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CYANAMIDE: A POSSIBLE KEY COMPOUND IN CHEMICAL EVOLUTION*

. &
Gary Steinman ﬁ, Richard M. Lemmon and Melvin Calvin

Lawrence Radiation Laboratory and Department of Chémistry
- University of California, Berkeley 4, California

The results reported from many laboratories over tha past dacadat™t

make it clear that all of the necessary biological monomers could have been
formed on tho primitive earth. By "biological monomers" we mean compéunds
such ags the amino acids (on the way to proteins), the simple sugars (on

the way to carbohydrates and nucleic acids), and the purines (on the

way to nucleic aoids).: There is no doubt that such compounds would have N
been formed on the earth'undar it3 assumed early atmosphere (compdsed

mostly of CHy, Kz, Ny, Hy0 and Hp).

Thers now looms the problem of finding reasonable mechanisms by which
the blological monomers may have condensed to form the polymers under pri-
mitive earth conditions. The condensations under consideration (amino acids

© to proteins,, sugars to carbohydratos,jzgazﬁgar phosphates, purines to nucleo=-
sides, and nucleosides to nucleotides) are all dehydration reactions, and a
number of suggestions have been made as to how they took place. One of them

is that a dohydrating conditions could have arisen in evaporating ponds.s

A sacond ig that the reaction may have taken place upon contactvwith suit=

able mineral surfaccs.6 llowever, it seems to us that a more likely approach

to the problem of biological polymer sppearances would be to find conditions

that would result in denydrations in dilute aqueous media.
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In considering compounds that can effect dehydration polymerizations

‘our attention was drawn to HCN plus UV light, and to the carbodiimidas.7

The substituted carbodiimides are widely used to effect dehydration cea-
dénsations, for example, of amino acids to peptidea,e’9 and of alcohols
(including sugars) with phosphoric acid to fdrm phosphate eaters;lo in
both these examples, water may be present in the reaction mixture. How-
ever, there is little feason to suppose that any significant quantity of
the dialkyl carbodiimides Qere prosent on the primitive earth. A more
likely candidate is cyanamide itself, a compound which hydrolyzes rela=
tively slowly, that was probably present on the primitive earth, and
that s a tautomer of carbodiimide (HoR=-CZNT” HN=Ca=llH).

Wa have tested the effect of cyanamide, or its dimar, in promoting
the following condensations in dilute aquecus solutions: (a) glucose plus
orthophosphoric acid to glucose-6-phosphate; (b) adenosine plus orthophose
phoric acid to adenosine=5'=phosphata; (c¢) orthophosphoric acid to pyro=-
phosphoric acid; (d) glucosae to disaccharides; and (e) amino acids to

dipeptides. !

Materials and Methods. =~ In all our experiments (with one exception

stated below) the cyanamide was used in the form of its dimer, HpN~C(=NH)NHCN,

This compound, labeled "cyanamlde', was obtalned from Eastman. Its melting
point (209°) and its molecular waight (86, by Rast determination) corres=-
ponded to the dimer, The monomer, used in some of our experiments, was

freshly prepared for us by Dr. Horst Koaller by the dehydrosulfurization

of thiourea by HgO. Its melting point was 43°,
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For the glucose-6-phosphate experiments, 0.64 umoles of chromato=
graphically purified glucose (containing 1.6 uc of Cl“) and 1.0 mg of

cyanamlde dimer was dissolved in 1 ml of 0.01 ¥ H,PO,. The solution (pH 2) was

3
allowed to stand for 19 hours at room temperature. Carrier glucose=6~
phosphate was then added and the entire solution was paper chromatographed
(first solvent system: methanol-16 N NH, OH-water (611:3 by volume); second
solvent: methanol-ethanol-water (9:9:2 by volume)), The sugars and sugar '
phosphates were lqcated on- the completed chromatogram with a benzidine spray;
radioactivity was located by exposure of X-ray films to the chromatogram..

An identical experiment was performed using 0.5 mg of freshly-prepared

monomer in place of the cyanamide dimer;

The possible formation of adenosine-5'-phosphate was determlned as
followss Chromatograpﬁical}y-purified cl¥-1abeled adencsine (0.29 pmoles,:“
0.38 pc), 2.6 ml of 0.01 M cyanamide (dimor),?n%.u ml of 0,06 M H3POy,(final -
pH 2.2) were allowed tg stand for 4.5 hours at room temperature. Carrier:
adenosine-5%-phosphate (AMP) was added and the mixture paper,chromatographed;”“"
(first solvent: organle phase from a 41135 n-butanol-acetic acid-water |
mixturej second solvent: Iisopropanol-water (41})), The position: of fhe
AMP was located by a shadowgram, the radioactivity by X-ray film. Another.v
experiment was pe;formad with all conditions identical with those above
. except that the solution was adjusted to.pH 7 with NaOH,

The production of inorganic pyrophosphate from orthophosphate was ex=
anined by allowing 1 ml of a solution of 1072 M HgPO, (pH 2.1) (HyPy0,=
free) and 1072 M cyanamide (dimer) to stand for 10 hours at room tempara=
ture. Tha solution was then paper chiomatographedl(ono-dimension) with

the n-butanol-acetic acid-water solvedt.‘Thq phosphates wgfo'locafgd by

the ammonium molybdate spray. '
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Results and Discussion. « The results recordsed in Table I demoastrate

that cyanamide can inducs the formation of the phosphomonoester between glue
cose and phosphoric acid. The dimer appears to be more e¢ffective than the
monomer in accomplishing this reaction. Wwhile cyanamide dimer can induce
the formation of pyrophosphate from orthophosphata, the data of Table I

also demonstrate that pyrophosphate in the absence of c¢yanamide dimer does.
not phosphorylate glucose in dilute aqueous medium at room'temperature. Our

chromatograms also showed the presence of two other labeldd products (possibly"

sugar phosphate), but their identity has not been established. It is interest= |

ing to note that the phosphorylation reaction has occurred very prominently

on the primary alcohol gropp of the glucose. The relative speed of phos=~

phorylation of the othars remains to be determined. o
The corresponding debyération reattion has been demonstrated with the

formation of adenosine-s'-phosphate from adenosine and orthophosphoric

acid under the influence of the cyanamide dimer. As far as we are aware,

this is the first report of the formation of AMP under the sole influsnca

of compounds and conditions such as would be expected to exist on the pri-

mitive earth. While this reaction occurs at pid 2, it seems to be very

slow, if it occurs at all, at neutral pd. Tha significance of this pH

effect with vregard to the mechanism of the reaction will be discussed

-below,

We have shown that, under presumed primitive earth conditions, cyana-
mide dimer will condense inorganic orthophosphate to give the pyrophosphate

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

1l

. ' , pyro
of an adenosine-uridine pyrophosphate and of cytidine-5'-phosphate.™" The
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Formation of Glucose=6=Phosphate

Compounds Present in Reaction Mixture

Glucocse | Cyanamide | Cyanamide H3PO“ HuP207 Formation of Glucosa-6-Phosphate
Monomer Dimex
+ ot - + - + (1.5% yield from glucosa)
+ - + v - v v w
- - + + none detectable
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conditions used for this reaction, howevar, were considerably diffsrent
from our own. The reacticn was carried cut in a very concentrated solution
aid at elevated temperatures, Ours was carried out in dilute solution at

room temperature.

Our attempts to demonstrate the dehydration polymerization of glucose
by the cyanamide dimer have indicated that ultraviolet'light is required to
induce some reaction of this type. The pracise chéracter ofithe product is
not yet known to us. We have also subjected dilute solutions of amino aclds
to cyanamide dimer and ultraviolet light. Our early results suggest that
these conditions lead to thae formation of peptides. It has previously
been demonstrated that in nonaquoous madia and at aelevated temparatunes
(80~100°) dipeptides aré formed by the action of cyanamide on acylated -
anino acids,*?

Cyanamide dimer was unadble to accomplish the dehydration of adenine
with ribose to produce adenosine, either by itself or with the assistance
of ultraviolet: Might. This is to be contrasted with the successful formation
of adencsine in the presence of ultraviolet light amd orthophosphate.3 an
expariment which we nave confirmed,

While no detalls of the mechanism of these dehydration reactions are
yet availilic to us, thare are two experimental facts which might give some
indications. These are that the dimer seems to be more effectiva in the de-
hydration recaction than the monomer, and, second, that the reaction goes
best at low pH. Thesc two, taken together, suggest that it is the carbo-
diimide form which is the effective agent and that it is effective by

virtue of its «oility to add a phosphoric acid molacule across the carbo-
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diimide double bond. It is known that In the crystals of tha dimer there is a large
component of the tautomer containing the substituted carbodiimide group,
HQN-C(=NH)-N=Cv77913 Thue, we expect with the dimer more of an amidinium

phosphate intermediate which, presumably, is iavolved in the dehydration re-

action. Three of the principal resonance forms would be:

[NHQ _ Ny ~ NH,
HoN=C~N=C-NH, Hzi?zc-uacf-nuz uzu-cm-c=ﬁ52 .
! .
O 0 .0
| - |
0=P=Qi Q=P-0d o H0~ﬁ=0
' . . .
0

o> : o®
& .

~
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