer. Therefore, a solutiOﬂ was nreparei containin
1“c_1abe1ed glucose (0,01 11), aON (0.01 M), and HCL (0.01 N).

The sanole was divided inhelf and the first portion (A) was irradia- l

 ted with ult aviolet light for 4 hours while the second (B) remained

in tﬁe dark for the same period. Another solution was vreoared con-

taining 1uc-labeled glucose (O 01 M), NaDCA (0.01 M), and HC1 |

(0.01 g).; This mixture was divided in half and the first portion

(C) was iradiated by the UV lamp for 4 hours while the second (D)
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reméined‘in'the dark.. Finally, another solution was prepared con-}
taining labeled glucose (0;01\§), and HCL (0,01 N). Half of the
solution (£) was irradiated for 4 hours while the other half (™

was kept in the dark. - An aliquot of each product solution was
appliéd to Whatman Nq.‘M paper andbchrohéﬁographed in parallel

with sa&pies of maltésé-and gentiébiose using ethanol:methanol:wafer .
(9:9:2)~as solﬁeht. The sﬁandards vere located with benzidine spréy.-v3~f
"The results are sumarized in TablelV. ’(ther standards of digl&—
cose wére ﬁﬁnecessary since all have about the same Rf in the_sol—l

vent employed. )

Table IV, Summary of Experbnents to Synthesize the Dimer

il
!

- of Glucose

S

Expt. Glucose wacH®  Mapca®  w**  ma* Diglucose
: Product
A + + - + + -

B + + - - + -

c + _ + n + +

D - - + R + -

E e - - - + +

F + - - - + -

£ 0,01 M

~#% 4 hours
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No appreciable difference in the yileld-was noted between the UV-

- irradiated sample that contained. DCA and the one which did not have

- 1t. The absence of dimer when cyanide was present may have-been due*4w~
to fhe production of the cyanohydrin which prevented reacﬁion in the |

desired mammer. The close srnilarity'iﬁ Rf values did not permit the
differentiation as to whilchfucose dimer had been produced., Alcohols
can add across the cyano zroup of. DCDA in'the presence of copper ion
(150). When the irradiation was done in the presence of DCDA or i

DCDA plus copper sulfate no improvement was observed. Thus, the addi— i_
tion of these agents (HCN, DCA, or DCDA) does not appear to aid in |

promoting disaccharide synthesis with or without ultraviclet irra-

diation; This 1s to be contrasted with the appearance of dimer with

UV illumination alone. natllsht in tne vacuun ultraviolet reglon can

‘be used to synthesize dlsaccharideo has been observédupreviously (192).'

~'3) Chitobiose
Anino sugars are important as bloéd factors and as
sbructural units in crustacean shells (175). The primary Interest in
them here, as dk&ugeed carlier in connection with polynucleotides, 1s
that wi ith a periodically recurring charged grouo such as in oolyglu—
amine (alpo called chitosan or deacetylated chitin), with one amino

group on each elucooe molety, polymers of amino sugars could conceivably
have acted as a matrix for ordering and assemblinu other polymers ofl
bilological importance under nrimitive Earth conditlions. It was first}
necessary to demonotrate that amino sugars could be synthesized on |

the monomer' level.



- 81

Previous-results (MQ; 68) have soown_that by passing an elecé

-tricai discharge into.an aqueous solution containing an’alcohol in
' the presence of niﬁrogon,-an amino groub can be‘aned to the com-

a _bound. The sparking épparatus employed (see Figube 23) had one plat-
inum électrodé submerged within the reaction solution and the-other :
suopended about 5 mm above the liqu*d surface., The vessel was de~

-signed to contain a 10 ml solution within the chamoor. ¢ne vessel |

| 'lwasvclosed after filling and.remained open only to the ventilation

ﬁorts‘at tﬁé top which bfought in an released dcid-;7no thﬁmol-

~f11tered air under pressure. This arrangement removed undesired
gases reoultlng from the gparxing process. Filtration of the air

- hefore entry enhanced its microbiologlcal purity. Tne spark was

.sunplied from a high voitaze transformer diroctly'connectéd to ;
the chamber's electrodeo.A In this mammer, a visible spark passed’
continuously between the upper electrode and the éolufion surface,
which served as the other electrode. A magnetic stirrer mixed the _
solution continuously. To minimize the possibility of contamination,
the glass reaction versel was cleansed uith chromle acld solution each

Xtime before use‘.» o |

v in o .
A 1% aqueous-solution of glucose {0.01 NHC1) was sparked for

.2 hours. Then the Moore-Stein ninhydrin test (193) and Elson-

.
Horgan test (194) were performed on the product. (The first test was

carried out by addlng 1 ml of the product to 1 ml of a reagent solu-
tion prepared by adding 0.8 gm of stanncus chloride in 500 ml of 4 M

sodium acetate buffer to 20 gm of 1,2,3—triketohydrindene hydrate in
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Fig, 23. Photograph and schematic drawing illustrating the
sparking vessel with submerged electrode (A), suspended
electrode (B), liquid surface (C), and ventilation ports (D).
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500 ml of methyl cellosolve. The ﬂixture of the rea:ent and product
solutions was then heated for 20 minutes ln a boillnr water bath and .
' tne appearance of a blue color was ob served in an“ -amino sugar

were present. The second test was performed by adding 0.5 ml of -
the,product to 0.5 ml of a reagent prepared by mixing 0.75 ml-of‘l‘
freshvacetylacetone with 254ﬁl of 1.25 ﬂ.sodium carboncte. Tnis com-
-bination of_realenb and product vas heated in a boiling water bath
for 20 minutes and then added to 4 ml of )0% ethanol and 0. 5 ml of

a reagent orcpared by dissolving 1.6 zn of p-dimethyl-aminobenzal-
dehyde (Erlich's reagent) in 30 ml of cohc. HC1 and 30 ml of 96%
ethanol. After the solution stood for one hour, the apoearance of a
- red color indicated the pres sence of a compound contalning an amino
group in the alpha position to an aldehyde cérbonyl.)‘ The sparkéd

- glucose solﬁtion‘exhibited.positive reactions to both of thése tests,
as did glucosamine,

We_1aveled glucose

Next, a solution was prepared containing
(0.02 mM) and HC1 (0,012 N) and was sparked under f1ltered nitrogen
for 4 hoors (azmonia would probably work as well)., The volume of
‘the solucion was then decreased by evaporation under reduced pressure.
Stdndard glucosamine—HCl was added and together the& were spotted on l
Whatman No. 4 paper. Chromatography was carried out with pyrldiné' |
ethyl acetate:acetic acid:water (5:5:3:1) as solvent (195) in the
- first dimenaion and the ornanic phase of a mixture of n—butanol
acetic acid water (4:1:5) as oolvent in the secndd dimension.‘Nln—
hydrin pray located the carrler and X-ray f1lm showed thaﬁone of o

the labeled products coinclded in position and shape to the ﬁluco—

samine-HCl standard.
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mbe.additiOﬁ of zmino groups to cellobiose, the 81-4 éimer.ef’lw'
glucose, was next demonstraucd (Chitobiose ismthehﬁ“l 3 diner of
'ylucosamine.) when lOO mg of cellobiose was dissolved in 10 ml of :
0.012 N HCl and sparked for 2.5 hours, the product oolution ex-
Ahibited positive Elsonﬁﬂorgan and Moore-utein reactions. -

To combine the use of ultraviolet light for dimerization of the
.sugars and sparking for the replacement.of a hydrexyl group by an‘v
: aminQ~group,lthe synthesis of cnitoblose, the baslc unit 6f chitosan,
vwas finally attempted. Thé sparking chamber (see Figure 23} wasvmodi-
fied with a small quartz window piaced in ;ts side so as to oernit
direct UV irradiation of the solution baing simultaneouslv soarkeda
A 10 ml solution was prepared cortaining g, —labeled glucose (2 md)
and dicyandianide. This mixture was irradiated (spark and UV) for 6
hours. Standard chitoblose was isolated by the usual procedure (196)
When chromatographed with n~butanol:pyridine:water Qo:4:3) as sol— -
' vent, the isolated s anuard exltibited an Rglucosamine of Q.65, where-
as the published value (196) is 0.64, Trus, the 1dentity of chito- ;
biose was substantiated. An a1¢quot of this chitobiooe was added
to the UVL and spark-ilrradiated glucose sample and tocether they wcr*l
chromatographed with the butanol-pyridine-water solvent, X-ray film
located the labeled product and ninhydrin noted the position of the
| chitobiose carrier. Both the shape and Re of one of the labeled pro—
ducts matched the ninhydrin-positive spot, suggesting the production

of chitobiose.

i
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Summary and General Comments

Thus, it may be seen tﬁat dicyanamlde énd diqyandiamide.can j

“effect a variety of dehydration condensations in aqueous solution
under presumed primitive Earth conditlons. These syntheses are
suwmmarized in Table V, Tﬁe designation of a particular compound
with a (o) under ﬁhe listing 6f one of the condensing agents does‘.
not indicate the inabllity of the reaction to occur but rather that
the particular synthesis using that agent was not aﬁtempted. on
the other hand, a negatlve sisn indlcates failure In the attempted
synthesls. .

It may_be observed that dicyandiamide was unable to accompiish
the dehydration condensétion of adenine with ribose to prbduce adeno-~
sine, elther by itself or with the assistancé of ultraviolet light.

- This is to be contrasted with the successful formation of adenosine

in the presence of .orthophosphate and ultraviolet‘light. Since it

is uncertain if the condensation of adenine and ribose is a simple

vreaction;'merely involving the direct union of the two units with

the concomltant removal of a molecule of water, or if it is a com-

p;ex series of steps, the bossible role of dicyanCdiamide and related

comounds in the dehydration condénsation of other biologically impor-

| tant compougds cannot be ruled out just from these first negati;é re-

sults. Thetﬁroposed mechanism (to be discussed moré fully latef)'of

o dicyandiamide,action sugzests that the compound would oneraté'in those
-'synthésesfinvolving simple union of the compounds involved and would

therefbfe probably be-inoperative 1n a more complex reactlon.
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Table V. Compounds Synthesized with the Aid of DCA and/or DCDA

e *
Jdn Agsueous Solution

Bond _  Compound ' - DCDA . DCA.

1. Nucleoside ‘
‘ Adenosine (from adenine and ribose) - 7 o
2. Phosphate ester v D E
o Adenosine-5'-phosphate (from adenosine)+. . -

o)
Ribose~5-phosphate (from ribose) + o)
Glucose-b-phosphate (from glucose) + +
O-phosphoserine (from serine) + 0
Glycerol-l-phosphate (from glycerol) + o -
d-ApAp (from d-adenosine-5'-phosphate) = .-
Isopropyl phosvhate (from isopropanol) o - -
3. Acid anhydride | - o
' " Pyrophosphate (from orthophosphate) +° o
Adenosine dipnosphate (from AMP) . o)
Adenosine triphosphate (from ADP) ¥ 0
4, Peptide : :
: : Dialanine (from alanine) + +
Trialanine (frem alanine) + o
 Diglycine (from ¢lycine) o .
Tetraglycine (from triglyclne & T
rlycine) o o . F
5. Carboxyli¢ ester : _ _
o © . Glycerol-l-lacetate S B + Lt
6. Glycoside I ’ - _ .
: Dizlucose . - -
+ = success
i - = failure
i o = synthesls not attempted
: 7 = without UV
#% = gynthesis enhanced by kaolin J

For more data see Tables I = IV
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.

With regard to the.dinucleoﬁide synthesis, 1t is signifidant
to note that in thls reactiop it was ﬁeé;saary to‘phosphqrylate a
v seéondary hydroxyl to achleve the desired linkage. Tnis was as un-
successful as other attempts to cafry'out the synthesls of,canpouﬁds
with secondary phosphates, in particular AMP (2'), AMP (3'), and 1s0=
proﬁyl phosphate. It would appéar tﬁat sterlic hindrance and re-~
activity (nucleophiliclty) might have been the causes making the ;
primary hydroxyl of a cyclic sugar more reSansibé to phosphorqu— :
tion than the secondary hydroxyls. The fallure of chitosan. to pro-.
mote dinucleotide synthesis can be atiributed to thé fact that DCA
apﬁaréntly requires an acidic ehvironmenﬁ to operate effectively, -
which was not the condition in the experiment performed in this case.
Condensing agents which can operate well around neutral pﬁ might de-
monstrate the ﬁsefulnesé.of the glucoswﬁine polymer as a surface
catalyét after all. ’

It may be recalled that the synthesis of glycerol phosphate as
well as glycerol‘écetate was observed In the course of this work.
Therefore, a reasonable'éxplanation is arrived at for the possible
primordial origin of.phoébhblipids which may have been needed for
the first blological membranes to have appeared. A méjor problem fee
- maining is how'ionger chain fatty aclds could have reacted in aqueous

. solution, since they are relativély 1n$oiuble, to form the/?gzgoh
‘ _glyceridesﬂ" It is possible that eohlots utilized éhqrter fatty
acids and'ﬁhat the longer ones are a comparatively recent inﬁovation.
It is also’plausible that protobiologicél syétems did not utilizg“

lipids in their membranes but instead used polysaccharides, such as ‘



88

‘

dextréné, as found in the cell walls ofﬂplants and bacteria (191), or
some other agent that could have served the purpose on a primitive
level.

It is interesting to note that the successful reactions emplqy;
ing DCDA and DCA involved aclds as reactants and generally gave ylelds
of the order of 1%. That diglucose synthesis, involving the gnipn of
two hydroxyl-reacting compounds, was unsuccessful with jusﬁ the media-
tion of either condensing agent is not surprising. For example,
the dialkylcarbodiimides are able to react with hydroxyl compounds.
only in the presence of appropriate catalysts and rather vigorous
conditions (197).

With regard to polysaccharide synthesié& in particdlar, it does
not séem reasonable that by the random syntheses available during -
primeval chemlcal evolution a long ¢chain of glucose units could be

linked by 1-4 bonds exclusive

yas would be needed in a cellulose mole~
cule, for'example. The results already cited in fact appear to favor
the 1-6 iinkage in random syntheses (112). The work reported her¢1on'
the phosphiorylation of glucose would alsq seem to suggest the greater
kinetic and steric avallability of the primary hydroxyl of the no. 6
carbon in contradistinction to the other hydroxyl groups. The 1-6
lihkage in‘biologicél éystéms is usually restricted to energy- |
storing polysaccharides, such as glycogen, but is also found in the
usual dextrans of bacteria and fungi (151). Some of the dextrans :
serve as food reserves and others are incorporated in the capsulaf

sheath of bacterla, while another group of these polysaccharides

apparently have no function other than being side-products of meﬁa—
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volism. . Analysls of a large number of dektrans indicates that'the
vprimafy_linkagé“betwéeﬁ adjacent glucose units is angi 1~6 bond
(50-97%) while the 1-4 bond (0—50%5 and 1-3 bond (0-40%) are found

' to a lesser extent'(ZlZ). A 1-4, 1-5 linked glucose polymer has also
been isolated (213). D |

With the posslble exception of these seemingly random bacterial

. dextrans, 1t does not appear likely that sugar polymers with only, one

type &7 ”epcati“g linkaze could have been syntheslzed without the usual
vb*ological mediators, l.e., enzymes (polypeptide catalysts). if, for
éxample, two glucose molecules join by a 1-4 lir;age, there does not
appeaf fo be,anything to prevent the formation of a 1—2,_1—3, orjl-6
linkage of é third glucose uniﬁ éo'the»dimer as-easlly as another 1-4
bond; A l-1 linkage is also plausible. Also; many'presedt day poly-
saccharides involve regular alternations between two diffefent'su-
@ars (191). Such regularity 1s unlikeiy in a2 random synthesis. On
the other hand, dextr3n~11ke volymers may have been quLte useful to
eobiots for éﬁployment in the construction of cell.barriers. It__.
thus appearé that from the poinﬁ of view of tﬁe means concéivably
available duriﬁ bcn$cal evolution (acid UV 1igt ht, and tnn l*ke)
that thc regular rolysaccharidos such as cellulose, chondrOthn, and
amylose, probably had to wait for the aopearance of biOC&taljuto,
whereas random polymers such as the dextrans could vcry well. have:

Dlajcd an instrumpntal role in bringing about the 1nitial xormdtion

of unique protooiolobical systems,
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1t would apnear a priori that a nons pecific dimcrization of
vlucose could produce any of the eleven possible dimero, thus lack_n? _
the bord SpeCiLlCity es;ential for the synthesis of a pqrticularlv re-
quired disaccharide. In the case of diglucose, eleven pyranosyl
dimers are possible since there are four.reactiye hydroxyls and -
also the hemiacetal hydroxy}can.assume an ‘a or a'%' configufatioﬁ.
In natural pélysaccharides, the 4-linkage and the 6-linkage appear
moét often with a predominance of the former (191). It mév'b@
noted that by acid—revergion (0.08 ¥ HCl at 98° C for 10 houru)
of the D—glucose, elght of the eleven possible dimers have been pro;
duced and identlfied (112 214-218) The other three were thouwht
to be present as well. ﬁlthoabh he ylelds were olmilar, there. ff. 
appeared to be a oreference for the 6—1inﬁed disaccharideo (not
the Q) Thus, one would eXpect a nnarly random distribution of nly- r
cooide linxaves fbrmed during cqomical evolution.
-vIn DCA—medlated peptide synthesis it was reported here that
wnen both glycine and trivlvcine arﬂ available in the reaction solution
| the tetramer is preferentiallv produced over the dbner of 1ycine.
: In uunport of. this 1t is “knovm tnat thm (oositive) free en@rgy of
formation of the tetramer fron the dimar, for example, is about half |
~as great as fbrxthe synthesls of the dimer of glycine from the monq-_.
. mer (218a). This is-probaﬁly due to the fa;t that in the mononev;§ l
high Charge fieid is set wp by the proximity of theiterminalvéharges
of the zwitteﬁioq;tepding to repellan incominé armoniumn or carboxylaté'
group.vln_tﬁe_trime:,'thesé charges are much further removed, thus’

offering less resistance.
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It is évident that members of the cyanamlde zroup of compounds
are indeed effective in the promotion of a varlety of condensations in
agueous solution under pfésumed primitive Earth conditlons. The ex-
pefﬁnents descrlbed have held to the restrictlons set up by thé
‘attempt to simulate andvduplicate cheﬁical evolution, including:
| 1) simple, relatively stabls reactants,

2) aqueous enviromernt, ' ' K

3) moderate temperatﬁre, and oo

. 4)_ dilute concentrations. )
These'restrictions would.e iminate the employment of the more complex
dialkylcarbodixnides, the less stable polymetaph&%phates, the hotter,
Kkinetically deslrable circumstance of an anhydrous volcanic environment,
and the more favpfable cendition of a nonagueous solvent for ca%rying
out a dehydration condensation reaction.

By the use of ¢yanamide, dicyandiamide, and dicyanamide various
esters and anhydrides havé been synthésized; Although the yields.were
“ . gmall fron a preparative standppint, the prospect of greater ylelds
over the iong time period in wnich chemical evolution is believed to
have occurred (198) would compensate for this.

The.possible role of cya —mide.chemistry during§chehical evolu~-
tion'diﬁcussed;earlier is now emphasizqd by the sugcessfpl appliga—
tion of compoundé derived fran cyanide to;further problems, it is |
“quite possible that additional compounds of conditions will be found to
efféct-the syntheses described here, It must be emphasized that these
experiment§ were designed to demonstrate one plauSiblé means by which
such compqﬁnds could nhave been formed on thé prebiotic Earth, thus -

providing;materials needed for the origin of living systems. It was



ST RN R TR

e

" was intended that these demons»rﬁtiOﬂo mi it g;V“ a clua to the
general means by which condensations were effected by-thesg con—]_'
densing agents or related compounds. It is also.Dossible,that-tﬁé
types of bonds synthesized here arose by tqo or tnree different
‘means operating at the same time, including the method descr 1bedl

here.

That both dicyandiamide and dleyanamide could have eﬁsted,;_on
the primitive Earth has been demonmstrated in the labéraﬁdhy.Firstv
of all, DCDA_wasvsynthesized by UV-irradiatlion of an amnoﬂium gyan~’}
ide atméspbéré-(l99). It is significant to recall that cyanide 1s a
key intermediate whenlan electrical discharge is‘paésed through‘this'
type of zaseous mixture (26) and probably played an xhporéant rolé in
the synthesis of DCDA Just mentiéned. ~ Also, melamine, the trimer
of cyanide; has beén renorted,in'the Orgueil meteorite (200); and it
is known that dicyanQde*d is reédily cdnverted to meiamiﬁe at ébout .
200° ¢ (130). Recently uuA was synthesized by y-Ilrradlation of an
ammopia—cérbdn tetrachloride solution (201). Prelbn;nary results
from fhis‘laboratory suggest that DCA can be produced by UV-irradia-

¢

tion of ammonium cyanide solutions.

Since DCDA and DCA appear to Operate as condensing agents .
'bebt at low oh tne question remains as to the li!elinood of gucé a

: ‘Qltuatlon on the primitive Larth. The presence of carbonateo in miner-

ul deOOSLtS (116) would favor an alkaline envirorment. iowever, it has

bcen pointed out, for examole that the redox reactlion oetween nydr-o=-

gen gas and cupric ion to give njdronium and cuprous ions .becames
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autocatalytic snce initiated and can lead to an accumulatiqn of pro-
~ duct (H*)’if glven sufficient reagnet (202). The presence of Hp in
- the primiéive étmoﬁphere is nowxéommonly accepted (8), giving ére—
dence to the suggestion. As will be reported in_ﬁhé next section,
DCA—mediated reactlons, althoughlmost active at low pH, glve de-~
4tectab1e yields_ﬁnder:neutral conditions as well, Thué, the'plausi-
bility of these expe:iﬁcnts duplicéting primordial events 1s reallzed.

11
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“Part IIl:

. STUDIES ON THL MECHANISH OF OPERATION OF

~ DICYANAWMIDE AND DICYANDIAMIDE AS COWDVVSIVG ACEJ”Q

Introduction

bNow trat the obée;§ations were madé of the capacity of dicyénémidé
and dlCJuﬁdiaﬂide to act as ag entu in promoting dehydraﬁion condénsation
-in agueous solution, it was necesﬁary to»eséablish the mechanlsin by |
which these compounds_operate. Thisvinfprmat;on woula permit further
insight ih;o the nature of the reaﬂtioﬁs so 'as to allow additional
dpplw .t 1s and imorovenanto of Lhe pﬂoccdure.
‘ The flPSt step in the dnalyQLb was to otudj uhe phyolcal properties
of dlcyandiamide to learn more of the nature of the compound and thus
perhaps be able to better understand the mode of operation of it.
These properties wére studied by nuclear magnetic resonance épectfo-
scopy as well as ultraviolet and infrared speétrophotonetny, |

The next step was to pick out one of the cohdenbation'rééctions
known to be promoted by DCA and DCDA (in thié case, dipeptide syhthef
sis) and to examine 1t in detail to elacidgte the nature of the re-
‘dCuiOn, its response to various-condltions, and the poséible rple
of catalystn in it. | | _ ‘ o
The reaultan» data permitted certain conclusiosﬁ to be drawn

about the reaction, as will be discu“"ed.



Experimental lMethods — Ceneral -

1) Chromatosraphy
The chromatograpiy (paper) used in thils group:of experiments was

carried out in the same general memner as described in Part I,

4

2) Spectroscopy
UV spectra were observed‘by the usuai method in fused'siiica Cu~
vettcs‘using a Cary Model 14 apparatus. IR spectra were observed in
a PefkinéEimer Model 137 or Beckman IR7 sﬁeétrophotometer with the
~compound under study dlssolved in an appropriate solvent df_preSSed
intova KBr pellet. ‘Nﬁﬁ'spectra were recorded wi?ﬁlalvarian HModel " A-60
spectr@meter. Besidés giving characteriétic hydrogeﬁ patterhs, theb'
NBR pfocedure was used to.deterndne the Arrhenius activayion energy of
protonation. The following.schenm, using sténdard equations (203),

vas employed:

' 2. | 2 'S
| 2w (A-Vh)(L#::) . S
. . ] ‘U']v' ‘ _ ) E 4
- Data collected: VA; Yg, T
T = absolute temperature \
»VA - Yg'= separation of peaks in éps (cycles per second)

S = separation of peaks at given T

87,=fseparation of peaks at large ‘7 (exchange time)



Also-fT= l/K, where K is the Llrat~order reaction rate constant. In
a&dltion, in T~ E //T, where Ey is thc energy of activation and k is
the Boltzmarn constant., A grephic plot of the data gives B /{, whlch

in turn glves g,

3. Paper Electrophoresls

The pfimary analytical method used in the analysis of the mechan—
ism based on the ylela of products under various conaltions was low
 vo1tare, horizontal paper electrophores%s with borate buffer at Qd
»9,2 (188). Strips of wWhatman Nd. 1 paper,>measuring 1.5 inches by
21 inches, were used. Flectrophoresis was carried on for 8.5 hours
at 300 volts and 5 ma uaing a Hewlett-~Packard Model 7i2é powerisuoply.
‘X—ray £ilm located the laoeled proaucta and aporopriate sprays locat-
'ed the carrier o ' J -__‘ R

g, uoectrophatometrlc Det ermin tion of DK

To determine spectrophotone»rlcally the p¥ of a1compoand it is
firot nccc“"ary 1'o find an ab rption maxinum which has differenu
extinction coefficiento for the protonlued éha ioniz ed fO"mo. Tnen
&he coapound is dissolveu in uOluthnu of various acid concentratlons.
lTne abaorbancy of each rtuUltinf solu*ion 1s read in a Becknnn Model

- DU opecnrophotoneter at the belected wavelen th whe re each zero point

adjustment 1is made wlth a conparabie -acid solution. The resultant

data ere used in the formula:

(A=A )
pK = H  ~ log Al
| o B A ‘.
where A, 1s the absorbancy for the protonated form of the molecule,
'AA“ is the absorbancy for the lonized form, and AA 1s the absorbancy



at the glven wavelength of a value about midway between the two pla-
teaus (sée Flguwre 29) at a glven acidity which then also defines the

‘Ho‘of the equation (204),  The pX is thus deterwﬁned(

NOTE:

The expérimenté described in this section are arranged iﬁ terms
of ﬁhe.sequence in which each provided information leading to fhe
vnext, For cxample, the study of the time;course of the,reactionf
laid the foundation for work on varying thé concentrations of thé.
raéctants.:Similarly,'thevinfrared_studies led to anAin§estigatioh-
of the effect of pH on the reaction. |

As tefore, each experiment 1s Introduced with a comment on the
-partigular relevance pf the proecedurs being studiéd £o the overall
.prgblem, follo#ed‘by a description of methods used and,thg<§a€a, |
collected. Finally;-a short diséussion is presented-of the fesults,
their rémificationa, and signifﬁcanée to the elucidation of:the'

overall mechanism.

o



Experimental Data end Discussion

.. Physical Studies on Dicyandiamide

1) Ultraviolet spectrum and effect of UV irradiation

It was first necessary to estavlish thc UV spectrum of dicyandia=-

mide. An aquedus solution of DCDA (:1.0"u M) was placed in a fused silica

cuvette and was measured in a C%ry Model lﬁ :;ectrophotomeﬁr. against
water reference. Algo, another solution of JCuA (;0‘2 M) which had '
remained at room temperature for six months at neutral pH was diluted
to J.O'v‘Lz ﬁ_énd 5bserved in the same manner. A major peak was‘noted in
both cases at 214 mu; 1t has a molar extinction coefflclent of 9.74
; x_103 (see Fizure 25); A moderate change was observed in the spectfum
of the‘DCDA thaﬂ had remaihed in wgueous solution at neutralitygfof
half a yeér, attesting to its stability. wWhen the pH was lowerzad the
peak remained, but was shifted tc about 204 mp at pH 2. On the othef
: hahd as the pH was raised, the 214vmu peak disdppeared. A reasdnable
explanat;on would be that the 214 my pcak is due to conjugation of
the 4l amine form of DCDA mentioned earlier. RGNOVLD¢ a proton by rais-

ing the pu’would'destroy the conjugation of the system,

NHp~C-NHy NHp-C-2H™ © MHp-C=ni

R
P e
C=N © C=N C=N

Fig. 24, Suggested effect of raising the pH of an agueous.

solution of DCDA. o
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A A—Fresh solution
B— Solution’ stored at
08 - room temperature

for 6 months
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MUB-4590

Fig. 25. Ultraviolet spectrum of aqueous solutions of
diayandiamide,
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To study the effect of ultraviolet irfadiation on dicyandiamide,'

a 107¢ M agueous solution of . 14c_1abeled DCDA was prepared and irra-
diated in a sealed fused 31licacuve te for 4 hours ‘with a high

pressure General Electric Type A~-H6 mercury lamp at a dlstance_of‘

': 7.5 centimeters, Throughouﬁ the 1llumination perilod the cuvette wWas
éooled by é steady aiffstream blown across the surface of the veésel.
The product solution.was'spotted on Whatman No. 4 paper next to»é~ |
similar sample which had not been illuminated, Resolutioﬁ of the pro-

ducts was dchioved by emnloyixg a mixture Qf.n-butanol;ethanoi:water
(M:l:l} as solvent. Lhﬂ suspected produéts, for which chrOmatographié_
standaras.were'procured, included melamine, cyahamidé, guanylurea; di-
cyandiamide, guanidine, and urea. 3ince only the sulfates of guani---
dine and guanylurea were readily available, the free compounds ﬁere
preparéd by ion exchange chromatography. The first three compounds
(melamlne, cy&ndnude, and guanylurea) were located on cnromatogrdphy

vpaper with nitropruSDide SPray. (Thlo consists of one part 10%

- NaQH, one part ld% sodium nitroprusside, onie part potassium hexaéyano-

. ferrate (III) and three parts water by volume (190)). Guanidine was

first sprajed with 1% FeCls oolution and then nltrOprusaide giving

a.deep red-orange color. Urea and dicyandiamide were 1dcntified with

~ the Erlich spray which was prepared by dissolving 0.25 gm of p-di-
méﬁylaminobénzaldehydé aﬁd 0.5 ml ofvconc; HC1 in 50 ml of ethanol (205).

”ha productIon of melaminc, the trimer of cyanamide, by the neating
of dlcydnulamIde, the dimer of cyanamide, 15 belleved due to the fqr~

mation of:the mononer which subsequently trinerizes (206); Therefore, .

melamine was one of the first compounds locked for as a product of the
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.-UV irfaﬁiatiOn of DCDA. However, it was not found. The new produc;s
:identified‘weré:cyanémide monomer and the urea of cyanamide. The stafp—
7 iﬁg:maﬁeriﬁl was élightly contaminated with guanylurea aﬁdvguanidine.
 .Ih¢f§aséd,amounts of these corpounds were found fdlowing the irradia-
ﬁibﬁ; -Th¢_results are summarized in Table VI. It is interesting to
ﬁh@gg,tﬁéf é'large ahpunt‘of ﬁhe bfoduct is hydrolyzed to ureas. This
| effééﬁ might.sugggst that UV excitation of DCDA could conceivably'
»:pfémoﬁe.deﬁydration condensation reactions,'as orlginally suggested,

l'%buﬁ'as‘yet this has not been observed.

‘“Table VI: Summary of Products Formed by Ultfaviolet

Irradiation of Dicyandiamide

- Cbmpéund ai, “% in Reagent A Product§ | Rf**

. suanidine | | 0.1 | - 0.3 0.25
 manylurea . 0 0.8 oo
'uréa‘-,_,i_ 0 1.4 © 052
Soooa w9 ol 0.69
 -¢yanamide.:v o o L 0.87

. *# Solvent = n~butanol:ethanol:water (M:i:EO; see Figure 26.
. % Yields were recbrded with a Baird-Atomic Ge%ger-mﬂller

c§uﬁter Model 123.
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€—GUANIDINE

(4:1:1)

GUANYL-
UREA

&— n-BUTANOL : ETHANOL : WATER

. < MONOMER

ZN-5308

Fig., 26, Autoradiogram of chromatogram exhibitjlrig the products
resulting from the ultraviolet irradiation of ~“C-labeled
DCDA, Column’A shows the original reagent and column B
the products,
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2) ., ‘ Infrared”Spéctrum _ ‘e

An infrared spectral study of dicyandiamide was carried out to
determine if evidence could be found for the cyclic form of the come-
pound. Thé'spectra were observed with solutiohs of DCDA in'HQO
.;and also_ézo in a Perkin-Elmer Model 137 spectrophotometer using

- . matched BaF, cells. The total spectrum compared well with that

"2
appearing in the literature (140). Varylng the pH did not give an
indication of the cyclic fofm in the regions observed. | |

A more‘exacting study of DCDA wags carried out in a Beckman IRYH
infrared spectrophotomester. The results indicated that, in parti- .
culaf; DCDA, cyanamide, and DCA (of subseguent intérest)'exhibit“

shoulders at 2115 cm‘l, the place at which dicyeclohexylcarbediimide

has its carbodiimide absorption (197).

3) Nuclear Masnetic Pesonance

Fufther evidence was sousht for the structure of dicyandiamide in
solution. Sincé'NMR reqﬁires somewhat conccnfrated solutions, water -
| -absorbs_near th@‘region of intercst, and DCDA 1s oply'2%.soluble_in
water at room temperature (140); additional solvents were considered
fér these sﬁudies. First it was noted that Dy0 wasn't useful since
the hydrogens of DCﬁA exchange too rapldly. Acetcneiwaé useless
since it, téo; absorbs heavily:in the reglon of concern. DCDA ygé
found not to be soluble in chloroform, dioxane; énq tetrahydrofuran,
and on;y somewhat soluble to 2-methcx&éthanol. FPinally, DCDA was shown'
to be very;soluplé ih‘dimethyléulfcxide and dinethylformamide; ne}ther

of which obstruct the reglon which was to be observed. -



103

It was declded to find an aclidity at which DCDA exchanged a proton
in sufficieﬁt amount‘to allow low temperature studles. Protonation
also hélpe@ to‘classify tihe hydrogens of the molecule more easily. By
adding various amounts of conc. 1iCl and measuring. the fesultant‘appar- ..
ent pH, it was shown in dimethyisulfoxide tbat around pif 2 éuch an éx—
change took place._‘Since dimethylsulfoxide (DMSO) his a nigher freez-
ing point tﬁan dimethylformamide-(DMFA), wWOork was now switched to the |
latter SOIVeht. All HER specfra were made on a Varlan Model A-60
analytical spectrometer. An examination of the structure'of DCDA
indiéates thatprotonation of the molecule should result in only two
types 5f hydrogehs ina b: fatio for the carbodlimide form .to be
pbssible. A 50% soldtion of DCDA In DMFA was prepared and adjusted
to pH 2. KR spectra were taken at various temperatures down to
-50° C.f (Below this, the solution froze.) Tigure 28 shows the twé
pgaks:observed at the variqus temaeratures.l The peak arouhd 275 eps
WS attribﬁtéd:to‘tbe‘waﬁer in tﬁe added conc, HC1 (35% in H26>. Aé
thevtemperature was lowered the proton exchange rate‘slowed and per4 
mitted observation of the two sbecies invoived in the exchange, H2O
and DCDA. It may be noted thé.t at =50° C the DCDA peak at 411 cps
is beginning to split, probably due to.a slowing of th; hydrogeﬁ ex— -
change between the sites of the molecule itself., It was hqped_that

3

this resolution would occur at a higher temperature to permit obser-

vation of tﬁé species within DCDA itself,  However, since the nature
- of the solution prevented further lowering of the temperature,‘it
was impossible to achieve this, N

In the course of this study, data were collected at a number of

temperatuares whéreby it was posslble to calculate the Arrhenius
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-Fig. 28, NMR spectra of dicyandiamide in dimethylformamide
adjusted to pH 2 at various temperatures,
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activation'energy of the protonation. The data and results are as

follows:

Table VII: Data from‘NﬁR Studies on DCDA at Various Tenperatures

T Y e
293 .° 388 285 0.349

283 408 282 1 0.472
273 415 287 7 0.520
263 4 275

At 263° K, the )g__ 7% value (411 - 275 = 136) equals S’T since it

'_“is the maximum~spread encountered; the separation was no greater at

223° X, for example. By graphic plot of the data, Ey/k =.l.8ﬂlx‘lo3
end Eg = 3.66 kcal/héle. A similar valﬁe was found when tée width
of the indi?idual curves Qas considered. |
"Although the experiment did not give any furthef Insight into
- the structure of DCDA, the dda on the actlvation energy of protonation

proved interesting and werthy of noting.

B. The Mechanism of Dipeptide Synthesis

1) Quantitative aspects of DCDA—mediaﬁed_alanylalanina Synthesié

As was already ﬁoted, dicyandiamide cgﬁ Successfully‘promote=the
dehydrétion condensation of alanine to glve alanylalanine. This reé
action was dérried out in dilute aqueous‘solution in the dark. Gﬁahyl-
- urea wﬁs deﬁonstrated as a concomitant product of dipeptide éynthesis
using dicyéndiandde In the foliowing experiment: A stock équeoué

sso0lufion wés prepared contalning hydrochloric acid (0,02 M), DCDA

)
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(6.02 M), and alanine (0.02 }). A 50 A aliguot of this solution was
added to 50 A of an aqﬁeous solution cpntaining 1”C-la5eled alanine.'
Alsp, 50°A0f the stock solution was added to 50 A of an ﬁgupou solu~
tioﬁ whichvcontaine ¢ C-labeled dicyandiamide. The Solutibns remain-

fed in thsidark at fOOm temperature for 20 hr, Each was directly apblied
to avsebafaté sheet of wWhatman HNo. H‘paper. Sﬁéndard samples of guanyl-

ured andvalanylalanine were plgced in parallel to the test samples.on
the appropria te sheets h30ﬂ4uogram Cﬂntaininf iaveled alanine .

was run with water-"acu”atpd pnanol cone. hruOH (200 1) as oolvent,

-whereas he othe¢, conta¢nlng ldneled DCDA, was run with n—butanok._,

1nol water (u ) as oolvenv, The stahdard zﬂple of d¢0°ptide

‘was located with 1iﬂhyur¢n, the muanylurea W&o found with d nﬁtro—

' pruséidé:spfay, and tkm labeled products were located by means of X~

ray film. The results indicated that O.Slﬂ of the original'alénine'-

was converted to the dimer. After subtra"‘in? the amoun*.of eycesé

guanyluréa fofmed by direct acid nhydrolysis of uCDA 1t was found

that thé'amount of excess guanylurea formed WAS equa+ to the number :J

of peptide bonds formed.

2) Introduction'to DCA studies

oimilarl.y, dicyanamide (DCA) provecl effective in pronoting dioep-
tide synthe51s. ~In fact, d;cyunan&dc appoarud to be bctter than -
‘dicyandiamide in terms of the amount ot/gZotidc prod uccd._ The exveri—
ment deseribed here using labeled alanine was repeated using sodium

dicyanamiqé in place of dicyandiamide. A yield of 1.6% of the ala-

nine dimer was observed, as compared with 0.5% in the case of DCDA.
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In order to estimate roughlybﬁhe rage at which polypeptides syn-
_ thgsized with the aid of DCA might have accunulated on the primitive -
Earth, it is necessary ﬁo ﬂave some insight into the mechanism of the
reaction and its possible catalysis by inorgﬁnic lons likely_to-héve
been present in abundance'in the primitive oceans. Peptilde synthesis
from glycine uéing dicyanamiae was chosen as the reactlon to study in
greater detall, since the ylelds are good and the separation of re-
action préducts is eésily carried cut. The facts obsérved earlieg
from the étﬁdies witﬁ,dicyandiamide proved useful in evaiuating thé
DCA-mediaﬁed‘reaction. '

1t waé postulated a priorl that - ‘cyanamide and related compounds,
such as dicyananddé énd dicyandlamide, operate as condensing agents
by a mechanism similar to that encountered with the dialﬁylcarbo—
dlimides. This>wbﬁld mean that the key intermediate fo the reaction
would.be aﬁ acylisourea (see Fimare 38) fbrmed by the 6arboxyl group
(in the case of dipeptide syﬁthesis) ddding across one of the carbo-
. diimide double bénds. This would then be éubject to nuéleophilic
attack by the amino group of another mnino.acid, reéulting in tﬁé"
productioﬁ of the'dondensation bOndv(peptide bond, in thé case of
amiﬁo‘aéids) and the corresponding ufeé.-‘ o

3) pK of dicyanamide

‘ An essential piece‘of infonnation neéded for fprther4meéhanistic
studies was the pK of dicyanamidc. Related evidence, to be dlscussed,
indicates.that the rates of hydrolfsis and polymerization aﬁ rbom :
tempefatuée of DCA in écid are guite siow and that the comﬁound is .
apparentiy unaffecﬁed by brief (3 nﬂnutes)lexposure té acid with fé— |

gard to its capacity to enter into the synthesls of peptide bonds.
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A spectrum Qf NaDCA (lO‘g 1) measured in a Cary Model 14 spectroQ
 photometér'indicated that the compound has a maximum at 190 mu which -
tails off to about 230. mu. To determine the pK of DCA by spectro-
photometry, solutions weré separately prepared of various concentra-
ﬁions of HClbin which the NaDCA (10“” ﬁ) was dissolved., Within leés
than half_a minuté folioﬁing preparation of eééh solution, its ab;

.sorbancylwas_measured at 211 mu.
The resﬁltént déta are found in Figare 29 and Table VIII, ;FOr:‘

“the present experiment, Aoy = 0.381, Apm = 0.087, A, = 0.211,-énd‘f

Table VIII: Determination of pK of DCA .

’.HC; nérmality ‘.. 'HO% | O.thll m .
0 | - 0.087
1.0 =0.20 0.072
240. .09 o2

3.0 .05 0,362
W0 -ldo 0.362
6.0 2.2 0.381
 §Ho values {rom Réf. 204a. - o

S

H, = 0.69. This glves a value for the pk of -0.8. When the determin-
ation was made at 220 m¥ the same pK value was found. This figuré’_
proved uSeful in experiments where the DCA concentration was varled '

and 1t was;desiréd to maintain the same Indtial pH in each procedure.
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Fig, 29, "Titration curve'" of sodium dicyanamide measured at
The NaDCA was dissolved in solutions of various
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acid normalities and the resultant absorbancies were meas-

ured,
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4) Effect of acid on peptide synthesis

It may be recalled that with the DCDA-promoted phosphorylation -
of gl@cbse,»significant yields were observed oniy when the pH was
aﬁjusted to 2 or lowér; Simil drly, with the other reactions attémpted
‘using DCDA as well as DCA, the most successful ayntuese were achieved
when the condxt;ons were acldic. T determine what effect, if anj, ‘
pﬁ baé Cn'DCA—meéiated dipeptide synthesis,_the production of digly-
cine was carried out in a variety of acid concentrations. In each |
caSe,.the concentrationg of NaDCA and labeled glycine were ‘kept the'
same iﬁitially at 0.0l M. Al;quota vere taken after 10 minuues of
‘reuction time and dnalyzed by low—voltage horizowtal oaper electro~'
phoresls in borate buflfer at pil 9.2. The res ults, summarized on the
graph.ih Figlre 30, suggest that the reaction is promotedmby acidic
conditions. | | |

' When tﬁe reaction was carfied out in the abseﬁée of.HCi, _
the yield of dquyc;nc was about 1%, (Thls observation is signifi~
cant in that it also demongtrates that while DCA-mediated dioeptidA
syntneois goes best at low pH, it gives detectable yields under
neutral conditions,)

5) uffoct of DCA concentration on. dipcotidg gynthesis

| That dipyanamide is indeed the agent promotlng dipeptide syn=-
thesis was démoﬁstratedyvery easily'with éofrespond;ng controilex—
periments_in‘Which the DCA was absent (all other cohditioné belng |
held the sam@) whereby no diglycine was observed. Then; the effect which

DCA concenﬁration has on the yleld of glycine dimerlzation wha

{
i

D}
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Fig. 30. Effect of increasing acid concentration on dicyanamide-
mediated diglycine synthesis, In each experiment the glycine
and sodium dic_yanarnide concentrations were both 0,01 M
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charted. A number of solutlions were prépared in which the labeled
glycine. concentration Qas 0.1 i1 in each and the pH was adjusted
with HC1 to‘l.j The concéntration of sodium dicyanamide was
varied.beﬁween 0.01 M and 0.1 ﬂ;in the array of solutlions. After

10 minutes, aliqﬁots were rémoved, applied to strips of Whapman‘

| No. i papér, and analyzed by eieétrouboresis; The results are
noted In Figure 31, Ylelds are baoed on totdl giycine. ' These  s
data indicate thau the dipeptide synthesis 1s directly dependent on
the concentrauioq of dicyanamide and the yleld of di{lyc;ne iq'enf
.hanced by an increased initial concentration of dicyanamide. _ ' |

6) : “ffect of qucine conecentration on dipeptide uvnthesis

Tne n@xt variable to be studled In the qynthesis of di&lycine
from glycine ualnb dicyanamide was tbe 1nit al amino acld concen—
tration. A number of oolutlono were prppared contdinlng NaDCA |
(0.1 M) and were adjusted to pH 1 witn HCl. Each solution also
contalned an amount of labeled glycine whose concentration waé‘!!>
between 0.01 and 0.07 [4'. After 10 minutes, aliquots were with~I 
dravn and resolvéd by péper electrophoresis. The results are ex;v'
hibited in Figﬁié 32. Thus, the direct dependence of dipeptide |
synthesis on initlal glycine concentration-is evident. |

Hydrolysis of the di¢1ycine product (6 N HCY for 8 hours at ‘

- 100° C) gave back the origlnal glycing monomer, further oubstantiatf
ing the idestlty of the dipeptide (see dipeptide synthesis in Part I).
It_wgé of interest to know'if the carceyl group of the ély—

cine reacts with the dicyanamide to form the acylisourea intermediate
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Fig, 31, Effect of varying the concentration of sodium dicyanamide
in the synthesis of diglycine from glycine, In each experiment
the glycine concentration was 0,1 M, and the acid normality
was adjusted to attain pH 1,3,
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Fig, 32, Effect of varying the initial concentration of glycine in the

DCA-mediated synthesis of diglycine, In each experiment the

"concentration of NaDCA was 0,1'M and the acid normality was
adjusted to attaina pHof 1,
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as & carboxylate anion or In the undissociated form. It 1s known that

the pX of glycine (carﬁoxyl) 18 2.34 whereas that of diglycine 1s

3.06 (207). By choosing appropriate pi's it would be possible to

~ prepare solutions in which the glycine carboxyl would be nm*nly
dissociaced and the diglycine carboxyl would be mostly protonated.

By calculation it was uebermincd that at pH 1.40 glyciné carboxylv

would be 90% undissociated and dlglycine 98%. On the other hand;f

at pH 2. 60 glycine would bc 35% and digl&ciﬁe would bhe 74% undisgb-
c1at¢d in its cartoxyl group. At both pli's the amino groups of both
cbmpounds would be conéidered ;imilar for all practical purboseé.;_

In cémpafing_glycine and its dimer, steric factors would also need

to be considefed sources of differencé in the reactivities of the

two compounds. Therefore, in order to subtract this and leave only

the degree of dissoclation of the carboxyl as the differentlating
factor,vit was_decidéd to cany 6u£ peptide synthesis in solutlions
éontainihg glycine and diglycine at both pH 1.40, where there is

essentlally no difference in the degree of - carboxylate protonazion, and

pH 2.00, where the difference 1s quite evident. For this experiment .
luC—labeled diglycine was prepared from 1abclea glycine with sodium

dicyanamide and iuolated by papev chrom&tography. By udd&ﬂ? aonro~
priate amOunto of HCl oolutions were prepared ¢ontaining lycine
(0.01 m), di{,lycine (0 01 M), and Nama (0.1 1) at pH 1.40 and
2,60, One got of solutions at the two pH's containing lhc raveled
glyeine while another set contalning luc-labcled diglycine.. After.
5 mlnutes of reaction time, 100 A allquots of the product solufions
vere applied to strips of Whatman Ho. 1 paper and analyzed. by ele¢~

trophoresis in borate buffer at pH 9.2.
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wﬁefe lébeled glycine had been used, the yleld of diglycine
was noted; 1ﬁ1the éxperimentslwhere labeled diglycine had been a
reacvant, the yleld of tetraglycine was noted,sincé with the tri-
glycine produced it cquld not -be ascertaihed if it had been the
monomer or dimer which had formed the acyiisourea intermediate wiﬁh
dicyanaﬁide or which héd been the nucleophile a;tacking this inéeré
mediste. | | |

,The'ampunt of gzlycline polng to tetfanér was probably negliéible
under the conditions of the reactlion., In the figures for‘éhe degree
of prqtohation of the monomer and dimer at the two pH's hoted above
_it can Be calcglated that for glycine the degree OfAdiSSOCiatiOﬁ going
from pH 1.40 to 2,60 éhanggs by 61.1% whereas for diglycine it éﬁahges
by 24.5%. The results of the present experiment showed tha; gping
from pH 1,40 to 2,60 the yield of diglycine from glycine changes by
57 .0% whereas the yield of tetraglycine from diglycine changes by.
29.6%. These results suggest thaﬁ it 18 the undissociated foﬁm of
the rea@ting carvoxyl that participates in the formaticn of acyl4
isourea intermediate‘which is thought to be necessafy for the sub—  ‘
sequent synthesls of'the peptilde bond. _' |

| P IR studies |

Infrared spectrophotometry was emblo;ed'in an attempt ﬁé ob-
serve the hypothetical aéylisoureé intermediate. A solutlon was pre-
- pared in D0 containing glyeine (0.05 ), HCL (0.1 §) and sodlum
dicyanamiqe (0.1 M). The sample was placed in a BaF2 cell:and ob—-
served (56 seconds after mixing) in a Beckman Model IR7 spectrophoto{

1

meter between 1600 and 1800 em —. Although no absorption suggﬁstiﬁg
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such a compqund appeared in sufficlent ﬁ;gnitude to be ob#erved in this
regidn, even when the tenmeréture of the system vuglloweréd fo'3° C,
other interesting data were reéorded. At ‘room temperature one péék*at
1735 cﬁ‘l_gradually disappeared with timeiof reactioh while ﬁwo other

absorntion maxima appeared at 1698 em™t and 1620 em=t (see Fiﬂ. 83).

'Vtuoios with standard compounds indlcated that none of theqe peako was

due to dicyanamide (which is trensparent in this region), bluret, diketo-

piperazine, or diglycine. It‘wés also shown that 1f the reaction had

- given a 3% yield of the slycine dimer (which it does under these condi-

tions, as shown by an independent experiment), the dimer could not have

" beén detected in the presence of'the other bands with the sensitivity

e“nloyod. By utudies of elycine monomer at appropriate pll values, two

of the peaks were ldentified. The 173) cm“l maximum was attributed to

-undissoclated carboxyl groups, whereas the 1520 cm"1 peak was attributed'

to carvoxylate anions, The decreas e of the first peak and the 1ncreaae
of the secondAduring the course of the obseryation perlod appeared to
suggest ﬁhat the pH of the medium was slowly changing. A similar'shifting
of peaks was ohserved when N,N-dimethylglycine replaced glycine undef the
same conditions. | . ! |

- With the possibility that the rema1niny 1668 em ~1 maxirm m*ght
indeed he cdue to an adduct of the dicvanamide and.glycine, three O 1M
solutions were prepared in Dy0, The first contained rodtum dicvangmice,
1Cl, and CHéKHé,' HCl. The second contained sodium dicyzremide, }CI,
and acetic;;c;d.’ These two ccnsiderhd the possib litj of a ecartoxyl

and an amihe adduet with the dicyanamide. The third solution econtained only

‘sodium dicyanamide and 1iCl. All three samples exhibited the 1698 cm—1

maximum when observed at'30 minutes after mixing, and 1t was thus sugggstedv
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Fig, 33. Infrared spectra of a mixture of glycine (0, 05 M), sodium
dicyanamide (0,1 M), and HC1 (0,1 N) in DO observed at
various periods during the course of the reaction, The 70%
transmission line has been included for reference,



that this peak might be fnvolved in the ‘hydrolysis of dicyanamide.
Thevthird,soiution showed a sjmilar slowly rising, value fo? thé time-
rate of apﬁeérgnce of the 1698 crt peak as when éiycine haa also been
present, hut with the absence of‘the other two maxima observéd previoﬁsly.
It bas already been demonstrated that thewpeak was not dué.to bluret. |
Therefore, cyanurea ‘was syntheslzed by the_reaction retween cyanamide
4.and potaésium cyanaté (133). vThe 1dentity of the product was verified
by'éleméntalbanalysis &s well as 1ts.hydrolysis to biuret (see Fig. 10
for hydroiysis scheme of dicyenamide). The IR speétrum of‘this indé-
pendently synthesized‘éyanurea exhiblted the 169¢ ém‘l peak., Therefore,
the appearance of the 1698 et peék in the system appeared to reflectA
the.hydrolysis qf DCA to cyénufea. (This will be discussed TUther;)i
Sodium dicyénamide wasvobserved‘to bhe quite resistant to hydrélysis in
neutral.solutioﬁ.. The urea, a more basic compound than DCA (pK 4.6 as
corpared to pK.-O.B); céuld affect the pll as it 1s synthesized and might’
thus'explaihltﬁe slow apparent pH chenge. |

S shéuld also be rememhered that sodium dicyanamide itself is
subject to hydrolysis even in the absence of concomitant beptide synthesls,
‘Apparently once peﬁtide.synthesis has stopped (which was.shéwn to be a
few ﬁinutes:éfter mixing reactants, as diéc@ssed in the next secéion),
”ureé“product;on cbnﬁinues. The sensitivity of the infrared spectro-
photometer'uééd as well as the time involved betwéen mﬁxing reagents and
observing phem in the apparatus prevented the reéording of thg Initial |
small (l,S%) increase of cyanurea which (1f the proposed mechanism 1s
correct) ﬁook ﬁlace Que to peptide synthesis. This reactién step 1s
reasonablé-since it was previously demonstrated in the case of dicyan-

dlamide that the production of its urea matched the synthesis of peptides
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during tha period in which the reaction’ was ta?inv place,
Tt was hODed that it would te possible to run the diglycina‘qyn-
thesis using glycine labeled with 018 in 1its carboxyl group ané then
loék by infrared spectrophotometry for-the label in the cyaﬁurea formed, :

| The lébeled'glycine vas prepared by hydrélyzing glycylglycine‘in thci.
.“presaﬁce of H2018 ’ Fowever,.it vas foﬁnd thaf urnder the écidic condl-
. tions requjrea for the dioeptide qvnthesie, the oxygen ex changes too ,;

rapidly witb the water 301Vent to permit definite conclusicns.

8) Lime cour e of ﬁipeptjﬂe synthesis

The kinotjca of tbe synthesis of dipentide using dicvanamide vas -
next studied. A solutjnn was prepared containing ?1ycine-2-cl” (O 01 V) 
‘sodium diCJanawide (C. Ol W), and He1 (0.02 N). aamples were withdrawn
at 10 and 30 minutes, and anaiyzed_by pdper_eleétrophoresi§. No signi-
H.ficant d*ffereﬁce was observed 1n the yield of diglycine betweén the two.v
This would sugrcnt that the reaction was rapid after mixing and quickly
reached a maxirum, much the same .as 1s observed with the carbodiimides.

It was therefore of interest to know the actual course of diglycine
appééréﬁcé.with time of reaction. A solution was érepared containing
labeled glyeine, NabCA, and HC1 (all at 0.1 ). Aliquots vere wthdrasn
. at variocus timc° durinﬁ the reaction period inmediately applied to the
electrophcresis paper, and very rapldly dried by a nitrogen stream. This
‘dryiny proceou e Look about 20 ,ecoﬁds 1niedch case and undoubtedlv.qtoppéd
the rpaction in each apnlied sample,  The resulto of this exoerimont where
.tno concentrution o’ the three reagents was 0,1 M in each anpeared to
Indicate fhat the reaction was complete within the first mlnute after
mixing ofsfhe reactantm Hext, the DCA concentration wasAchangéd to

0.03 3 M and the FCl ﬁnd Flycire -were kept the. qan@”a51befof¢.. Again the
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reacﬁion terminaﬁed}@uickly. Two other_experiments were carried out,

~one wnere the DCA was kept qt'0,03_yhand the glycine concén;ra616n4Was
“lowered to O 01 M, and the ofher where.the glycine was 0.01 M and the
'.DCA was 0,17 (botn nad FCl at 0.1 “) ”h°s° cases also ﬁemﬂﬁs*rﬁt?d '

a rapid appc@rance of diblycinc which abruptly stopped uftar a minutov.

or two follow*nb mixing, even though not all the,glycine was used up |

(seé Mg, 34), It was also Qbsefved thétlthe appearance-ofvdiglycine fol=
lowed the same tinw course. a5 the disappearance of 5lycinc monomer.
_ It was thus necesoary to determine why the reaction ended after
such_a short;period of time,_ One possibllity was a change of pH : olncé
the synthesis is_so pu-dependent, a small_change in acidity_could alter
the reaqtioh considerably (see section on acid—depehdenée). The IR daté.
suggested such a pH_change but it was quite §low and éontinued long after
. the divly0¢ne aynthesls was known to have ceased. To resolve this point,
a-soluuipn vas reoared containing glycine (0.1 M), NaDCA (0.1 M), and
| HC1 (O.lvﬂ). The pli of the solutlon was measured with a Beckman pH metef
(calomel reference electrode) during and after mixing of the components,
ﬂo changé was observed’in the pH within ﬁhe first few minutés after mixing.
Thus, a cﬁanginﬂ pH was fuled out as the process whlch was halting tﬁe ,
dipcptide synthesis. | _ o . o

9) Catalysis of diweptide syntheots by dlvalent cations

%

The cause of thc termination of the oipeptide syntheuis remained to be
lelucidated.‘ Another possible‘¢xplan&tion of this phenomenon was investi— -
gated. Itfis knbwn tnat‘free»(undiSSOCiated) dicyanamide.tends‘to'po;y;

- merize andfprecipitate out of solution (208). Tﬁerefore; a solutibn was
prepared contalning sodiun dicyanamide (0.3 1) and HCL (0.3 ). After
several hours, the solutlon was observed to become cloudy and finally form

a definite precipitate, Measurement of the final pH of the solution inaicated
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Fig. 34. Kinetics of diglycine synthesis from giycine using
dicyanamide, The initial solution contained glycine
(0. 01 M), NaDCA (0,03 M), and HCI (0.1 N).
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that 1t Was now approximately neutral. -It has already been noted that DCA
has a pK vélue ofI-O 8, Therefore, thc polymeri zation of the dicydnanide
upon DFOtOHutiOH of DCA anlon (aadition of acld to the medium) miqht
explain the gho”t redction perioo for tbe synthesis of diglycine. ‘

If the synthesis of dipeptide is terminated mainly by the polymeri-
zation of wdisscclated DCA, the amino acld dimerization mdght»be alded
by an agent that could prevent or retard the polymerization of the con-
densing-compound. Metal catlons, by thelr likely presence on thétprimi—
tive Earth, known importance in biélogical systéms; and ability to
: otab*lize pOlYGlCCtrOAyteS, would & priori seem to be good candidates,
~ Therefore, solutions were prepared containing sodium dlcyanamide (O 3 M),
.I'iCl (0.3 {{) s and metal calorides (0. "»*) 1ncluding megnesium, calclum,
copper, and manganese., 'fhe copper solution immedlately displayed a
precipitate nrobably cdue to the ”ormafion of an lnsoluble éopper salt
of dicyanamide. After Lt remained overnight at room temperature, the
staﬁdard'solﬁt ion (containinpd%gA%eual) appeared cloudy, as was the tube
Hcohtaining magnesium, However, the solutions containing calcium and manga-
nese remainéd clear. | |

These results Suggeéted that Ca** and 't effectiﬁely retarded the
acid-induced polymerizatiqn of dicyaﬁamideéand that the additién of these
cations to the glycine-diéyanamide~HCl smséem might significantl& increaée
the vield of dipeptide by retarding the loss of DCA due to poiymerizatioﬁ.
In order to test this hypothesis , the following experinent wag performed~
A »tock solution was prepared contalning 1abeled glycine (0 02 M) and
" NaDCA (0.2 M). A 100 X aliquot of this solution was added to_loo A of
S22 H HCl ana 0. 2 W CaCl,. A similar solution contained,OQZ M ¥nCl, In

‘place ofjthe calcium. "The results taken from samples analyzed after
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30 minutes indicaxed that the added salts did not enhance dipeptide

oynthe31s. (This dpparent discrepancy will be discussed further.)

10) Fate of dicyanamide

Since at the end of the rdaction period much glycine remained un-
reacted and the pH was not observed to éhange, the limiting factor
to the reaction was therefore attributed to the DCA. ince undlssocia—

ted dlcyanamidc 1s very prone to polymerize (208) and oince its known

triver, as a,modul compound, was not cbserved to promote peptlde-syn-

thesis in the same manner as dicyanamide 1tself (to be discussed), a

‘reasonable hypothesis would be that a conscquence of polymerization

of the DCA was to reduce the concentration of the condensing agent
(DCA monomar) and thus reduce the dipeptide formdtion.

-lq test this suggestion, a 3qlution was prepared coﬁtainiﬁg
NaDCA (6.4 M) and HC1 (0.1 K). At various times after mixing of the-
reagents,‘l mlualiquots were withdrawn and added to 0.1 ml portions

of 1 N NaOH. A "O" time standard was prepared with a solution

- containing an amount of NaDCA and NaCl equivalent to the other samples.

The samples were analyzed on a lMekro Labs Vapor Pressure Osmometer

and the results were presanted as solute molality. ignificant

v change was observed 1n the course of the reaction. (see Figure 35).

‘The-reaction was repeated except that the so}ution nov contained
glycine’(o 04 M) as well. Aliquots were withdrawn, at varicus times
and neutralizcd as before. An amount of 6lyc,,.glyclne was added to’

the "O" time standard equivalent to the Anown yileld of the reaction

(with a correspoudinv decrease of glycine) The results indicated a

sharp decrease In the molality within the first three minutes of the

reaction which decreased no further with additional time. This change
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Fig, 35, The change of total solute molality with time after
. mixing, as measured by vapor pressure osometry, of
an aqueous solution containing glycine (0,04 M), NaDCA
(0,04 M), and HC1 (0.1 N), The "O" time standards.
are corrected for the amount of diglycine known to be
produced under these conditions and the "without
glycine" wvalues are corrected for the absent amino acid,
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}could not be attributed to the glycine since there was not enough pre-
‘ sent to aécount for the magnitude of the drop and slnce the yileld of
diglycine had already been accounted for ar"Way. To compare the results
of this experiment with the previous one where glycine was absent, |
| the data ofthe procedure with no glycine were corrected for the ab-
sent glycine (see Figure 35)., More initial glycine made\no.change in
the magnitude of the overall molality drop (corrected for dipeptide).
.Theée ébservations were réproducible. |

'}7 It was neyt necessary to determine if the change (presumed due to
the polyrertation of DCA with a glycine Catalyot) was due to glycine
alone or 1f acld was also necessary. A 90 X solution was prepared con=-
taining NaDCA (0.1 M) and HCL (O,ll N). Aftér three ﬁdnuées,_lO.X
~of l“C--labe:‘lcf‘d glycine was added (bringing the glycine concentration
to 0.1 M. Three minutes later the solution was applied to a strip -
of wn&tman No. 1 paper and dnalyzed by electrophoresls. A similar

solution which 1nitially contalned the DCA ond glycine, and to which the .
acid was.added after three minutes, was analyzed in the same fashlon.
Both samples dilsplayed a diglycine product, suggesting that both gly-
cine and acld are necessary to bring about:the changeénoted with |
vapor pressure osmometry which paral;eled the térm;nation of'dipgptide
synthesis. | | | ' B | .

It was, then necessary to determlne 1f the effect was due to
atalysis by the amino or carboxyl group of the glycine. Firut the
carboxyl group was tested. Solutions were prepared for analvsis by

vapor pressure osmometry as before except that the_glycing was ree-.
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placnd by equivalent amount of forr*xic acid Iln one case. (as a model

.comgound conta.ininb a carboxyl group) and acetic acid in anoth case,

No molality drop was observed 1n elther case.

Therefore, since 1t was established tk‘;at 1t was not the carbox_yl
group which promoted the drop in solute molallity, the amino gr'oaé re-
mained as the possible cause of this effect. A solution was prepared
contalning HabCA (0.4 M), HCL (0.1 H), and, as a model compound for

a substance containing an amlno group,methylamine }worochloz‘idﬂ (0.04 ‘\1)

- Bamples were taken and neutrallzed at perlods following 'wixing, as be—

fore. An appropriate "0" time standard was prepared. Contrary to the

earller negatlve results from those systems contalning only carboxyl -

_groups, the present combination exhibited the same molality drop 'in a

i

very short perlod of time (three minutes) as had been observed with
the solutions containing glycinel. Thus, 1t was concluded that 1t was
the amino group which was responsible for px'oxraoting:, the observed

effect on the solute molalit,,,r (believed to be due to the poly"eriza-

tion oI‘ the dlcyanamidc.)

One way in which an amino group-contalning compound might effect‘ '
this type of response would be to form an amino adduct,_: with the dicyana—
mide. (N ,ﬁ\’—dimethylglycine did not ,promot'e the type of molality de-

crease of a DCA solution noted when glycine was present,) This amino

- addition com'pcund‘could then be subject to nucleophilic displacement

by another _‘_‘c’licyanamide molecule, Such amino additlion compounds are - -
known in cysnamide (130) and carbodiimlde (197) chemistry. For ex-
ample, saréosixxe can reactydth cyanamlde to, form creatine (130). Evi-

dence has ; been collected for such a compound existing in the NaDCA-
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glycine system, ch—w—c@m) \m-cn2-coo;{) The data supporting the
suggested structure of the sdbstance are as follows.

a) The compound (to be desipgnated here as "A") was first deé :
fined ih the reaction system containing 1“C~labaled glycine, NaDCA,
.?and HC1. Conmound A appeared as a radiocactive band with a greatcr
mobility than diqucine when analyzed by papcr electronporesis with
borate buffer at pH 9.2. (Glycylglycine hﬂb the greatcst mobil¢ty of
all the glycine peptides, including_thé mvomer, in this bqffer ;ys--
tem, ) Tﬁis indicated that compound A contains carbon atoms derived
from glyeine, Similarly, when laveled NaDCA was used, the band with '
-the same mobility as compound A was radiocactive, wWhen both 1”0-

labeled NaDCA and 3H~iapéled glyéine were ermployed together, com- T
pound A wés isblated byvﬁaper electrohporesis and 1ts activity Was
measured by scintillation counting. The Clu/H3 ratio of compound A
equalled O;iO whereas the ratié of the Initizl specific activity ofv
Clu to H3 of the reactants wds 0.12. This supported the proposal of
al: prbpqrtion of glycine to DCA iIn tﬁé structure of compound A,

b) The'eleétrophoretic nnbility'of compound A in borate’buffer
at ph 9. 2 ‘1s toward the anode, indicating that it has a net negative
‘ charge at thio pH._

c) Compound A was isolated by curtain electrophoresis in borate_
buffer. In the ultraviolet spectrophotoneter, it exhibited a peak

at 217 5 mu. (It ig 1mportant to recall that dicyandiandde, also a »

_ cydnoguhnidine has a UV absorption at 214 mise )

i
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d)  Compound A 1s ninhydrin-rcg ative. | |
_ é) Compound A was isoiaéed by paper chromatography. It wao.':

' recrystallizéd from 95% ethanol and then diszolved in DZO‘ Anélysié
. was carried out by infrared ¢pectropnotometry with nktched Baﬁgvcells
ina chkman IR-7 apparatus using cyanonu¢nidine (VC—VH—C(=WH)-NH2),

fuanldoacetic acld (NH2~C(=Nﬂ)~&H-CHg—COOd), and glycine as refer—
'_ ence conmoundq. ‘Assignments made to aiutinctive aboorption naxima
for the isolated conpound included 1610 cm"l (carboxylate), 1700 et
(carboxyl), and 2180 cm (cyano)..As the pH was lowered, the magni-
tude of the 1700,cm'llpeak increased Qhereas that of the 1610 cm‘lil
peax decredsed.  In XBr, it was aldo pOboible to discemn the Imine
‘bond (165(5 eni™1) as wéll_ as oove’*al amines (3160, 3280, 3345, and
3440 em™t)., | |

The quantitative values observed in thls Infrared spgctrum wefe

' compéred with those for eyanoguanidine (both in Kir). The maxima
compared were those of the imine bond (1650 cm ) and the cyano
‘group (2230 cml), (Both eyanoguanidine and the proposed structuré
for compound A exhibit one cyano group for_each imine group pef _
- molecule). By assuming that the extinctipn coefficients for the .

. corresponding bonds in tﬁe two compounds are simllar, the ratlo
of the absorbuncieﬁ of the two groups in each molecule (A “V/AC~N)
was calculated. This would, of course, not dcpend on the total con--
centrati@n of the compound itself but rather the abundance of each
group inéthe moleéule.‘Tbe ratio for compound A (0.102/03155)Awés
divided;by the ratio for DCOA (0.061/0.076). A value of 0,82_was

calculated, further supporting the proposed structure of compound A,
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‘ It is known that hydrogenation of cyanvguanidine produces
guahidiné and nsthylandne_(luo). Therefore, compound A was synthe=--

sized from 14

C-labeled glycine, NaDCA, and HCl, .then isolated by
papér electrophoresls, and finally reduced By sodium in alcohoi;j
~ Paper chromatography of the product, using guanidoacetic acld as'
a cabrier standard, supported the proposal {hat compound A is‘indeed
a cyénoguéﬁidine. (The 1dentity of the standard was substantiated
by the corresgpondence of its melting point to published yalues;)
Radioactive sodium dicyénamide was preparéd in the followin#
mamner: A total of 17.7 mg of *4C—labeled bar;um cyanamide was
dissolved in 1 nl of water and to this was added 45 mg of scdidmr
sulfate in 5 ml of water. The precipitate of bariurxsulfato wag
removed by centrifug@tion. The supernatant was added to lO 6 nu
__of cy;nogun bromide while in an ice bath. The mixture remained over~
nlght at room temperature. The product w3 then cHLomdbogravhed on
thtman ho. 1 paper using n-butancl:ethanol :water (U.l.l) as sol-.
vent;'xwray film ldocated the iabeled compounds énd'an adjacenﬁu
standard sample of NaDCA was Jocated with Lrlich's spray. The
suspected product exhiblting a similar Re to the utandard was
eluﬁed with water. An aliguot was hydrolyzed in 6.§_HCl for lO .
minutes at lOI°C. Paper chromatcgraphy revealed that tne pré—;jf'
: déminant product of the hydrolysis was biuret (>90%). Another
aliquot of the eluate was added to carriler NaDCA and_together they
were chrq%atographed on Whatman No. U4 paper using n-butanol:ethanol:
waﬁer (uél:l) solvent in the first direction and isopropanoliwatér |

(4:1) in the second. The results indicated perfect coincidence -
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between the carrier and the labcled product.

One of the applications of the labeled NaDCA was to determine -
vtheAactcal fate of the dlcyanamlde during dipeptlde cynﬁhesis. Di-
peptide syﬁthesis was carfied out as before except that labeled
NaDCA was included as a reagent The glyciﬂe in the reaction solu-
tion was noniabeled.n_T e producto were resolved by Gl@CtTOOhOPeoio‘
(paper). The major band, which ran vuch faster than divlycine, was
eluted. Paper chrow:»o;raphy revealed, that the substance was not
soddium dicyanamide nor dicyandlamlde, cyanurea, or biuret. Electro-.
phoresls alsovéhowed thaﬁ 1t was not the amino addition compound
'(A) nor the lcylurea side product to be dibcusoed. The fraction
accounted for about 80h of the orlginal DCA when labeled dicyana;
mide was employed. (Cyanureg was_identified as another‘product of
the reaction.) When labeled g ;lycine was uséd the fraction was not
radioactivc Addition of C'uLg dld not retard the productlon of
"tnc comoound (refer to sectlion on divalent cation catalys is).

;nerefore, a solutlon was prepared contain*ng laueled'NaDCA*ﬁﬁﬂ
(1 QD,‘éiycine (O,l M), and HCL (0.16 N). Five minutes after mixing,
“the product soluticn was resolved by chromatography on Whatman‘Not
| 3414 paper using nfbubanclzethano;:water {4:2:2) asﬁéolvcnt. The
ﬁmjor fraction,(which, ?d this solvent system, has‘a very diffcrfv
Jént Ry from glycine or digl&cine) was.lbca ed by XkraJ film, eluted,
and drled by lyophilization. Tt was firmly established that this

compound was not dicyanaﬁidc 1tsell zince the substance failed to
qrlve an ;nsoluble copper sait, as DCA decc, lHowever, it did givé-.-

an 1nsoluble sllver salt, as do nost cyanoguanldines (130). It was
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also certaintthat the compound was not tricyanomelamine, the cyclic
trimer oszCA since the UV spectra of the isolated compound and -

tne trimer .were -quite different. Tbg isolated product was unable

N s

to proxotc detect ble dipeptide synthesis. _

8 _A portion of trE‘isol ted comaouno was mixed with Kdr and pressed
into a pellct for analysls by infrared spectrophotoretry. By compari-
son with a rnumber of known reference compounds, tne followinq assign-'
ments dpﬁeared evident for these oboerved absorption peaké‘ 1345 cm
(segondary amine), 1385 cm (tertidry amine), 1645 em L (1mine),

580-cm -1 2230 cm l, aﬁd 12300 em (cyano), and a numoer of maxima
between 3060 and 3540 cm -1 (amineu) These spectra are in accord with
the structure suggested for the product (N,N, \'-*ricyanopuanidlne)
Such a'conpoand is npt at all unrealistic since both cyanoguanidine
and dicyanognanidine are already known (140). Elemental analysis
4lso suggested that ‘the cowpound was the dimer of dicyanamide.

The quanuitative values oboerved in the lnfrared spectrum nbted
above were conparec Wth those for cyanoguanidine (in KBr). The maxi~

‘miucompared were- those of the Lmine bond (1640 em™t

1in DCDA) and
Eh2 Cyano group (2230 et in voth), (Cyanoguanidine has oné of -
each group whereas it 1s proposed that the DCA dimer has three o
Cyano groups to one imine group per molecule ) The calculations were
carried cut'in the same manner as had been done in phe case of
compound A, alrealy discussed. The ratio of the dyano absorbahcy tov
“Lhe 1m¢ne abgorbancy was calculated for each compound. The ratio for o
the DCA product (0.301/0.114) was divided by the ratlo for DCDA
(0.061/0.076). A value of 3.29 was calculated, further supporting

ﬁhe proposed structure, The productlon of such a compound is con-
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51btent with the molality drop observed 1n a IaDCA-glycine Solutioh
noted earlier, |

The cchpound is retalned by botthowe&-l.(énion exchanger) and
Dowex~50 (cdtion exchangéh)poluhns; This would suggest thét it is.a
zwitterion in‘aqueous solution. 4; |

As pointed out earlier, hydrogenation is an effective means
for rcmoving cyano groups in gyanOﬁanidines. Therefore using ‘uC :
‘1abeled NaDCA the compound belleved to be tricyano'uanidine, the dimer._
yof dicyanamide produced during dipeptide synthesis, was "nthesized |
| as»beforeiand isolated by paper cnromatography. Mild hyurogenat;on
,(sodium'in alcohol) was enployed so as to permlt the isolatioh'of
“the 1ntermediate prouucto of cyanolyslis, Thus, one would expect the
production of the mono and dicyano derivatives of guanidine, among
Oteru. “his woulo perr&t confirmatory ldentiflecaticn with known
b*anulrds. Pape chroumto&;unnic analyais revealed that, in parti— -
cular, cydnogudnldinu (dicyandiamide) was one of the products or ;'
hydrogenation, supporting the QPOPOutd structure of the DCA product.

Théréforo, thevl’liting factor in the DCA-mediated synthesis of
dipevtide ig evidently .the dinerizution of dicyanamide to tricyano-
guanidine. The latter reaction 1s apparently amine catalyzed. The
data already presunted indicate that one concurrent product of Al
peptide syntheoio is compound A, the amino adduct formed between |
: blycine and dicyanAmide. Such a substance could be seen as the inter-
mediate %n the polynerization of dicyanamide‘wnereby the_glycine‘,

would be avallaeble at the end of this reaction for reuse and would
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thus be needed in only catalytic amounts, which ls consistent with

the observations made thus Tar.

DCA + GLY = NC=NH=C (=NH ) ~MH~CHo~COOH
o lDCA
cLY . .+ o (DCA)2
B By varying the concentrntiong of the reactants 1t vas dot ILQ‘

that the percent of glycine found in the form of this amine addition
: cowpound () in the final product ~olution (5 minutes reaCthu t*me)
,iu u1n1m~zed by increa:tnb the initial amount of NaDCA ln excess of
'tl glycine. This wou‘d bhe expected by the'mechaniem Just proposed ‘,:
~ since compound A could act as a reactive 1nterfndia*e if. ﬁoré'DCA |
is st111 avallable or as a dead-end aldeproduct if all the DCA 1s -
:accounted for. ‘A
Comoound'A»wés prepared from luc—labeled NaDCA, 3H~1abe1ed g1y~ ‘

cine, and HC1, and was lsolated by pauer electrophoresis. To this |
lsolated fraction was added fresh unlabeled NaDCA and HC1.. Paper_
'chronmtography revealed tbat label was now found in“dicyanamide
dimer as well as glycine, This corroborates the suggeéted méchéniém
for compoumd_ﬁ to act as an intermediate in DCA dimerization wgereby

the glycidé is released at the end_of~the reaction for reuse."
Alsoc, whqé‘bath MaDCA and glycine, wlth HCL, are added to the iéo-
lated coﬁnound A (whose‘glycine.mciety 1s 1abeled), it is posgibleAto
detect by paper electrophoresis the production of diglycine as well.

|
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It was obgerved that methylamine ;:ould promote the éame decreaae
of X"O.Ld..l.it,)/ of a NaDCA sblution as could glycine. To be ccrtain that
the chemical effe¢t wus the same in the two cases, the following eX-
perirent was car’r*ied. out: Two solutionq were orepared. The flrst
con‘caiﬁecl g,lycine s HCY ,' and labeled &aDCA, while the econd contained
‘ methylamme s HCL, and labeled WaDCA, \»Jhcn analy"ed by papcr cYn*omto—-.
graphy, both syutem.; exhible ed the' same m; cr product, N

If the key to the cessa*lon of dipeptide bym:hesis is the poly-
mer'iza’cion of the dicyanamide and 1f the condensing agent is added
- in pofﬁions bver' a period of time rather than all at once, one wéuld
expect :an enhancerenc of diglycine yield. Such an event has actually
been observed. In one case, a uolution wa.a prepared contda.ning, €>ly-—
cirie (0,01 rq), HCL (0 1), and ! JaDCA (0.1 VO where: the reaotant‘s
vere mixed to:retmr at the same time. In é.nother case, a.svjhilar
_' solutlion was prepared except that the concentratlon of dicyanarrrlde
was 0,05 M. Five minutes after. -mixing, the solution was trans ferred
to ehot"ner vessel contalning enough f‘resh_NaDCA to bring the con~
centration (total initial) of ﬁhe i*éactah‘é: to 0.1 M, The sam_r.)le.s
‘were analyzed after five more minutes of lreaction.time \by paper'
electr‘ophof'esis. The .re,Sultsv- indicated _that. the latter experirrbnt,
- where the.\g;dicyanamide was added in two'equal parts, gave twlce Vas
“muech dipe%)tide a3 the former vexperiment, vhere the total condensing
agent wao added at one time. It was then shown that by adding small -

dmunts of dicyanamde continuouuly dur'ing thﬂ roaction period 1t was'

y
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pousible to use up nearly all of the: OPi&AWal glycine in the forn of
i_gpcg*ides and uide prodgcvM. ' o

| Another approaéh to the slow éddition'of tﬁe_dicyaﬁémide ﬁas

to use the clay mineral, kaolin. As pointed bﬁt earlieé,'kaolin has
the.capaéity tb exchange anlons with it; surface hydroxyls. Slnce
dleyanamide is a Strbng anion (in thedissOCLatedu form), 1t would ;
seen reasonaple Lo expect the condens inﬁ acent to be ‘bound to thc
surfacé of the kﬁclin and in dynamiq equilibrium with thg solution -
ohase. Such an experiment was carried out whsréby a sniﬁtibn was pré4
' pared (_i nﬁ) containing g;lycine-z-l”c (0.01 1), NaDCA (0.1 M), and |
HC1 (0.1 g).v To trds was added 8 mg of powdered kaolin and the total
mixture was kept in_suopenoion by a mdgnptic stirrer. Aliquoys were -
taken at vérious periods fellowing inltial mixing of the reactants
and vere énalyzed by paper electrophoresis. The resulté indicated"
that, in fact, the reaction did not terminate within the first minute f
Loor two after mixdng, but rather that thc vic 1d of divlycinc continued
" Lo 1ncr¢a&e lowg after i* would have stoppedwith kaolln aosent. Al-~
_ulﬁt.q the yield was Initielly lower thanulthout kaolln nresenu

(g wzgutes of reactlion timn), it is qu;te pooslble that the build up
of alblyc*ne with tine (which vas probablv the case during chemical
evolution) would glve a larger overall yield than if kaolin ha&‘been

present.



li)‘ Role of reaction side prodncts

vA pertinent experimental observation involved the poSsibléi
synthosis of glycyiglycine using cyanurea. An aqueous solution was
prepared with all reactants (glycine—Z«;“C, cyanurea, and HCl) in
0.1 M concentration. After 30 minutes the products were resolved
ov paper electrophoresio. No dipeptide was observed,

It ib necessary to understand why, in the IR utudies previouoly
;.noted, the production of a cyanurea~11ke absorption 1ncreased well
_after the time at which dipeptiae synthe%is had stopped. Using

trisodium oricyanomelamine (NaTCH) as a model comnound this point'
was conaidered A sample of Ne'TCM was hydrolyzed in 1 N HCl at

100°C for four hours. The resultant product exhibited 2 new 1698 cm
peak In the spectropnotoneter. Thls might suggest that,this same
maxinum observed during the course of;dipeptide syntheéié oould be
vfdue to the slow hydrolysils of the available ¢yano group of DCA ggs:~
1ts polymers (dimer,trimer, ste.). It is slgnificant to recall that
even though a NaDCA solution containing N,N-dimethylgycine exhlbited

- the same 1698 em™t

peak after 30 minutes as one containing glycine,
polymerization was apparcntly the primary fate of the diCJananﬁde in :
‘the ldttcr golution but occurred only to 8 very omall extent in the
former solution. The apparent slow pH chanae in a NaDCA-g lycine—HCl
solution could also be attributed to the formatlon of these ureas.
(For example, the pK of DCA 1s -0.8 whereas the pK of cyanurea is e
w6y | | o

A nnntion of’ the dimer produced fromﬁdicyanamide, doscribed in

the.pre91ous section, was dlssolved in D20. nEnough HC1 was added
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to bring the concentration of toe aciq{to ¢.1 3; TheAsolution was
placéd in a BaFé’cell and observed In the 1nfrared Spéctrophotometef
against a D,0 reference. The same carbonyl peak. at 1698 o™ gra- |
dually appéared Just as it had with the sysﬁem containing NaDCA,-

Zlycine, and HCl. This would support the suggestion'in the previous

paragraoh.
A reactlon nixture was prepared containlng NaDCA, Qlycine-Q—Clu
ardeCl fter 5 minutes, stdndard dixetopiperaZLnev (glycine
resulting

anhydride) was added. The/mixture was dpplled to & sheet "of Whatman
No. 1 paper and cnromatograpned with a mixture of n-butanol: acetic
acid:water (4:1: bnorvanic phase) as solvent, After it was dried, -
‘the paper Wdo cut. to the c'J.ze of the elcctrophores1s apuara us and
the products were further rcsolved in 'the occond dimenaion with thc;-
uvborate buffer (pH 9,2) at 300 VOlta. The reoultont oeoarat*on was T
chartea with X~=ray f1lm and the carrier was 1ocated with lodine va--
pors. . Hone of the glycine anhydride_was observed in the product.
Assuming that the reaction~of DCA~ﬂediated dipeptide synthesio
follows a mechani sm similar to that of the carpodlimides, one of the
slde products of the rcacticm might be expected to be a rcarranwed
.urea (197). Tris would result from thc proposed acylisoorea rearrang~
 Ing to a stable form other thqn soyanurea and dipéptide (see Figure |
38). The standard acylurea was préoared'in the following manner:i
To 5.0 ml of dimethylformamide was added 85 mg of cymmurea, 330
ng,oi N-carbobenzoxybly0¢neap~nitrophenjl ester, and 0,3 ml of tri-

LS

etnylamlne. After it remained 40 hours at .room :emperature,-the solu=-
tion was added to 1 ml of 1 N NH,OH. = After one hour, to this soiution
~was added 1 ml of a 205 (w/v) solution of silver nitrate, The'mix—w

ture was centrifuged and the supernatant wac decanted. The silver
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salt preclpitate was washed five times with water and,wes then dis-
persed in hot 1 water, To ihis was added ten drops of'concentrated .
-HCl. The reualtant mixture was centrifupged and the supernatant was
decanted, filtered, and evaporated to dryness under reduced pressure.
 The residue was taken up in 5 ml. ofﬂglaeial écetic acid and enough
concentfated HBﬁ was added to bring the concentration of the latter
‘compound to' 2 normal. (Cyanurea is solublé in this solvent'nﬂxture.)
ter 35 mlnutes, the product was isolated by centrifuging the mixture

'uaﬁd decantiﬁg the superﬁabaht; The precipitated product was'recryetélli-i
zed from glacial'acetic acid and was dried in the oven ét 75°C.}The~
idehtity of the product wes substantlated by elemental.analysie

(cale'ds C-26.89, H~3.79, H-31.37; found: C-26,68, K~3.46, N-3L.05).
'The prepared compound was also analyzed by>ihfraréd spectrOphetometry. )
' Usihg cyanurea., glycine, diglycine, and triglycine as reference com=
pounds, the following asslgnments were made for distinctive maximd '
observed in the spectrum of the synthesized.compound in DEO:j 1450 cm"'l

(amide),.lu75 et (anﬂde), 1677 cm"l (amide carbonyl), 1700 em

© (urea carbonyl), and 2180 eni ¥ (cyano). Nelther the 1677 em™* nor

-1 in magnitude -

tne l{OO_cm poak varled/ with changes in solution Pl In aceto-

nitrile,vthe two qarbonyl peaks were observed: at 1735 and 1755 cm l.
e Also, the compound is hinhydrih—positive; whereas cyanurea 1s'hinhydrin-

negatlve,

14

A mixtube of Culabeled glyeine, NaDCA, and HCl was prepared

as in the diketoplperazine experiment Just described. A oortion of
&

the atandard acylurca conpound just syntheslzed was added to the

product'solution after 5 minutes of reactionntime, Analyéis was

carried out in the same nannervasvin the diketopiperazine experiment
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usiﬁg a combinatiéﬁ of electrophorésis and paper chromatography. The,

acvlurea carrier was located with n¢troorusoide up"a.y. Th@ results

indicated that the rearranged urea was indeed synthesized and the
:inpliqyions of thio on the elucidation of the mechanlsm are apparent
v(uQL Figure 38). Thﬂ acylured'v mobility by elcctrophoresis at pH 9.2

s less than tnat of’ glycine. Using labeled glyclne in one case and

labeled NaDCA in anotner, 1t was ¢ucevtained that the product contain— |
ed both rcactanbo. A portion of this fraction was 1solated from the
NaDCA-glycine—HCl system by electrophoresis. Analysls by inflrared
'spectrophotometry showed that the compound had the cyanurea«like-':

-1

carbonyl absorption at 1700 cm An particular. It was certaln that

the fraction was not cyanuroa 1tself oince the latter covpound has '
a much greater mobility in the borate buffcr used than the ioolated
material. ) |

uy rcferrin; to the dia:ram of the pr0poued tructure of the
acylisourea 1nterwndiate (see “igure 38), it would seem g’pgggg;;ﬁhat
rearran&nment of the acyl Eroup to form the aéy’urea sideprbduct_coufd '

proceeg.either to he terminal im*no nitrogen (NC-N%—CO—NH - ) or
Cu—-C‘{2-NH
to the central secondary amino nitrogen (NC-J—CO~WM2h ). It
CO=CH y=N
not unambiguously cer*a*n which form had been proauﬂea in the. synthesis

[

of the standard: as well. Therefore, the acylurea was prepared from

NalCA, lqcélabeled Zlycine, and HCL, and was lsolated by paper eleciro-

phoresis. FTOﬂ the two proposed structures of the oaaylurea, 1t is

iappurcnt that the labeled products of partisal hjdroquis would pro- :
bably be‘only_glycine in the second case and both glyeine and glyginazﬂde -
in the first case. Hydrolysls of the lgolated laveled acylurea was

\
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carried out in 2 N HCl at 95°Cl{l'or threéf hours. Paper chromatography -
with kAown standards revealed thathydrolysis of th{e, ‘acylurefa did yleld
" glycinamide, tending to support the first structurs proposed apove.
v_Al.Jo , 1t ‘may be recalled that the synthc i of the standard acylurea‘ :
included a_ step involving the productlon of the silver salt of the
carbo‘benzoxy derivative, This would‘ x'equirﬂe an acidic hydrogen. Such
would more likely be the case with the first structure proposed Aifor'
the acylur'ea than the second., ] |
The form in which the dic Jandmlde and dicyandlamide are redc-;
tive, carbodiimide or cyanaride, althoug.h'not ecritical to the under-
s\,mding of the nechanlfsm, is also of interest to ascertain. Two r.bdel
compounds were chosen for thils study: cyanamﬁde and aminoacetonitrile,
The former compound (NHZCN) dif'fers froA the latter (NH CH, CN) by one
‘tﬁethylene group, whereby cyanamide has the potential for existir__lg as
carbodiimide, 1ts tautomer, but aminoacetonitrile, with its ‘less‘.
‘lablle methylene hydrogen, has less chance of containing a paired |
double bond system and is more likely in the cyano form, "‘olutions
were prepcwed contalning 11‘C--J.sw«.le*d glycine (0,01 M), HC1 (0.1 N),
and -cyanamidle or aminoacetonitrile (0.1 g\g) . fmalysis ‘was carried
out by rrx:ano of paper r.lectroyhor“sj e Diglycline was oboerwd on..ny
in the experimﬂnt in which cyanamiae had bcen u.:el, coprobomtlng the’
suggestion _tha.t it 1s the carbodiimide form of the cyanamide gr'oup
of compoundé, that makes them reactive as condensing agents.
| It was definitely es tabll.shed that the ma.jor co'r'pound produced
from the dlcyanamlde is not tricyarp;mlmnine, the c¢yclic trimer o_f‘

DCA. The trisodium salt of tricyarmmelamine (NaTCM) was prepared by
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heating NaDCA to a dull redness (208). As a side polnt of interest,
diglycine synthesis was epeated except that TCM replaced dicyana~.

rlde, No dipeptide product was observed.

D. Diocus sion '

' The data recorded in this section were collected w&th the 1n-
tention of shedding light on the mechanism of peptlde synthesis‘proe i
nmtedAwith dicyanahide. As witﬁ any mechanistic study, absolute:eer-
tainty of the actual course of the reaction 18 never unequivocally
¢echieved but rather evidence ie complled to lend suppert fef a squﬁ"'

ested scnenu and rulo out otherb. For example, the main oJﬂtﬂGSio

4.under study was, of course, DFAwmediated pcptide synthesis. However,
.it 15 reasonable to assume that compounds closely related to dicyéﬁa—A
‘ndde, sueh aécyaneﬁide and dlcyandiamide, operate byAa.similar ﬁechan— _
ism es the nrimery ageﬁt.under study. Since the reaction using DCEA'?”
is apparently ulower thdn with DCA, certain types of evidence collect-»
.ed from the former qﬁtem provide useful Information with regdrd to the
latter,

- In the case of the exoeriments noted in the first part of this
- sectlion involving dicyandidndde, 1t ‘was observea that the magnitude
~of the prodgction of the urea ol DCDA equals_the concurrent synthesis
of dipeptide. in terms of the energetics of the reaction, bhese.data
sugoest that the energy needed to form a peptide bond comes from the

energy released by hydrolysis of the DCDA,
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The ‘experimental obse‘rvat;ion of the advanta.ge of low pH's
| for the DCDA-promoted condensations fgivcs some indleation: Qf the
mechanism of the reaction. Also, at least in the solld state, the
prese‘nce of thev carbxilimlde group has been establlshed in DCDA (li&l)._
These two féxcts s ‘talcen.together, rdght suggest that it 1s the carbo_-
- diimide form of DCDA whi‘c‘n 1s the effective dehydr‘ating; apent and
thas 1t 1s effective by virtue of its abllity to ald a carboxyllc
acid group across one of the imide double bonds., 'I‘huAs, one might
expec{‘, with cyanamide direr an amidinium {acylisourea) intermediaté

which; presumably, 1s involved in the dehydraticm reaction.

+ ' . .
oy MY NE
N4 .{:.12 . . N {2
Ly =C-N=CmNH,, +NH2=C;NNT=NHﬂ Ny~ =N~?=NH2+
0 0 0
C=0 S C=0 C=0

F.’;g,; 36. Three of the pfinci‘pa.l resonance fom of thc
- proposed _mnidi_ﬁium A(acylisourea). :Lntermediatéa
‘Simller 11'xtefmdiates have been :3ug§3estéd for the»or)eration'of'qhe.
dialiylearbodilmides (197). o o o,
As previously mentloned, 1t has been sugmested that the primary
{orm of DCDA in neutr.l solutlon in\}olve_s the diwrﬂpggtmctwfe in
centradistinetion to the amidinium form (139_), which is consistent .

with the proposediiliérmedinta: of Figure 36, In the neutral dlamine
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form it islapparent that the carbodilmide structure, bellieved to be
the key to the dehydration reaction, cannot easlly form. However5
with protonation, a new situation is reallzed in which the carbo-

diimide’might very well be a dominant speéieé.

' ‘ ‘ o + +
I, ~C-Nt 1-C-NH, . NH~C= NH,~C=
NIL, ﬁ NEL NIL, ﬁ«\da | Nyoe N =it
. N i I
N it N N
\ | el I G : At I

L C=N = N o _C=NH

Flg. 37. Suggested protonation scheme of DCDA.

- By Véry;ng'fhe cohcentfaﬁions of the rcactants involved in the
sythesis ofvdiglycine &sing dicyananmide, a ndmber of usef;l observa=
tions were made. Fér example, the variation of solution.acidity pro-
moted a rise in the yield of producﬁ as the pH was iowered. Sinée
- the pK of DCA is -O.8,'£nese data appear to indicate that the protén-'
;ation'of dicyanamide ahion is necessary for 1t$ participation in
dipeptide.synthesis. A plot of_the data found in Figure 30 uth ré;
gard to the solution pH indicates a continuous rise In yield below - -:
pH 1.5, ThelcarboxylvpK of glycine 1s 2.4.(207). Thérefbre, these.
data suggést that the key to yleld enhancement 13 criticelly involved
with tﬁe protonation of the dicyanamide aﬁion. (Also, 1t was demon- -
stratéd,that’the carboxyl group of‘the‘glycine reacts in thé undisso-
ciatedvfonmi) Upon addition of a hydrogen 1on~tqé DCA anion, it is
evident frdm the structure of the molecule that the neutral carbo-

dlimide fdfm would now be possible. Apparently the additional hydrogen
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i3 essential for the carbodiimide structure to appear (assuming it
iu the .active specles ){

The data collectcd:n1 varyinh the avallabllity of all thr
reactants uggest thdt the rate of appeurunce of diglycine, dis-

- f e o e =3 g 2 de = P P R R -
ressrdin 15 Doss8lnle side M2aCilins, 1S LrozZlr vional ©o the concen-

w'

.trations of acid, glycine,,and dicyanamide (NaDCA). Thus, the acid,

- glycine, and DCA are direcbly implicated Wluh the steps of the ré—
aqtion. It was hypothesized that the key inter&@diaéé‘of the reaction
was formed by @be carboxyl group of the amino acid adding across thé

CN group of the condensing agent'giving an acylisourea. It is s@gni—

- ficant that thicacetic acid reacts vigorously with cyanamide to give

thiourea and actylthiourea (211).

~

2 MLGY + 3 Clo-C-8H ' Nl =0 WL-CNE + 0= %0
3‘4;‘12 N 3 ;13- -2l m—%- {aﬂv*l\dz uhz—v-—l'“ . = ]..
' ' ' ' S=()
gﬂ CH. &

'Alsc, as noted Larller ln the case of ;CDA—mediated dipeptide synthesis,
‘the preduction ofvthe correspondinF urea equals the dlount of dionpulde
formed, which Lreues fqr a CfO bond In the intermedia?e of the reaction,
' CombinLng uhlu with the information about thicacetic acid,_since i

':is assumed that thc various members of th cyananddé group of compounds
react by a éimilar mechanism, the sﬁggestion of an chlisaurna inter-
med;ate is upparentl' well—tuxcn. In addition, the observation of

the rear'anged écylurea 51 bprouuct in the course of DCA—th‘ ated pep—~
tide synthesis, like the acetyltalourea noted gbove, corroborates the

point., It is diff;cul“ to imagine another mecha nibm vy which such a .
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compound could have been produced under the conditions of the reaction,

O ) .
. v ! -y : - vy
NC-iH-CN  + R-C-OH NC=HH=C=NH
e A \l) _
. 1 RINKE Dinent 5e
i ) =) i3 L Lk \.p (VK
: G=0 2

- RC—RH-C-1H
. N P - - —ay oy xvyr
j ! b s it st l'{ L 1\;‘"‘—;_"1‘—”-3‘“'
O C=O P AW ) 7 \Ll2
I, . z‘:‘)
B ", . L ‘

S

* -

Pige 38, Formation and fate of acylisocurca inteﬁmediatG

Another plece of data supperting thls iscurea-type of formaticn involves

the reaction of HaDCA in absolute alcohol with an equivalent amount of

5,
i

dry HC1 at room temperature (208). By this process, ethylcyancisourea

_is synthetized, (NC-NH~-C(=NH)~-0C.H.) -
A It can ale be arpued that the predominanﬁ form of the inter-n
mediate 1s, in fact, a ﬁautonmr of the structure in Figure 3854whereby
the doublevbond;is shifted and would rééult_in a seesidngly more stable
conjugated sy3t¢m. (NEC—N=C(-NH2)~D—3—R), Similerly, the most favor-
able form of dicyanamide'wéuld be, by this.argument, the carvodiimide
since it too would then be cohjugated, (H2C-N=C=i{H), , The experiments
with aminoacetonitrile and the IR data teﬁd £0 support'this suggestioﬁ.
| Dicyanamide is>reactive in aqueous systems containing reactants
with acid funétions (carboxyl, for éxavple) but islunreactive‘in S5ys-—
temsbcontaining only alcoholic hydroxyls, as shown quite clearly in
the first section of thls work. Siﬁilarly, it can be recalled that in
the experiments where ihe reactivity of glycine peptidés was compared

at pli 1.4 and 2.6, a difference inylelds of appropriate products could



only be éccouned‘for by tbeivariation in thé degree of protonation of
carboxylate groups. Since the nature of the amino groups of the parti-
| cipdtin@ amino aclds was essentlally the same at bbth pH's,'the differ-
‘ence invr,eactivity could therefore be explained by the Variation in the
capacity of the éarboxyl group (rather thé;n the amilno group) to react
| Mv;ith the dicyaﬁamide to I‘or:ﬁ a gpécies r'eacti.';'e In peptide synt‘hesis.ﬂ
Both seﬁs of eﬁcpebiment;s tend to st_xppor't the sugmestion of an acyiiso—-

¢

urea~type of intermediate.
' the proposed c
The structure of/acylisourea 1s much like that of an acld

" NH 0. 0
\\C/ C%

- |
g ”.{ﬁ

G-

_anhydride.. Tnis would undoubtedly contribute to high reactivity and '

relative 1nstability 1n acidle dOlUtiOﬂ- ’I‘his is proba.bly why the
1sourea 1ntermedidte could not be isolated: “ ”

- The pr'oposcd mecha.nism for the axnine~promted dimerlzation of
vdicyanamide is much llke that no’ced in the case of cyan“mic.a_ (209) The
rproduction of dicyarodiwnide fro'n 1ts mononer is greatly f‘acil* tated
- by the ,pr'es_.envce ,of_azmnonj.a. It is 'also importa;xt to note.tne expex*;- ‘
‘mental obséfvétion that upon ._'warming in agueous soluticn ,' aimbnium |

dicyanamide rearrangas to dicyandiamide and dicysnamide polymer (210).
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- NC=N(NH,)=CN === NC~NH-C(=NI)-NH, + (NC-NH~CN) . These products
. 1ndicéﬁe thaéjmuch of the ammonia which was part of the original reactant

1is réleased at the end of the reaction. Similarly, many amines form di-’
cyaﬁamide salts with DCA‘which s?ontaneously'rearrange to_sﬁbétituted

dlcyandiamides (cyanoguanidines) at room temperature (210).

: — . : ,
HN(CN )2 o+ RMHz e R‘*‘EH3 N(CN) 2‘ e P-ICe?H{-C(=Z‘.II~_I)-NH-R

t can bé noted thét.the structure of thié substituted cyanéguanidine'
is the type of product (A) proposed here inthne NaDCA4glyciﬁe~H01 sys—
tem..The similarity of the substituted cyanoguanidine in‘the_ﬁécond L
reaction dlagrammed above and the cyanoguanidine product acconpan&ing
_.DCA polyrer synthesis during the ammonium dicyanamide_rearrangémenﬁ”ign
also evident; Thgrefore, 1t 1s consistent with observéticns made Iin |
related reactlons that the course of inaptivaﬁion of the dicyanamide
(as a condensing'agent) involves an aminé catalyst which prqmppesvthe
polymerization of the DCA. With the molality studies‘already'discussed
here 1t was shdwﬁ,that - whereas dicyanamidé in dilute HCL pol&méfizes
élowly, probébly due té the.small degree of protonation of DCA anion
under the cdnditiéns of the experbent described, the gapg of dimeriza-
tion of the DCA is'graatly énhanced By the preséﬁce of an amine. Tbé |
- reactiohskjust cited avbove would suggeét gﬂét DCA ahioﬁ forms a éalt
with theradded émmonium'ioh (glyciné). This then rearranges to éjdyano-
guanidine (compound A) which participates in the subseguent po;ymeriza—
tion of thgﬁdicyanam&del This woulé also sugmest thatftﬁe kiﬁetics_of
dimer form&tion using a molecule of compound A and a moleculé of diéyana-

mide are faster than with just two molecules of DCA,

>
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i

It was éstablished that the major compound produced from dicyana-
mide duriné dipcptide synthe“*s, later ldentified as tricyanoguanidine, -
Was not tricyanomelanine (TCM). Of significance 1s the observation
. that the polymerization of DCA probably QOeS not utilizé the c¢cyclie
‘trimer as an Intermediate (209). This was concluded from the fact that
-the Droperties of TCM do noﬁ change very quickly when it is isolated
whereas the appeargncc of an insoluble polymer.f{rom free dicyanamlde
is reallzed/gigig very short pericd of time. |

v - It was shown that caleium and magganesevwere able to retard the
’_‘slow appearance of cléudlness in a solution ofr NaDCA in 0.3 N HCl,
suggesting a decrease in the rate of polymerization of the dicyénamide.
However, the yield of dipeptide using DCA asma condensiné'agenﬁ waé
notvincreaéed by addlition of elther cation; On the othér hand, the
presenée of calcium falled to diminish the raﬁe of synthesky of tri-
cyanowudnidine, the diser of DCA, which 1s unable to promote pcptide
synthesls under the conditions deucriaed.4 It must be recalled that
cloudiness does_not appear in a sclution of NéDCA in 0.1 N HCl.
These‘results would suggest tnat whereas dicyanamlde goes to a high
‘polymer in 0.3 N HCl, probably due‘to the protonation*of bCA anion,
the amlne-catalyzed productiou of dicyanamide dimer even in 0.1 N
HC1 1is sufficienu to0 terminate peptide synthesis. Going from 0.1 to
| 0.3 N HC1 irjereases the degrce of protonatlon of the tricyanosuanl—

{ insoluble
dine (TLG), a strong acid, which then can so to/high polymers, It-
is known that when free dleyanopuanidine (DCG) is prepared by placinm
the DOtdbblum salt of the compound, a btdble substance, in strong acld,

an Insoluble polymer results (210a). It would therefore seem that

certain divalert cations are able to slow down the formation of high
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polymers from dicyanamide but have littlé, A5 any, effect on the amiﬁe—

catalyzed synthesis of DCA dimer; It 13 this oynunc.;is of ”CG which

13 apparently eritical to the termination of D”A—mediated peptide
ynthesio. : | v

It was prcviously noted that dicyananude glves greater. ylelds
of dipeptide than dicvandle mide By examination of the structures of
these two compounds, it is evident that uince a cyano oroup nag greatcr
_electron—wtthdrawmrv properties (as found Ln dicyanamide) t_mn an ami-
- dinium groupﬂ(as found in dicyandiamice), éﬁe would expeét a greater_:

, share of poéiﬁi&e charge on the carboﬁ.o* the réactive carbodiihdde
[sageibiel Thus, oincn a mdjor differcnce between these two compounds -
< appears to invclvc the potential-for formation of pou;tive siteq,
the corresponding difference in reactivity could be explained by a
mechanism 1nvolving"nﬁcleophilic attack, Similarly, this orooerty
would aid in'eiectron withdrawal In the acyllsourea inpcrmediate, .
thus iavorinp subsequent amino group attack.

It'has been sugrested that one possible intermediate step in -
the synthesls of peptides with dialkylcarbodiimides in nonqqueoué_‘ 
solvents involves the formation of an anhydride between the carboxyl
Sroups of the participating anino acids (120) This would then be -
oubjcct to attack by the amino group of another amino acid and k
vwould resalt in the synthesis of the pmmtide bond. As yet there is .~
no cvidence for such an anhydride in the present aquecus\§ysteﬂ. It
“is unlikelv that the comwound would be Jyntncolzed in any appreciable
quantity éince such anhydrides, in Eeneral "are subject to throlysls
in aquecus solution. Also, because Qf the low pH, the amino groups
of'botn mermbers woﬁld be charged by protonation and would dlscourage

maintenance of the anhydride by thelr mutucl repulsion.



It was observed 'chat during,.DCA-promoted dipeptide synthesis
tne primry Tate oft:be condensing agent was the pr'oduc‘cion of tricyano-—
Fuanidine. Since cyanog;zc‘nidinc was shown here to Ye an effective con-
denbirlb agent, 1t at {irst appears to be a discrepancy that the tri—-
¢cyano. species 1s ineffective. However, 1t is known that whereas
;suax;idine 15 a strong base and ccyanoguanidine 1s a neutral compound
in aqueous solutlon, dicyanoguanidine is a’strong acid (140). The *
.consequence of thls makes tricyanoguanlidine '(TCG) a very strong acid
and tvheeefore highly. lonized in agueocus solution. Since the I‘oma‘cioﬁ _ B
~of the aéylisourea intermediate results from a nucleophillc reaction,
the partlcipdtion of an a.nion.w r'ear'ent (TCG) in such a reaction is |
unlikely; “ms would d.lbO tond to exolain why polymerization of DCA
stops ma.inly at the dimer level under the conditlons of the reaetion.

Since 1t was initié.lly postulated that dicyanamide could effect
: denydration condensation by a mechanism similar to that found with
the didlkylcarbodiimide‘s (that: is, dlcyanamide 1s belleved to tauto-
‘merize to a 'c_arbbdimide: NEGNH-CEN s NEC-NCSH), & con-
sideration of thé f‘ollowing; experimental evidence reported for the '
latter.gz;mup of compounds (197) offers helpful guidel?.ne:; f‘vor éom—b
-pcu‘ison to the preoent: study' " v | | '

n Dicyclohexylcarbodiimide (DCCD) 1s reaily hydrolyzed by
dilute aqueous mineral aclds. However, DCCD 1s relatively unreactive
to water m.neutral or vasle solutlons, | |
| 2) ’V‘ho reaction of DCCD with acylated amino aclds (in‘aceto—
trile) is 90% complete in the first mlnute at lnitlal concentrations

ofOOl«-OlM.
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3) The commonly accepted rea ction of DCCD to pro mota anny-

dride ynthcois i° indicated in the fclowing schene:

R-N=C=N~R 4+ R'COOH ey r{'-NH-(;=N~R -—-—-—>’ '1«-.“ 'C'PH

!

! ' ‘ 0 C=0
* li )

{ ? o Z.

Q

(R1~C0,)0 + ReNH-C-Nii-R {=0
anhydride urea ' , ‘ : o

acylisourea : " acylurea

O-next hyl iuoureau can be isolated (meo) The rate ofthe reaction varies
- with the nucleophilicity of the attacking group, Thls mechanism is baekdd
up by xinetic data (197). Althqugh all the products of the reaction have
been identified, as yet the proposed acyllsourea intérmediate hgs not
been isélaﬂed except in one speclal case. |

2 z”fﬁc\"‘q |

o

“~. -
N N
H

Kineuic data suggest that the d;sappearance of the 1ntermediate once
formed, has, an an approximate lower limit, a reaction rate constant

of 10 mole"ll sec—l; The presence of the acylisourea 1s Inferred as
a plausible chemical structure with regard to the known reactants'and
- products of the reaction. It is poésible to increase the. amount éf
acyluréa_fofmed by having less organic acid availabie iniﬁially.‘

Since the geaction of DCCD and acetic acld to form acetlc anhydride

is carrieqfout in nonaqueous solvents such as benzehe,'CClu, ethyl-

acetate and acetonitrile, free lonic specles, such as those shown be-

‘
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low, probaply do not occur in the formation of the acylisourea inter-
mediate, ) '

R-N=C=N-R + RCOOH == (R-NH-C=NR)" + ROOO™
) Organic bases decrease thebproductiod of anhydride by
fapparently removing {ree. acid from the s y;tem (as ion pairs).

5) Carboxylic acidc work mach beLter than phenola in the
vﬁwreaction. It 1s evident that the former arc generally stronger proton -
:'donors than the latter. Tnerefore, it is posoible to postuldte thdt |
the Lormation of the acylisourea Involves the following complex Inter-

- medlate, : | | : "
R </ - ;* = R | ‘
H .

' $ -1/2

WV

C - 1/2

/

as an 1bn,bair, rather than the four-centered system:

R-i=C=§=R
H-o0 . A
) 3

6) The synthesis of the acylurea does not seem to involve_
a reaction;between the ufea and anhydride products since a system o

1nit1ally;éontaining urea and anhydride does not produce the acyl~

/
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urea. Similarly, DCCD and aeid chlorideé glve the following prqduct:‘
| R-ti= C=}-R "

ClL ¢=0
' R'
o Aﬁmonia and .amines react.with_carbodiimides to glve guani;
dines. (It ray be recalled :haﬁ cyanamlde and sarcosihe can react .to
give créatine (130))f . |
8) Alcohols can add to carbodiimides but this requires cata.lysts. -
and ?igorous conditions. (As yet, only thdsé cystems which have re- . |
agenté wiﬁh'carboxylic and phbsphoric acid grdupg appear to react’

with dicyanamide and dicyarCdiamide in aqueous solution).

L]

_ Both'the clited and experimental data.noted in this repdrt, Qhen
vtéken togethef, present a picture.of the mechanism of DCA-mediated
dipéptide.syhthesié‘ Hach éxperihent waé designed to provide 1ﬁf¢r— ' =
mation about one or more.steps of thé reaction scheﬁe. This overall
process 1s presentéd In Flgure 39 and 1s the result of the cohsidéra» _

tions discussed here, !
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N=C-N-C=N I Dicyanomide anion
H* r_H+
NC—NH-C=N

NC—N=C=NH [ Carbodiimide form

20
'I“HZ ?<OH
CHa (|3H2
éOO NHp

NC-NH-C=NH
YN-Cyano—O—
¢=0 aminoacetylurea
Nc_NH—(I:=NH m N-Cyono-N'-carboxy- (IJH
H methyiguanidine CHp
Ha NH,
O0H ] EHz
H2
HN-(CN) |
2 COOH
NC-NH-C=NH H
Neti-cn N NNN'=Tricyano- NC~NH-C-NH VI N-Cyono-N'- NC—NH—?—N(H YII Cyanurea
-N~-CN guanidine 'c'> ¢=0 glycylurea + 8
H + (IJHz
“SN-CHy~COOH Ny NH,~CHyG-NH-CH~COOH
H”
'VIII Diglycine
ZN-5306

‘Fig. 39. Proposed mechanism of operation of dicyanamide,



< 156

ACKNOVILEDGMENTS

The author 1is qreatlv indebted to Dr. Melvin Calvin for his
inspiring direction of the research work reported here, Mlis
scientific acumen provided stimulating guldance for carrying out

nls inVestivation.

~The advice and assiatance of Dr, Richard Lemwon also provedh
very helpful in surmounting many of the problems rosed by this
rroject. |

~ The éooperatioh of Dr. Dean Kenyon s greatly appreciated,
Many of the experiments reported here were carried out as a joint
effort by the author and Dr, Kenyon.,

Pellowqhip oupport from Nat*onal Selence Pcundat*on, Wheeler
Foundation, National Aeronautics and Space Agency, and the Lawrence
Radiation Lahoratorv is gratefully acknowlodved. This work waé

sponsored ‘by the United States Atomic Energy Commission.



157

APPENDIX T - pH TABLE:

In the studtes made én'éhe; mechanism of mAfmdiated'dipe§tid§ syn=-
thesls, a.numbar of exuerihents were éarriﬂd in w&ich'it was deeirable to
maintain a certain pH while varyinr the concentrationq of the react ants, )
in par*i&u;aﬁ DCA and srlvcine° Therefore 1t vas necpssary to know how
much acld to dd in order to attain the desired PH under the designa*ed
- econditions., To facilitato this, a Fortnan computer program was designed
to supply a table. lietiny the various oombinations of vlycine and DCA,
and the calculated acld normality necessary to achleve particular pH . f
values for the solution. : . . |

Such a program is exhibited In Fiz. %0, In the table resulting from_"'“
this program, the cbﬁcéntratioﬁs 6f glyecine and DCA are varled between
0.12 M and 0.01 M. The pH 15 varied between 1.0 and 2.1, in increments
“of 0.1 pH units, The established pK values for rlveine and DCA are eh— -
ployed. vThe 6a1culation perforﬁed by the program glves the normality of'f
| HCY that must be established in the solutlon in order to attain the par-

ticular pH under conslderation. Thus, the resultant table lists the pH

in the first colum, thé glycine concentration in the second colum, the IR

DCA concentration in the third, snd the ronuired HC1 normality in the
fourth c"luﬁﬂ _

The actual computatioﬁ waS-performed,oﬁ an IBM model 70hﬁvc6nputer.
The resultant data provided_information for 1728 possible combinafiqns,

of reactants and pll. =~ ; , .



S TSTEINMAN PH TREBLE FDRTRAN'SOURCE.LIST MAiNA

- ISN ‘ SOURCE STATEMENT
T N DIMENSIDN PH{13),A(13),8(13),C(13 13,13),X(13),T(13) w(13),Y(13),
, $U(13) - . e
- C AIS GLY - B IS DCA ;_v~-'*‘
€ - PH-2.35 = -LOG(AWN/A _ -~ T T T T
6T 2435=-PH = LOGIAHI/A 7 U 10%%{2,.35-PH({I))=AH/A=X = Y=X/{X+1)} _
~C - C.83%PH = LOG(BAI/B  TO¥¥(=0.83=PH{I)T=BA/B=T "~ UST7{I+I)
C W = H+ NEEDED TO PROTONATE WATER TO DESIRED PH - :
R C “C = H= TOTAL HCL NEEDED TU ACHIFVE PH SCAN PH I.C 10 2.0
2 DO 50 I=1,12 C
: 3 00 50 J=1,12

4 - DO. 50 K=1,12

5 PR{I} = 0.9

6 A{l) = 0.00

7 “B(1)Y = 0.C0

10 B(K+1) = B{K) + 0.01

IT AUJ+T) = ATJY + C.01

12 © PH{I+1) = PH{I) + 0.1 |

13 X{1+1) = 10. o»»(z 35 - PH(I+1)) _

14 COTHI+1) = 10.0%%{-0.83 — PH{I+1})

1s AlI+FI) = fdﬂﬂﬁT?ﬂﬂTTfﬂ

16 ©Y{I+1) = X{I+1)/7{X(I+1) + 1.0}

7 U+ = WI+D7{TI+s1y ¥ 1.0

20 ClI+1,J41,K+1) = A(J+1)*Y(I+1) + BIK+1)#U(T+1) + wtx+1)

21 50  CONVINUE

25 - PRINT 60, (((PH(1+1),A(J+1),8(K+1>.c1I+1 J+1,K+1),K=1,12) 5J=1,12),

II=1,12)

42 60 FORMAT (11H1 PH TABLE //4X,3H PH,20X,4H GLY, 20X.4H DCA 20X, 4H HCL,'
L/7(aX3F3 1, 20X,F4.2,20X, F4, 27 20X, FS03) 70T —
43 STOP .

44 * END

igure 0. Fortran program for calcullating_a pH table of solutions ﬁ_tilizing various concentratiqns

" of glycine, NaDCA, and HC1
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APPENDIX IT = Sn "CULATT OH ON TT“ Fﬂ”MA”I“W OF MASS AND ENERCY .'

- The real world, as 1s evident to anv astute. obsorv‘ﬁ, 1s a conglo—‘,,‘
merate of vafious physical and thermodynamlc interrelationships., These i
would include material transfer, interconversion of the various forms
of energy, constructive el destructive co-activities, snd the like.

A reflection upon these functions entices one to analyze the causes;ifg; 
lbenLnd the obse”vcd offect For example,'the‘conception of the forces R

. In th@ physical world res tg entirely upon sense perceptian. Thefefore,'“
no matter whet may be the actual conditions of a gmiven event, absolutes, ;};a
even:into the realm of abatrzetlons, must be pfoposed wlithin the fin —_”;;f:i;
work of sensual iirdtétions, whether fH{é bt= by first-hand observation e
or with the essistrnce of anslytical inst"umcnts and éid;.

Mental ccdification is hased on int@rprPtauiOﬁS of extermal im-
pressions bv Whivh p@rcep tion determines rnsultant values. Thus, for
'example, the denree to wnich an observer realizes the organization or

l disors aniaation of the units of a qiven svstnm 1s subject to the manner o
in which tﬁn stimuli are recolved, the relative maﬁnitudes of each class
.of data reachino the ob erver, and the value system he employs in dnmh-_5 

| ] 1nm conclusions, whethhr thia be arbitrary or preiudiced Since man

rust draw. concluqionn from perceptions recelved, the exnanse of these

conceptions is ﬂubject to th@ 11mitations and the inpccuracies of the
receptor or the means of transmission sb that what 15 concluded to occurv3_1:]v
"'in a cortain physleal nvnnf may elther not represent the aetual pheno-

menon or'may not give a large enough Qverview of.all the factors signi- ;f'f1 

fleant to defining the meaninz and relevance of the given eVent.'~-
The law of conservation of matter and energy, for example, is a

law only as long as no ohservation is made of some phenomenon which
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diszgyscié. Thus, even if such phenomnna do occur but have not been
observéd either because.qf limi ations of observations or lack of suffi-
¢lent #ampling expérience; the law would st1ll be quoted even_though it _-3
was nét actually true. _Also,'it is possible that the law 13 true today
.but at some pravious time 1t was not, ylelding the plausibllity of
spontaneous generation of mass and/or energy. In thls case, a previously

undefined concept of nhso]utn nothingnesa xou_d have to bp postulated.
This principle i more easnly understood Af 1nst@ad of cuotomarily
'abcepﬁing time as being infinitely divisible, 1t should rather be comn= -
aidered.ﬁuanti"wd. In‘other words, ‘A point of diviaion of time Incre-
;mént. coula be A,acﬁed hy w‘ich no further anmonta“ion would he oosaible.'i~.
‘The unit at that point would be ‘the fundament&l quantum of time, Com—
binations of fnose 1uanta constitute various UOVﬂenta of ti&c basségg
‘such as the szcond. Undouhtedlv, he fundanantal quantum of time 13
much smaller thar the second. It 1s here assumed that Drimordially the
. Tundamental quantum wasvhot the same as 1t i3 now and was in fact 1nf1f
nitely large. ‘ o

Diffarent v@locitiés ﬁéy”bewcompared in two Qayé:
1) Constant distancé with variadble time;

’2) viriahléfd stance with conatan* timn.

The first case can be an)lﬁed to the point et hand., Since e= Ax/ét and .' fiT
Ax, the distance traV@rgnd bv a light wﬂotoﬂ durinq Quantum of tine, e

15 held conatant, tne.only way ¢, the speed of the light}photon, can vary. ;t'
would be if and whenvﬁhm quantum of time (At) is not constané because ¢ f
is a fUngtion of At. Sinee 1t has been postulated alraady that primor- .
Qialiy tﬂis At was 1nf1nite, by the Elnsteln expressicn, energy was then : .‘.

nonexistent: - 2

Emme” = m(Ax/At)2 = mx/e = 0.
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For time ﬁo pass, this quantum would have had‘to becéme finite, which
would likewise couse energy, and from this, mass, to appear,

T*s mrirofﬂ‘al state of ab"olute nothivgnms,iwhex*é-thA time quan;
tum was infinitely larre, was noL realnm of an absence of something
since time patternb were laeklng nd the realm itselfl did not even
exlst in which samzthing could functlon in the firot place. By this
deficiency; ohyslcal 1aws Qére also nenexlstent, mhis mnotlonless pr”-
mordiéi state gradually took on the dlmension of moving tims (At<w),
whlch led to thé‘appearance Qf-énergy. From the concept of absolute

nothingness, it wav he noted that energy is as_interrelated with time

as 1t is with masé. “H@ apparent atabionary character of the phy lecal
worid todsy "*th wﬁvara to the ccnstancv of to al rass and enc*mq

would indieate that thm quantum of time 1s, for all practical nurposes,'1ff?s‘

how constant on the Farth.

The concept»o;.quant oi tima cnuld also be used to exvlair ‘other. .
physical phenorena, . For example, 1t has been observed that light
emitted from distaﬁt galaxies has a tendency to appear shifted toward

the red end Qf the spectrum when sultably LWxs'.lyzmd (1). One explana=

tion of this may ba found in the followinm derivation wherﬁ & hypothe-

tical finlte qutem 1@ con%iderod.

h ﬁ;Planck’s constont  Ax = distance traversed by 2 light _

" v = Mdeht frequency | photon during & quantum of time
A = light wavelensth, = - At = fundamental quantum of time
1) E = me? (given) -~ |

‘~2) = hv (zlven)
3) v = ¢/2 (glven)
1) me® = hv = he/A




| 5) % = h/me f.h/hAx/Af :
| (h, m, 8x held constanﬁ)
| '}6) h/hAx = k : E
T = ket
,Thus as At foes from larpe to small,
.,A goes from I. R. to visible.

It hao been obserVod that the red shift increases the greater the

distance of the lignt source 1s from our Earth (1) Therefore, it may': o

' be hypothesized that somewherc in the vicinitv of our solar system wasvt"”“'

tne location of the firﬁt point in evolution where the quantum of time f'
went from Infinlty to some finite value, By drawlnp concentric spherGSVl |
~about that point; the spread of thls phenomenon may be visualized as
outflowing waves. - This would accoont for ﬁhe'obserQation of the in-
ereasing maqnitude of the red shirt with distance away from our Earth.
Conqeauently, the universe is. expanding in relation to the rate at
which the realm of absolute nothingness 1is overcome-by'the spherically _
upreadﬁng deviation of the quanta of time from infinity. . |
If 1t is tentativelv accepted that initially the real ohvsical
world_was a glant blob of ene rgy 1ack1ng mass, an additlional factor
‘must be included ét this Juncture. Such a nossibility has empirical
and theoretical foundations. The materialization of energy- (2) has
been observed 1n the case of high energy photons bombarded upon a
heavy nucleus from which results a positron—neratron palr, ~In 1900,
Planck: proposed the concept of quantized energy which Einstein took
up in 1905 to explain the photoelectric effect (3). This 1s quanti-
tatively expressed by T = hy where v 13 the frequency, h is Planck's
constané; and I 4is ﬁhe enefgy of the‘photon. Thus, the photon 18 con-

sldered a quantum of energy whilch, when bombarded upon a suitable tar-
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get, Induces an expulsion of eiectron§ (2). if'the energy of the pho-
ton 1s above 1.02 Mev, the photon'disappears wlithin the fleld of the
nucleus and a positron-negatron pair“re#ults, conforming‘to the‘equa- '
tion hv = 2m.c2 + Pl 2 where E 13 the kinetiles energy‘of the particle
at the time.of production, me? equals 0.51 Mev or the rest-mass energy
of each of the resultantxpartiples,'and hv 1s the energy of.theiphoton.'
Annihilati;n of matter is observed when a‘positron collides with -
a nevatron, yielding two gamna rays each of eﬁerqy 0.51 Mev, Simi=
larly, 1t is possibln for a positron-negatron collision to result in

the production of a neutrino-antineutrine palr which also has no mass (U)

The positron may be viewed as an electron of higher positive energy,-» ‘_

' greater than 2mo2

’ while bearing positive charge and the same rest mass
83 the electron (5). On the other hand, & photon has no charge, no -
gggg‘mggg, and possessés energy by virtue of its motion at the spéed
'lofvlight. The photon.isba quantum of enerzy at any of a number of
.frequencies, 80 that to define a gamna'ray_or an X-ray 1s merely to
desimnate fhe frequency of the glven group of photons.
| mh; prodﬁction of a oo*itron—negatron pair by photon—photon colli-
sion has been pvoposed (6).; Such a proceé% requires sufficient enerey.
It 13 also %imnificant that When the energy of the nhotono is of the
order of billions of electron volfs (Bev), the products of their colli-
sion ¢can bg a protonxand‘an antiproton, each possessing ldentifiable
mass and qiarge;5vA$ a résult'of the collision process, both photons
dis appear,. | _ ’ |
Pai? productiéhfby pho#oh—bhoton colli&ioh is very difficulé to

. observe and perform experimentdlly hecause of the high energy (hvl +

hiv,y> 2me?) and the‘very_sensitive equipment reduired (7). However, a
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positran—négatron pair production syspem becomes appreciable in the

interior of stars where radiation density and temperature are both'very o

high. The value kT is approximately equal to mc2 at T =5 x 109 ¢°
and above thils the density of beta particle pairs becomes equal to the
denslty of the light quanta themselves.

In photon—ohoton collislon, the production of identifiable mass
from energy without the need for an original mass has fundamental
theoretical.significance, gspecially in the h&pothesis now under con=
sidération; Not only does such a procéss glve a plausible explanation |
for the materlalization of non-matter from primordlal energy sources,
but. it also suggests strongly the real significance of the éleébrical
' charge dichotomy observable in nature. One of the mostAoutstanding |

4

exarples 1s the electron and proton.,
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APPENDIX III — PROSPECTUS

The following section has been included ln this work to‘. repr"e-
sent séme general thoughts on the future cf‘ “he .mve stis ation of -
’ cﬁemicé.l evgluticn. me experiments recorded to this point have

been rrientioned 'in order to indlcate thatmeans are at‘ hand for
synthesizing biolog.gicai onomers arid poiymérs under presgmd
i ti*;re Earth éonditions‘. Therefore, the next step is t§ de~
: éig;n means by which these compounds could have. becume organized
Into systefas exhibiting the characteristics and properties ’of‘_ ‘
liv;rig; org;arﬁ.sms._v |
This section of discussion includes cited wofk from other
~ laboratories as well as the suggestions of the present mthor.
It 1s designed overall ao a medium for speculation rather than an
exact presentation of verif'ied exnerlrmntal results cxclusivels,
The reactions, syntheses, and experiments discuased here tend
to indicate 'chat- possible means have been demonstrated by which _most

of the groups of compounds (and especlally, in the light of the pre-

sent study, ‘phosphates, pyrophosphates, cérboxylic esters, and 'pép- '

tides) needed forllving systems may have evolvcd on the pv'imitive

Barth, It 1s quite likely that the exact methods en'oloyed can, at’

x‘

best, only approximate prebiotic events but, taken ag a whole > thesm '

syntheses indicate that essentlial biochemica.ls can be f‘om»eu by the
i

energy sources and simple reactants moat lncely predent on th° young; .

Zarth. Tpe recreation of thezw syntheses 1s therefore restricted by

165
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the probable lack of both initial complexity and specificty of the
primordial environment, chemicels avaiiablc for reaction, and the
means for catalysis. Such restfictions are far from ideal from
a synthetic orgahic chemistry point of view. However, a sjstem‘

(i.e., chemieal evolution) able to make the transition from ele-
mentary gaseous units to combiextnacfbmolecgles exhibits a iargp
number of intéresting and inetrcctivc chcnic:l and physical pheno-
mena. | | ; |
Aside from ﬁhe‘methahé ammonla, nitrogen, hydrogen, and water |
believed to have been the primary synthetic units, the central role _-
of such compounds as cyanide and formaldehyde as key intermediates
has been elucidated and emohauized by the experiments already dis—A |
cussed. That thc simple ncthod employed pro@uce dust the chemicals
presently,utilizcd oy biological syetems tends tc fortify the sﬁg—
gesced wiidity of the approach to the problem;‘This is nct to say
“that all successful eystemS‘truly reflected the course of eVoluticn;
However; that the general types of synthetic procedures, with ail
their restrictions, lead to chemlcal compounds of current biologi~
cal significance glives credence to the suggeeted course of chemical
. evolution., _ | N

Perhaps the most significant synﬁhesis reported here, Qithﬂfe-
gard to its ramifications and applications ;c the problems of blo-
:genesis, 1s the production of the peptide bond. The linking‘of amino
aclds glves rise tc mahy possible new functione and operations.
. Macqcmolecular'polypeptides, or proteins, are important consti-
: tuencé offliving eystems (219). Thelir fuhcéioné range from struc- |

tural, such as keratin and collagen, to catalytic, as in the case
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of the‘enzymgéjand cytochromos.. Since tﬁe primary linkage (aepeptidej_
of.nearly‘all.amiﬁblacids ina polypeptide chain 1s of the same chem-
ical nature, the factors which diiierentiate the. phyglcochemical pro-
perties of one polymer fromeanother involve the slide chains of the

constituent amino acids. In addition to. providing a large nurber

C of possible linear comblnations,’ it has been demonstrated (in the

-case of ribonudlease) that the primary sequencé of amino acids

anpears to'have great importance 1n determining the secondary and -

. tertlary structure- of the protein (220).

The divcroc iunctions of polypeptides in biolo:ical oystcms
make the elucldation of the means by which they may have Leen_syn~ .
thesized during chemical evolution very 1mportant. A numbcr of

def'init ion¢ (to be discuswed later) have been glven to dcfine at.

'wh¢ch stage evolvinv systems couldbe condidered as livinb. Pmsb

seer to reguire. autocaualytic systems tnat can reproduce, mutate,,
and reproduce mutated characteristics. Present knowledge indi- .

cates that such functlions are determined by nuclelc acids (221).

vFowaver, the repllcation of nuclelc acids requireo enzyﬂes (222);

On the other hand, the blos ynthesib of enzymatlc proteins is con-
trolled by nuclelc acids. with regard to chendcal evolution, this
ituation presents a dilemma as to which came fir 3%, proteins or

#

nucleic aclds, o R ,

The nontemplate-controlled random chemical smnthesis of ribo—
nucleic acid would not, g priori, apocar to yield the specificity
required ih the 3'=5' phospnodieater linka@e (although some as yet

unconfirmed claima have been made of synuheses refuting this point

‘(118)). on the other hand, nearly all peptide bonds observed te
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date cre ot the same bond type (a—peytide).' Also, metabelic'fnnctions
are dependent on the preoence of enzyres, and 1f such enzymes are
available in sufficient (and autocatalytically increasing) quan;
tity, nneleic aclds are hot as es bential. If a protobiochemical
‘oyutem could be found by whﬁch peptide synthesiu would be auto~
catalytic dndvsomehow would favor certaln, perhaps useful, amino -
aclids sequences OVef_etners, the/emphaeie on the protoviotic nee— |
essity of nucleic acids wouid be diminished. The ultimate appea}-'
~ance of nucleic acids would merely serve to Increase the survival :
poﬁential of evolving systems by helping to preserve desirable
«Vtraiﬁs; One could therefore envision first the development of use=
-Iul polypeptide sygtemu which could also serve as templates for
ribonucleie acids whose infornetion, in turn, could be tnanslaued -
arid stored in‘the more permanent deoxyribonuclelc acids. This is '
"the reverse_of the present day operetion of these compounds.w Itl;
- is potentialiyvdangefous to be preJudiced\by present biosynthetic
patnwaje~in an attenpt to elucidate the coure of protobiochemical
evolution eince sucn'thinking may constrict one's field of vieion._
It io likely- that the earliest enzymic peptides were hydrolytic |
in nature. Since the opcraticn of catalygts 1s reversible, it is evi—
dent that.wzkan a ruch higher eoncentration of monomer, such as
‘amino aclds, than dimer isrpresent, the normal hyﬁrolytic operationz
of the enzyne would_be.reversed_and‘polymerization,favored (223).
Assunﬂng preferentlal synthesls of the enzyme, tnis would be one .

type of;autoeatalytic activity. Also, it 1is known that the hydrolysis

A
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of polypeptides goes rapidly doﬁn to ﬁhe dimer and'then_relati§e1y
slower to the mbnomer_levélv(l9a). This is apparently due to the
fact thaﬁsince”amino aclds are zwitterlons in soluticn, the close

roximity of the terminal charges in the dimer hinders the attack
of the hydronium lon. in a synthetlc procedure going in the other
direction, it would appedr that a similar situation would be én-
counvered. Thus, as the chain grew longer, terwﬁnal charges woulu
be ueparated further and the Joininb of new units would apparently
become easier. Such a situation has actually been denonstrated (224).
Whereas the enzymic (hyorolytic) equilibrium constant between gly-
cine and diglycine is 0.001, the constant between diglycine and”
tetraglycine is 0.05. This is believed due to the free energ&
values of thé larger peptides belng more. favorable for_éondeﬁéation. :
‘Th¢o would be another contrivution to autocataly5¢u.

It is not necessary for hlgh molecular weight peptides to have
appeared for slgnificant catalytic processes to have been going on
very early in fhe coufse of chemical evélution.- For exaﬁple, a five
amino acid segment of melanocyteoatinulatlng hormone has. ueen pre-
pared and demonstrated a detectdble amount of bioloéical activity
, (225).- Hiotidine alone has chymotrypain-like,esterase activity (226).
v' Also, it 1s possible to remove about two-thirds of the aﬁiho acidé
from the N—terminug of papain without loss of enzymatic activity (227).
Similarly, mobt enzymes eppear to operate at a specific site of
activity within the protein's structure, usually. involving a very
small numbcr of amino acld residues (228), This would uuggebt that
"the reoidue nmking up the large mdjority c‘ the macronnlecule
merely serve”tO'maintain stereospecificity in the positioning of

the few amino acids constituting the active site. These examples
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vaLnt out that small polypeptideo, of the type thabwould be found

" in the early stages of biopoiecic development, could have readily
.'served as useful particioants in protometabolic uyotems._Evolving
biological units made more efficient by those organic catalysts,
‘vhich probably replaced earlier formu of oiupler catalysts such as
diVaient cations, were not only improved by the presence of them
but also protected them from the perils of the external environ«“

| ment . Thuo, the inportance of the demonstration of a posoible reans'v
by which the peptide bond appearcd on the primitive Earth 1s recog—
, nized. ’

A numbor of methods have been employed in the laboratory to

‘ chemically Jynthe ize polypeptides. Theoe usually require toe o
blocxing of the appropriate nonreactinb amlno and carboxyl groopu_ -
followed by activation of the portions to be Joined (228) These |

: oyntheues are ueually carried out in nonaqueous solvcots. Some

of these ochemea include the carbobenzoxy method, where the car—-_
.boxyl group 1s cooverted,to the reactive azice (228), the N-car~

- boxy anhvdride method which gives long chains of homopolymers (229),
“and the method employing dialkylearbodiimides (120). It 1s duite

' unlikely, however, that such complex evstems were present and ooervfb
ative to any grcat extent on the primitive Larth. The use of un- :

- protected amino aclds with simple activating aystems was the most
likely couroe of cvents. As discussed earlier, a few labordtonxese
" have successfully demonutrated peptide synthesls under these con—

'itions,‘ However, most of these have either required unrealistic

_ activating agents (113) or unlikely experimental conditions (92). -

i
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In line with cerlier discussion, 1t would appear that the most likely

duplication of preblotic chemlutry would involve unprotected am;no '

- aclds, simple reagents, dilute aqueous solutlons, and moderate

temperatures, such as thét demonstrated here with dicyanamide.

| One 1nportant question in ablotic polypeptide synthesis 1nvolves
| those amino ‘aclds which bhave reactive groups in their siae cha1n¢,
~such as the e~amino group Orpyuinn, the y—carboxyl Eroup of glutamic
acld, and the g-hydroxyl group of oerine. It would appear that any
synthésis which could involve the a-amino or carboxyl.grOug of the t
amind acids could Just as easily‘utilize the.rgactive sides of the
type.noted nere, Therefore, since these side chains>were'availablé'
as well, é hechan &0 for polypeptide. bynthesis mast also COﬂSLdGr
._thn way 1n which reactivc groups could be incorporated in the chal 3
; without d¢oruptin5 the primary unit -linxinv process., As noted »
' earlier; it has been sugﬁested that reaction of appropriéte alde;‘ 
hydes and ketones with a uolybljcine chaln could res ult in the for;
- mation of a polymer bearing the characteristicside chains of polyf.
peptides (107) ‘This has been déﬁonstrated experimentally with‘fo#-
maldehyde and acetaldehyde, yieldimb seryl and’ theonyl reuidues,  "
reépcctively. ' Mechanismo were proposcd for the oyntheq¢s of other '
‘reactivc oide chains. ihus, 1f' such a mechanisn were operative, the
initial polypeptide chain formation‘would involve the simplevamino_
aclds (sucﬁzas slycine, alanine, andvthe like) and reactioﬁ of the
resultant polyr 2y with approprxate aldehydes would lead to the VAT~
viety of rgsidues known 1n_polypeptides today, ?he likely preaence va.

g aldehydés on the primitive Farth has also been demonstrated (26), It



s interesting to note that, as expected, random.syntbeses of amino
aclds under proposed primitive -Earth conditions usually lead t.o a .
 predomlnance of the shupie émino aclds with less reactive side
| chains (see Ref. 25,37, and 49, for example).

On the basiz of inforr'xation theoryy a good‘argment can be
mde i‘or the ea.r‘ly effective use. of‘ polypeo’cides. Nucleic acids
are recognized as the primary means by which blologlcal S.)’St"mb
now store information. However, they are ef fectivg in this capacity |
" only by virtue 61" appropriate enzymes which can Interpret and trans-
. late the nucleif‘ aclids for uéei‘ul purposes (221)_. Information, i,
is def‘iued as (230), |

1oL, P - ) .

:f~kbiip 1

1= 1
~where m 1s t‘:he: rn:urber of kinds of unlts available for assoclatlion o
' __(Sxich 'a_s letters of the alphabet), N 1s the numoer of units in the
message (such as letters in & word), and Pi 1s the probability of
‘occurrencé of each unit In any glven message, If the probabilities
of all units are eq@al , then the definition of maximun information
becomes: _ | ‘ | |
_ I = kN log m T
- where k‘, as "b;ef‘ore , equals 3.31 ( 1%—;,:—2).- ' o .
Adguming for the moment thcxt during chemlcal’ cvolution 2380~
clations o,_f amino acids to form polypeptides, on the one hand, and
nucleotide;s/g‘grm nuclelc aclds, on the other hand, are random, the
probabilit;ies of occurrence of each unit in the approprlate; polymer

chain would be c—\qw.l. Therefore, in the case of a three-unit poly’-Q

‘nucleot;de chain where four different bases are avallable, the maxl-
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mum 1nformaﬁion* would be 6. 02 bits whereas with a tripeptide the
maximum information, asquming twenty dlffertnt amino aclds equally
avallable, would be 12.9 bits, Thus it may be seen thaﬂpolypeptides
by compariuon to polynucleotideb can serve as effective Information
storin* 5yotems and that if an eoblotic qystem is able to col’ect
and utilize simllar polypeptldeo, the infornation inherent w*thin
- these polymera could more tnan make up for the initlal absence of
nucleic acids. : This would also be aided bj the prefrential oequenc-
- ing and accdmulation of potentlally useful polypeptldes in contrast
to a hodoeupodwe of every as ssoclation of anind aclds imaginable.
. The problem of the oribin of optical activity in natural
: amino acids as wcll as other compounds of bioloéical oignificance
has never been clearly resolved (245a), One school of thought holds “
that stereospecific mineral éurfaces such as quartz could catalyzé |
the production of one.enantiomer over another; but this'would, of
course, be resppiéted'to a small reglon of space. Another suggestion
has béen that the‘Earth's magnetic fiéld leadé to a small preference
of one direcfioﬁ of circularly polérized solar light over the other.
. This would apparently affect the outcome of light~promoted oyntheses
on the harth's surface and 1n the water, but such a phenompnon has
not yet been clearly demonstrated.T =

It 1s assumed, and such an assumption ié ceréainly not witﬁout
eXperimenﬁal backihg, that a number of means have been put'forth,

some or all of which could represent historieal phénomena,aby which

® Infor@ation may be defined as "that which sets or reflects a

pattern of organization" (68).
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essential biocheﬁicals could have appea;éd on the primitive Earth, ..(
Them, the next problem that remains is howuéhis molecule became B
organized Into a metaleizing system, Tbis 1s perhaps the most
“difficult problem to overcome in ﬁhe ultimate elucidation.of the -
origin of life., The appeérance of systems that could be termed
"1iving" was Qndoubtedly/iery zradual chain of events leading to |
.1ncreased'c0nplexiﬁy rather thanﬁzingbrupt occurrence, Iin othei‘w
ybrds, evolving éystems went through Increasing degrees of becomihg
"allve"., It 1s e&ident that to deterniine at which stage an evolving
body could finally be consideredcbfinitely 1iving, in contradis-
tinction to inanlmate, requires a(conéideration-bf the attributes'.
éf systems_now desimmated as "living" an thus establish a def1n§'
- ftion to merve as a érlterion for the test. Such an uneq&ivocal de-
- findtion 1s very difficult to establish, Living celis carry on>
" metabolism which. involves ing;éstién, digéstion, Sec‘retiOn, energy
converslon, excrétion, and ‘assimilation (231). Cells respond tb
stimali andfare able ;o reproduce, However, response po stimall
is not unlque ﬁo 1living cells since, for example, & cube of sugar

by going

in ?he presence of carpon, heat, and oxygen responds/to an oxi-
dized produét. Similarly, sulfur vacillates between!its‘varioﬁs"
allotrope; with changes in.temperaxuré.(232). vIndividually eaép',
blologlcal ?unction can be renénacted in the test tube with the.
appropriétg selection ofréaga1ts‘and catalysté, and 1s apparently |
subject térthe uéual sténdards of cﬁemlcél and éhysical phénomena.

~ However, as such the reaction is often less efficient than it had

b
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been in vivo. For example, it has beeanalculated that the known rates
of respiratién could not oceur 1f the enzyme participants were dis-
solved in free solution rather than arranged 1n their solid state
drray on the mltocnondrial menbrane (233). Als o, the colloidal pro-
perties found in the cell are lmown to enhance catalytic action -
by'the reéultant heterogenéous éharacter of the system which can
- . promote adsorption'and orientation of the.reacting molecules (234).
Changes in the colloidal properties‘of cells can directly affect.

.enzyme activity (1;) Similarly, DNA synthesized in vitro with
- A nolymera e lackg Lhé biological activity possessed'by its
natural template (221). A mixture of all the cellular compdunds in'
a testﬁggsiousiyllacks the characteristies exhibited by the cell it
self (177). There‘is nbthing mystical aboutvthe way‘é cell is>able'
to organize lsolated reactions into a coordinated whole. This asso- -
‘ciation is undoubtedly_affected by the usual 1aws‘of chemistry and
physics. The ignorénce ot' how this operates is merely a‘function
ofvthe limited experimental elucidation of the nature of the pheno-
menion, Therefore, a mjor conslderatlon in deciding whether a sys— :
tem 1s living or not 1s the observation of whether it bears the in~
herent propertieo slving it the potential for organizinv the neceusary o
component reactions into a coordinated oyatem of events.

Another attridbute of living systems is autocatalysis (235). As
discussed earlier, it 1is conceivable tthprimordial polypeptides in-
deed poadeused this property and effectively emploved it in the pro-

motion of eobiotic evolution.
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The requirement that living bodics are able to grow 1s not
- unique to these systcms, since crystals exhibit this function.as
well (235). Similarly, reproduction is not an essentlal attri-
bute fof a whole organish. to be classified‘as living, since a.
mule is certainly alive but is unable to reproduce itself.’ An
amoeba can be denucleated and 1s thus reproductively dead.' How=
~ever, it ee;taihly foes on with its normal metabolle functions for |
ah extended peried and bears the usual properties of a:liviﬁg sys-b
" tem (except feprodﬁction )(177).‘ Howsver, the capacity to chaﬁgee
and also reproduce such a chaﬁge i3 apparently unigue to living
- systems. The current excitement over nucleie acids has led many to
sugzest that no system could.be cJassified'as liVing'unless it “
'.posoesoeo thebe conpoundo to direct its course of existence (236).
However, Juop as the essence of biologlical evolution'is the survival
of those;organisms wﬁich have by chance acquinedtraité which enhance'
their survival petential (e.g., by genetic mutation) (231), so tbb
the evolutien of‘protobiologicai systems could depend.on ﬁhe chence :
acquiuition of oome valuable trait, uuch as a uoeful catalyst. Growth
would result from continuouo accumulation of sinalar mdterial through
selective membranes and catalytically enhanced alteration of thebe
'i:macerials into useful constituents, Reproduction could ocecur onge
the unit paseed 2 critical size of expansion resulting in separation
into small ghits carryihg portions of the acquired'characteristics
(@uges eéééiysts, membranes, and the like). Thue, primitive evoli-

" tion need not be restricted by the.(pdssible) initial absence of -
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nuclelc acids. The main'problem now seems to be the solving of the -
question of how 1solated eventsAbooame qoordinated into an evolving'
organism. However, the validity of bhe‘suggestions pﬁt forth ﬁust
5611l be subjectéd to experimental verification. '

The first step 1n§olves the ldentification of blological acti-
~ vity iﬁ'compounds produced under primitive Earth conditions. Heat—
1ny:glucoée together with asparagine has tzen reported to givp
_ nicotinic acid (237). 'The product exhibited activity in bioasaay.
The tripeptide, glutathione, has limited redox activity by itself (237a)

Ferredoxin,J iu a small polypeptiae which contains twelve of the
usual twcnty or 5o amino aclds (238). Seven nolea of iron are bound
by sulfur in it. It has been qubﬁebted that thils compound may be the
ancestor to the more conplex hemguoporphyrins. . B

A primitive form of enzymatic activity has been demonst ated
v.with styrenc (239) Flrst, the styrene was polymerlzed in_the pre-
_1oonce_of Cofheme dlethyl ester, Then the CO wags removed. Ip was
foond ohat‘the polymev could bihd o)) rnversibly iiVe hemoglobih.
Aloo, the heterogeneouo ndture of a water—oil interpha e causes
linoleic acid to be rapidly oxldlzed by 02 whereas no oxioation takes
place when added ethanol makes the systerd ‘01ogeneous (240). |

The proteinoid, dlscussed earlier, synthesizod by anhydrous
heating of 'a mixture of amino aclds, appears to, posgess sOme eNzy=-
matic ac»ivitv. Firat of all, thn glucose 1s added to the polymer,
o, 1s detected (241). Also, the proteinold seems tovcatalyze the
hydrolysis of o—niﬁrophenyl acetéte (242),_aithough this éan be

promoted by a number of simler substances (226).



The nature of protOmetabolic develooment presents another prob-
lem to he conoidered. It seem likely that neuerotropHinnourish—
 ment was the most primitive form of netabolism (15) Chemical evolu=
tion undouotodly provided great stores of ready—mdde food initlalIJ
>‘:for the evolving systems. One &ood piecé of oupporting evidence
thét héterotrqphic ngtabolism was the mpst.primitive is that mény
autotrophié orgonisms now are alsé able tébfunction a? hetérotroshs,
if necessary, but the opposite arrangement 1s not observed Once the
most easily utllized nutrients (A) were used up, those eobiots able
to make A from other accessible cmnpounds (B) probably had the -
| greatest survival potential (143) Once the supply of B diminished,

necessary to
it was/make A and B from C, and so forth. These early reactlons
were most likely fcrmentatiqns. The direct (autotrophic) utiliza—*
‘tion of sulfate,ihitrogen, carbon dioxideﬁihydroggn, and oxygen
" required the appearance of'appfopriate.porphyrihs, probablyvat'aj
later déte. One possibility for nutrient B 1s glycérate-Z—phos;
phate (A would be likevATP or something of that sort) (2&&).‘ It |
| is aréued that-this acid phosphate couid lead to the evolutidn‘ofy B
the majof'phaSQS bf.ﬁetabolism,Such aé highvenergy-phosphorylation;:
oxidatlon-reduction (trioée'phosphate would aét as the H carriér);
amino acid and sug&r synthesis, and the production of metaboiic?
intermediates. That.such 13 possible nonenzymﬁticélly hds ndt been
demonotrated experimentally as yet. However, if this type of scheme
did 1ndeed occur, 1t would represent the evolutia1 of mntabolic path—
ways in reverseﬂof, as well as in, the direction in which they take.

place now whereby one catalyst (or enzyme) was added at a time,

Such a suggestion is guite plausible,



Thosc organisms’. Nhich thcn devolowed oigment-oonuitizers hJ%

' a supplen@ntary means for more efricient utilization of organic

substanc 3 (15). AP example of this nould be direct pnotosynthetic
~ phosphorylateon. It 1s noted that some obligate~anaerobes can cone-

»suie Op but this_*ventualiy leads to their deathr(ZUS) These or-

ganisms are found to contain flavin Ppigments which could have once -

utxltzed oxygen In d trqnufer but. don t have thils function now, -
Early_protometdbolic reactiono, such. as oxiuation-reductiOn,v
probably involved metal cations in various statea. Later, with the.
‘addition ofvporphyrin~likc moleties, the cataljtic off clency of
the process went up as much as one thousand times (202). Tron
| porphyiins;;for‘exahple, might even oxidatively promote thelr own
T duplicatien by autocatalysis;» Other metals could then replacegthe'
.iron.' . | _ . o |
Tius 1t 1s likely, because of the suspected initial lack of
_exygen and exceés of hydrogen, thet.the first metabolizing‘systems
. were anaeroblc (13). mhe'energy sources available-to these brimi;

. tive aystemo included ultraviolet and visible libht, 1onizin~'

radiation, heat, and chemical bond energy. The reactions of the »

systems orobably involved uimple compounde. Next as greater annunts

of oxygen appeared and hydrogen decreased, metabolism reruined )

anaerobic,but since corpounds belng used by the evolving;systems,

. which by this time reflected the characteristics of living entities,

were now mére_complex.‘visible lizht could be utillzed effectively.

Organle réseryoirs from previotic chemical evolution became depleted

and 1living cells had to resort to photoreduction‘to‘satisfy energy

, 179
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.requiremepts.‘ Ozone now helped to protect theseAunits from the hazafds
of ultraviolet radiation. With increasing complexity, thg faﬁe of these
eoblots became subject to Darwinian;type,evolutioh. Finally photosyn- ‘
tbeéis appeared to greatly incréase_the,availability of oxygen, making
aerobic respiratory systems possible, Ig terms of the types of metabolic
systems involved, this hypothetical (since, to sa& the least, 1t has not
been repeated experimentally) coufse of evolution can be outliﬁeé in the
following marmmer (246): ‘ | - o
1) fermentation: glucose -+ CéﬁéOH + CO, % ~ Pv(ehergy source).
2) héxose’monophoéphate cycles v6 glucose + 6HH0 + 12 NVP.» 6C0s +
5 glucose + 24 ¥ (availahle for metarolic reductions).
V3)_photophéspborylations: direct use of sunlight to get ATP
ﬁ(reduires appearance of metalloporphyrins). |
AD) photoéynthesis: capture of sun's energy for the synthesis of
needed orgahic compounds with Op as a prrodﬁct.
;'5),aerobic respirétion: &ost efficient use of chemlcal energy.
Since the oceans are too immense to assume fhat chemical evolution
provided a sufficient concentraﬁion of conpounds to make these bodigs of
vater ore blg unit molng through the steps of metabolic eyolution Just

outlined, a major problem that remains is how local agglomerations of

compounds‘ocburreé. In other words, It 1s necessary to elucldate the i .w.. IR

i : .
means by which barrlers appeared to provide local concentraions of

i

chemicals &hiéh were shlelded from the external environment. The semi~-

rermeable membrane seems Lo havé been adopted by all organisms as. such

CEREY
L ey

& verrier (247). This membrane, as discussed earlier, is usually a
doubtle laver of lipid covered on each external side by protein. It
has been sucgested, &s shown in Tigure 41, that such a membrane could

arise from the agitation of a protein solution covered by a 1ipid scum (248),
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Fig, 41, Droplet formation by film collapse (from Ref, 248).
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This pﬁenomenon has been observed in the laboratory. Inorgaﬁic models
for the semi-permeable membrane ha?e been produced as welll(2ﬂ9). Mixing
ICuﬁOu and K3Fe(CN)6 produces a membfane of CuFe(CN)S. This structure
15 found to bé sbiéctively permeable and 1s also self;repairing to
damage that may/occur. _
Another apbrpach to the evolution of the 1sélated cell-type unit

nas been with the proteinoid, discussed earlier, which 15 syhthesized
by thé anhﬁdrous heating of a mixtufe of amino acids, Vhen thié protein--
. »like produet is bolled in water, memhraneous microparticles appear (250,
251). They_ére usually 1 to 3 p in diameter alﬁhcugh some are as much .
as 80 . In the electrcn'microscobe, these structures éppear to be |
double layered. They are stahle enouch to be sectloned énd stained, Wheﬁ
zine is incorporated into the microspheres, they exhibit ATPase
activity (252). However, as noted vefore, the likellhood of the
'v idealized conditions under whichﬂthe proteinoid 1s formed is highly ques-
tionéble from a primitive Earth point of view.

| By bhubbling alr through filtered sea water, aggregationﬁ‘of‘organic
material into particle# takés'place (253,254), These units are capable
of sustaining growth since‘they serve as a point of concentration of v
nutrient. Phbsphate has been specificaily shown to accumulate on the
surface of the bubbles, Simii@ply, the surfaces of clays, such‘as kaolin,
~ have bheen shown experimenﬁélly in the present workbto.also concentrate
phosphateﬁéontéining compounds, Montmorillbnite adsorbs amino aclds (179).-

.The éignificance of colloid chemistry to blologlcal phenomsna has

been poin&ed out (254a)., It 1s from thisbfield of study; thereforé,
that clues to the origin of living svstems can be extracted, The a3s0-

clation of the molecules and polymers formed during the preceding period

-
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- of chemical evolution may have depended to a'gfeat extent on the

- colloidal’nature of the'generai environment and the ability-of

colloidal units to provide local milieux for acceierated development, =

Oparin noted five physical phenomena which made coacervuteu pos~

. sible candidates for the origin of primordial cells (255). First of .

182

2ll, they are able to selectively adsorb 1arge amounts of substancco onto

their surfaces from the surrcundin?-medium., Secondly, since it is postu—
lated that the primordtal bodjes of water contained various amounts of

polymers (as proposed in this dissertation as well as elsewhere), the

- material for the formation of coacervates was probably ava*iablee

Th*rdly, coacervates can form from very dilute solutions of polymers._

Also, these colloidal «tructureé'can freelv interact with the environment.
Finally, protonla m of present day cells has coaccrvate—like Col=
loidal proaerties. ' o |
In sungest*ng that the coacervates provided the means by which a

diviqion was made between certain associations of macromolecular material

ana the general environment, Oparin also proposed the means by which
: these unjt% develoned‘1nt6 a stable, surviving system, His outlineg
A although 1rtended to apply snecificallv to coacervates, could equa¢1v

deecribe tbe evalution of praotically any of tre DPOPOBed pr*mordial '

biogenic,units. Ey 1ts physicc«chemical nature, a coacervate droplet

is only moderately ‘steble and is prone to dlssolution with changes in

the environment, However, since the coacervate is able to exchange -

" materials with its environmeﬂt, 1t may possibly take in substances

which'are beneficlal to its exlstence and thus sustain its existence;

- For eyamnle, it ‘may acouire metal lons which might act as catalysts for

simple 1nterna1 reactions that could fortify 1ts properties such as
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'_surface tension. Those coacervates which gain such added stability

have .a greatcr likelihood for survival than those that do not.

Once having achieved cglf~preservation, the next step es sen*ﬁal

- for perpeﬁuation would require a means for growth. By taking in and

utilizing materials from the enviromment ; alfeady rich in organic‘
material, the mass of the coacervate population would increase. Thqse’r

units exhlbiting greater rates of mass accwmulation would evidently

displace less progressive systems. This increase of internal activity

,fith'fhe acceleration and assemblage of peneflclal chemical reactlions

vwould rapidly alter the propertieg of the coacervate, promotinv distur-
vances and ultimately fragmentation of the units, or division. The _
coordination of growﬁh with ﬁhis division would_amouﬁt tg repréduction.A,
The availlable supply of or@énic compounds for direct use wasy of course,

limited and only those coacervatec whose development had led to the

'.acquisition'of traitq'superior to those of other wnits would dontinué'\

to exiét._ The abllity to repeut >uccessful act would enhance this

survival, Once rnoeated dets became coordinated into the uVStCﬂ of the

unit, :elf—duplioation became possible and "life" in its most bas 1c.oense

appeared, .

The "nurnosiveness" of the syatem became the dnveloonﬁnt of superior
- traits with vihlch to eope with and utilize the environmcn* qo as. by
"”1+ura1 ﬂﬁlection" to nurvive 193% Qucce%sful cometitors, C$talytlc

functlons w@re LN?POVPd by sophisticatlon and mod*”ﬁcatiOn.oL the oriri-"

; 9! .
nal inorgénic materinls., Further soecinlirattnn 1cd’to rerions of the

© blologleal unit taking on individualized functions ang structure.

Agsoclatlon of unibs 224 to interdependent colonies;

183
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Oparin's outline was bj no meansr£he Enly plausihle expian;ﬁioﬁ,
for the sequence of stens leadine to tﬁe appearance of the living cell.
Opartn saw the originzl blogenlc unlt subdividlng within iteelf in
order to develop intracellular structures, However, i1t 1s also posqible
that the nucleué m‘tocnondria, and the like may have develoned as In-

devendent organisms and later came topether 1In a symbiotic mamner. The

finding of extranuclear DNA has helped to support this contention (256).

Viruses may th@reforc be no more than "nomeless" nuclei.

uO&C“PV&tCJ nave the property by which thnir 1ntnrnal environment
strives tovcome into equillbrium with materials dissolved in the sur=
rounding medium so that the Internal concent"ation of a riven substance
1s about the same as in the external meoium. Living cells, on the other
hand, often'ﬁaintain a givén concentration of a substance against‘a,
gradiént‘which would ordinarily mean an escape of.éomglof the miven
'substanée.' Thus,- thu “wpea*ancm of living cell faguired the‘develob-
ment of‘tﬁe capacity for active (energy-consuminz),tfansmort apainét a
conéentrétion cradim *;‘ LiVewis@, Whé“eag coacervates demended on un=-
regulated chance to ﬂ”fect wulflolication by dtvisioq, tho transition
“to orﬁerlv tnmati cividion, at least.on a 6riﬂitive 1evel, was

\ v
necessary in order for primerdial biological units to bear the gharac-

‘

teristics of lving céllé.} _ )
Thé Earth is believad~fo be U4.7 billion'years.old (557). A study
{ fossilgiand'ancient.organic.deposits permit# the determination of
the_léngtb of time évailable in whieh preblotic chemical-evolutio;'
could havé taken place. Tt 1s evident that the older the‘evidenée.for

1ivine orzanisms, the shorter was the time for the occurence of pre=-

AN
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blotic evénts.o Fosoils have been studled oy chromatoyraohiolanolysis
(ésﬂ,290,260). Amino ac*du ere d@ ectcd in specimens as old as 50
million years. 'Plantelike cello have been chserved in Pre~Canbrian
rocks possibly datinv to 2 blllion vears apo (251)., Aoalysis-of the
Pre~Cambrian Honesuch. deoosit, dated af ) billion years, gave evldence
of the lsoprenoids, pristane and phytane (262,263). Méterial taken
from this sedinwntary rock also suggested the presence of sterane-type

and ootical y active alkanes (264), The Soudan shale, believed to be
2.5 blllion years o0ld, airﬂlarly exhibited pristane and ohytane (265),
| Flectron microucoolc studles have found evidence of rganisms in rocks
as old as 3 billion years (264a), Thn seominle b1oloeical naﬁure of .
these compounds angd ﬂtructur*“ %quoﬂts fhat they reflect the presence

Cof 1iving orge ﬂiuﬁS aT a. onr*od in wﬁtoﬁ the rocks were laid dovm.

This could be tnfﬂn to mean tﬁ“t nrnbiotic chomjcal ovolution too<

‘clace in something less tnan ~billtnn years..

By dnpinition, enzynes accnlcrato reactions woich would oceur
even 1if the catalvoto were not there. HoWever, 1n the absence of these B
accnlerators most biochmmical reactlons would turn over 30 slowly that
thelr progresa would be«exoeediQWIy small. mhernfore given the neces-

sary starting materiala and an extenalve amount of time, it 1s con-—

ceivable that by equilibrium considerations small guantities of re—

quired compounds would pébﬂltq(éﬁSa). As the‘period allowable for the |
occurenceﬁbf chem1051 ovo1ut1on %s found to be shoerter by new disco-
- verles, more reliunoe 1S'placed upon substances and conditions that

Y. were quite oossibly present on the orimitive Farth (such as dicyana-

mide) which could Havo accelerated the formation of biochemicals



| i

essential for the ultimate anppearance of living orsanisms,

.

The next phase of research into the problem of tﬁe origih'of lifé.
'ia perhaps the most cri 1eal and most difficult of all: _the 2ss dbling-‘
-of the components into a coordinated, metabolizin# wnlt, The following
discussion of objectives listed by th Space QCicncﬂ ?oard of th
Mationai,Academy of Sclences (?6() dnﬂcribee qu*co well the futupe

drection of this type of investig ation'

" M"The modarn, naturalistic view of life's oripin and evos - .
lution dates from the foundations of modern biolory a century -
aro. Implicit in the evelutlonary treatment of 1life 1s the

proposzition that the first appearance of orgeniams vas only a
chaﬂter in the natural history of the planet as a whole,
Onarin later made this netion explicit in his view that the
origin of life was a fully natural, perheps inevitahble, step

in the ontogeny of the Earth., Systems eapable of self-
replication and controlled enercy transier - living orpanismg =
had their origln in the sequence of chemlcal changes that were
part of the plane L'ﬂ ear ly aistory. « . -

"o a iﬁn*?icnn* extant the discussicn of life's ortg*n
must concern the origin of those molecular types that are
‘eruclal in cellular arzanization: the oriein of nuclele acido,
of proteins, of carbohydrates, and so on.

"In the 1950's a serles of experiments was initiated in
‘which the synthes is of vlologically important commounds was
aceom )LL“H&ﬁ by apolication of enersy to presumptive primitive
environrents, The list includes: amino acids and thelr poly=-
mers; carbohydrates and fatty aclds; purdnes and pyrimidines;
" nucleotides, including adenosine tripbhosphate (ATP), and oligo~-
- nucleotides - every major category of mol@cular sub-uidt of
which the c¢ell is built. : :

¢

Mhe credibilitv of the naturalistic, evolutlonary view
of 1life's origmin as an exploltation of previous chemical evo-
Slution on 3 sterile Farth is greatly helgntened by these re-
sults: thu great chemlcal complexity of its rolecular cone
stituents does not, in the last analysis, requlire the 1ntorb
vention of the cell selz. -

'"mﬁe meneral tennt that 1ife involves no qualitative
novelty = no €lan vital - goes hand in hand with the more
explicit proposition that 1t is the molecular orsanizaticn,




7

. . . ") .
as,éﬁch,.of living thi ngs that alone distingulshes them from
the non~living. 7The central issue in discussing origins now
concerns not so much the prior evolution of comlexity in

“molecular constituents as the attainment of their organi-

187

zatlon Into a sgotem that.1s alive, It is here we lack any .. -

sure guldes. « .

q

"It remalins unclear, of couraze, what precise sequence

“of events exploited the opportunities afforded by the purely

chemical evolution of the Earth's surface and atmosphere.

" But 2t some point in the unkmowm sequence a community of

molecules would have been fully recognizable to us as a liv-
iny as arainst a non-livinz thing: 1t would have been b

‘hounded from 1ts environment by a merbrane, capable of con-
trolled encrry expenditure in fabricating more of itself. « o

Ve cannot fMully know the precise course of the Farth's early
chemical evolution, and the degree of contingency involved
in the subsequent transition to a living orpanization of
molecules. « . What 1s at stake in thils uncertainty is no-
thing less. than knowledgze of our place in nature,”
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