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The results reported from many laboratories over the past deecde1·~ ''· .. . ' .• i .. 
. i ,. 

make it clear that all of the necessary biological monomers could havo been. ' . . ~ ' . . 

formed on tho primitive earth. By ".biological monomers'~ we mean compounds .. , ..... 
. . ' ,; ~. . -~. . ':~. - '•# • • .... . . 

such as the amino acids (on the way to proteina), the simple sugars (on 

the way t~· carbohy<irates and nucleic acids), and tha purines (on the . . '· · 

way to nucleic acids) •. There is no doubt that such compounds would have 

· boen formed on the earth under its assumed early atmospbero (composed 

mostly of CH4, NH3, N2 , H20 and H2)• 
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There now looms the problem of finding reasonable mechanisms by which 
·,_: :;.··. i 

! . · .. ' ~ 

... \-· t . l the biological monomers m~y have condensed to form the polymers under pri-
r 

mitive e~rth cqndidons. The condensations under consideration (amino acids · > 
sugars ' 

to proteins,, sugarS tQ c~rbohydr~tos,/to sugar phosphates, purines to nucleo-
·'. 

sides, and nucloosides to nucleotidos) are all dehydration reactions, and a ·• · .. 

number of suggestions have boon made as to how they took pl~ce. One of them 

is that a dehydrating conditions could have arisen in evaporating ponds. 5 

A second is that tho roaction may have taken place upon contact with suit• 

able mineral surfaccs. 6 
How~vor, it seems to ua that a more likely approach 

to tbo problem of biological polymer appearances would be to fin4 conditions 

that would result in dehydrations ·.in ciilu.te aqueous macU.a. 
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• l, ~ •. In considering compoWlds that can effect dehydration polymerizations : . ' .. 

7 .· 
our attention was drawn to HCN plus UV light, and to the carbodiimides. ·. · 

The substituted carbodiimides aro widely used to effect dehydration con• 

· a 9 donsations, for example, of amino acids to peptides, • and of alcohols 

(including sugars) with phosphoric acid to fo.rm phosphate eaters; lO in 

both theso examples 1 water may be present in the roaction mixture. How• 

.' ·:-. 
:.· .: . 

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

,·. ,·• .. . .· .. 

.· ~ . 
' ' ... 

_:; •., .... , .. 
aver, there is little reason to suppose that any significant qu~tity of· ':' ... ,,. '· . 

the dialkyl carbodiimidea were present on the primitive earth. A more 
~ 

' . 

. . . ' 

~ ·• . .. . . 

likely candidate is cyanamide itself • a comilound which hydrolyzes rela• 

tivaly slowly, that was probably presflnt on the primitive earth, and 

. . ·. '. 

. ' . . ~ . 

that is a tautomer of carbodiimide (H2N-C.::: N~ HN•C•ml). 
·lf 

We have tested tho ~ffect of cyanamide, or its dimer, in promoting 

the following condensations in dilute aqueous solutions: (a) glucose plus 

orthophosphoric acid to. glucose-G-phosphate; (b) adenosine plus orthophoa• 

phoric acid to adenosine·S'-phosphate• (c) orthophosphoric acid to pyro• 

phosphoric acid; (d) glucose to disaccharide&' and (e) amino acids to 

I dipeptides. ... 

Materials and 1·1ethods. In all our experiments (with one exception 

1.' • 

i' # ' 
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. ; . ' 

stated below) the cyanamide was used in the form of its dimer·, H2N•C(=NH)NHCN.·<· .. 

This compound, labeled "cyanamide", was obtained from Eastman. Its molting 

point (209°) and its mola~ular weight (86. by Rast deteX'Inination) correa•. : 

ponded to the dimor. The monomer, used in somo of our experiments, was 

·freshly prepared for us by Dr. riorst Koeller by the 4ehydrosulfurization .·· .· 
:· 

of thiourea by H&O• Its meltini point was ~3°~ 
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·. 
; .. ~ .. For the glucoae-6-phosphato experiments, 0.64 ~oles of chromato­

graphically purified glucose (containing 1.6 ~c of c14) and l.O mg of 
. ~ . :. . ;. ! ~.· 

' .· .· .. 
. . . ' ~ 

cyanamide dimer was di&solvad in l ml of o.Ol ~ n3Po4• The solution (pH 2) was· .. 

allowed to stand for 19 ·hours at room tomperature. Carrier glucose-6- .... 
:; ; ': : '·:. ::· ';• 

phosphate was then added and the entire solution was paper chromatographed I ~ • . 

(first solvent system: methanol-16 ~NH40H-water (6ala3 by volume); second 

solvent& methanol-ethanol-water (9:9:2 by volume)). ·The sugars and sugar 

phosphates were located on· the completed chromatogram with ~ benzidine &pray• · · -:· 

.radioactivity was located by exposure of X":'ray films to the chromatogram •.. 

An identical experiment was performed using 0.5 mg of freshly prepared 

monomor in place of the ~anamide dimer. 

The possible formation of adenosine-5 1-phosphate was determined as 

'. 
~ ' ' . 

I 

i\ 
i ... 

fo.llows J Chromatographical~y-purified cl4_labeled adenosine (0.29 \ltiloles.: 
and 

0.38 }lC), 2.6 ml of 0.01]! cyanamide (dimor),l 0.4 ml of 0.06 ! H3Po4,( final ... , .. 

pH 2.2) were allowed .to stand for 4.5 hours at room temperat~re. Carrier: 

adenosine-S·'·-phosphate (AMP) was added and the mixture paper chromatograpbe4 ·.i'/::,.,,.,· 
. ' . ·. -. 

(first solv~ntl 
I 

organic phase from a 4zlz5. n•hutanol•acetic acid~water 

·mixture~ second solvent z isopropanol--watel" (4tl.) ). The position: of tho 

AMP "as located by a shadowgram, the radioactivity by X-ray film •. Another '· · 
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experiment was performed with all conditions identical with those abovo 

except that the solution was adjustod to pH 7 with NaOH. 
.. :·. ·.:· . 

.. . ... ' 

The production ~r inorganic pyrophosphate from orthophosphate was ex­

amined by allowing l ml of a solution of 10•2 !H3Po4 {pH 2.1) (H4P2o7-

• •• · .. 1 • .• 

' . ' ,: 

free) and 10•2 1i cyanamide (dirner) to stand fol" lO hours at. room temjj)era• ·'· .•. · <. 

ture. The solution was then paper chl"omatographed:(one•dimensi~n) with 
I •,. 

··. 
' 

the n-hutanol-acotic acid•water &olvent. Th~ phosphates w~re loeu1ted by· 
... 

'·, . . . ' ' ~,·. . ~ 

. ·, ' ' .'t···' · . the ammonium moly:bda~e spray. '· . , 
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Resultc and Discussion. • The results recorded in Table I demonstrate 

! 
I 
I 
i 
l 
f '. 
f· .. 
r, .·, .· 
I·. 

' ' 1: 
.•. I .. 

' .! ' 
i 

that· cyanamide can induce the formation of the phosphomooooster between glu• ·. ·:.· ·· 

cos~ and phosphoric acid. The dimer appears to be wore effective than the 
·-: '· ·.·: l.-

.... · ... 

monoml;lr in accomplishing this reaction. While cyan amide dimer can induce 
), : 

'; ~- \ .... -
the formation of pyrophosphate from orthophOsphate, tbe data of Table I · · · ··r , 

;: J . ., ~ ~. ( 

.·... . ·:l ··' 
also demonstrato that pyrophosphate in the absence of cyanamide dimor does 

.• . ; ·. ;-:-.··.:· 

not phosphorylate glucose in dilute aqueous medium at ro6m tem;>eraturo. OUX' .. , · 

chromatograms also showed the presence of two other labeled products (possibly : > 
.., ~ .... 

sugar phosphate)• but their identity has not been establis~od. It is interest• 
;·,,,\'•"·.··· 

ing to note that the phosphorylation raaction has occurred very prominently . . .. • · 

on the primary alcohol gropp of the glucose. The relative speed of phoa-. 

' 
phorylation of the-others remains to be determined. 

. ' .lr . ' 
. . :\. .. 

I. 

The corresponding dehydration reattion has been demonstrated with the 

formation of adenosine-5 '-phosphate from adenosine and orthophosphoric · 

acid under the influence of the cyanamide dimer. As far as we aro aware, :·. 

this is the· fi;r-st report of tho formation of AHP under the sole influence 

of compounds and cpnditions .such as would be ex.i)ected to exist on the pri-
··.:.·· . ·. 

, .. I 

mitive oart:h. ~bile this reaction·occurs at pH 2 1 it seems to be very-
. ' ' - ' ·.· 

slow. if it occurs at all, at neutral pH. Tho significanC$ of this pH ,. ·.;·. '· 

effect with regard to the mechanism of the reaction will bo discussed 

··below. 
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We have shown that, under presumed primitive earth conditions, cyana• 
. • .. •·.··. i 

mide dimar will condense inorganic orthophosphate to give the pyrophosphate 
. '·, :- · .. ·.) 1 •• 

. . f.·:·; 
~i ': ' 

'. ~ 
linkage. This resembles the reaction demonstrated by Todd in the formation . 

. . , . pyro . ll .. ' .. · 
of an adenosine-uridine. pyrophosphate and of cyd.dine·S',Phosphate. The . • 
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TABLE I 
··, 

Formation of Glucose-6-Fhospnate 

Compounds Present in Reaction Mixture 

Glucose Cyanamide Cyanamide n
3

Po4 H4P207 
Monomer · Dimer 

... i" - ... -

... ·,- i' ... -.. I 

', ... .. - + + 
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.~. 

•' 

. ·' 

,. J. 

.. ,.· 

'. 
I; \ 

li > 

Formation of Glucose-6-Phosphate 

... <.l.S~ _yield from g~cose) 
,. 

.... {2.4\ " " h 

none detoctable . . 
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conditions used for this :Naction, however, ware considerab~~ diffaront 

.from our own., The reaction was carried out in a very concenti-ated solution . 

and at eleva'\:ed temperatures. Oul's was carried out in Clil.Ute. eolution at 

room temperature. 

Our attempts to demonstrate the dehydration polymerization of glucooa ... ·. 

hy the cyanamide dimer have indicated that ultraviolet light is required to · 

induce some reaction of this type. The precise character of the produat is 
'··. 

~ 

not yet known to ua. We hava also subject~d dilute solutions of amino acids . 

to cyanamide di~~r and ultraviolet light. Our early·reaults suggest that 

these conditions lead to the formation of peptides. It has previously 

· been demonstrated that in nonaquooua media anci at elevated temperatU%lQ>& 

' 0 
(80 ... 100 ) dipeptides are formed by the action of cyanamide on acylated · · 

amino acids~ 12 

Cyanamide dirner was unable to accomplish the dohyciration of adenine 

with ribose to produce adenosine. either by itself or with the. assistance 

of ultraviolettlight. This is to be contrasted with the successful formation. 

3 
of adenosine in the prosence of ultraviolet liiht and orthophosphate, an 

experiment which we have confirmed. -,, •'. 

While no details of the mechanism of these dehydration reactions are 

yet avail(',ble to us • there are two experimental facts which might givo somo 

indications. These are that the dimer. Geoms to be rooro effective in the de-·. ' · 

hydration reaction than the tnonomer. and, second, that the reaction goes 

best at low pH. These two. taken together, suggest that it is the carbo­

d~imide form which is the effective agent and that it is effective by 

virtue of its obility to add a phosphoric acid molecule across the carbo-· 
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diimide double bond. It is known that in the crystals of the dimer there is a large 

component of the t~utomer containing the cubstituted car~odiimide group$ 

H2N-C(=NH)-N=c~;m. 13 'l'hus 0 we expect with the dimer more of an amidinium 

phosphate intermediate which, presumably 1 is involved in the dehydration xoe~ · . 
. .. . 

action. Three of_the principal resonance fo~ wpuld bez < • ·'• 

'-

- i 

. ·~ < · .. . ., 
... 

. -"' 

1. 
. ·. 

'. 
. .. 

. I 

., 

.. 
. \ 

'•', 

\t 
i 
i '.· 

--I 

', : ,. '· 

. ·.: .. 

:.'·' 

' . . } . 
.-... 

. ·· . 

, .. · . 

. : • • • ·.' ·~ ~ ,1 ; 

' .'·' 

·. '. 

\•· 

.·· .' . 

,•'• 

,. 

•' I' 

.· 

I 
-;I 

. I 

i 



• 

• 

,. 

-a- UCRL-11473 

Footnotes and References · 

·'. ·. 

The work described in this paper was sponsored by the u.s. Atomic 
· ... 

Energy Commission. 

Wheeler Fellow in Biophysics, 1963-6~. · .. 
l. Millor, s. L., J. Aro. Chem. Soc. 77, 2351 (1955). -

' 2. Oro, J. 1 and A. P. l<imball, Arch. Biochem. Biophys. 22.,1 217 U-991). ,.,, .... ·:' · ··· 

a. Ponnamvaruma, c. 1 R. Mariner and c. Sagan, Nature, 198, .1199 (1963). · -· ·.' 

'~.· Ponnamperuma, C. 1 R. M. Lemmon, and M. Calvin, Proc. Nat. Acad. Sci. ··'"'':.,.::-.;!:: · ., ·. :~ 

~. 737 (1963). ,., 

s. Fo~ 0 s.w., and K. Harada, J. Am. Chem. Soc • .E.• 37~5 (1960). 

6. Bernal, J. D. , in 11Tne Ot'igin of Life on tho ED.rth 11
, PNcoedings of 

I 
\1· 

the First Int(Jrnational Symposium, Moscow, USSR, 1957; Pergamon Press';i · 
.... -

-:~ -~ .: . .-. .. 

London 11 19 59. 

7. Calvin, M., AIBS Bulletin,~~ No. 5 1 29 (1962). 
•:.: .. 

-:· ... 
Sheehan 1 J. c.·, and G. P. Hess, J. Am, Chom. Soc. 77, lOG 7 ( 1955). -a. 

Bradbury, J. rt'., and D. c. Shaw, Australian J. Chom. ll• 300 (1959) •. 
' .· 

. 10. 
I 

l<horana, H. G., "Somo Recent Developnonts in the Chemistry of Phosphate ·_ 

Ester~:~ of Biological In terest 11 , John Wiley & Sons • Ne~ 'i ork, 1961• 

ll. Kenner, G. w.·, c"l· B. Roes and A. Todd, J. Chem. Soc. 12.§.!, 51+6. 

12. Losse, G., and.H. Waddige, Annalen, 636, l't'+ (1960).-

13.· Hughes, E. w •• J •. Am. Cham. Soc. §11 l258 (19'+0).-

··\·· 

(' 

·.·. 

'. 

•.· . -:-,' 

' . ··t ' . ' · .. 

' ... 
·' 

/ ... .. 

'· . 
. ·· 



) , 

, . 
. t 

i 

~ 
i 

·/ ., . ~II II II .. 




