these changes in the overall rate of pro-
tein synthesis. This implies that a com-
mon mechanism is involved. Moreover,
Pipeleers et al. (5) found two treatments
(cycloheximide and 2,4-dinitrophenol)
which reduce the rate of protein syn-
thesis without affecting the preferential
synthesis of proinsulin. These two treat-
ments primarily influence the rate of
elongation, and thus support the hypoth-
esis that the rate of polypeptide chain ini-
tiation determines how efficiently the
proinsulin mRNA is translated.

Lodish’s kinetic model for trans-
lational regulation (7) predicts that any
increase in the overall rate of polypep-
tide chain initiation will allow mRNA’s
with lower rate constants (that is, affini-
ties) to be translated more efficiently.
Hence, under low glucose conditions,
proinsulin mRNA may compete (relative
to the other mRNA’s in the 8 cell) less
effectively as a result of its lower in-
trinsic binding affinity for rate controlling
translation elements. This competition
may be so severe that, at any one time,
only a fraction of the proinsulin mRNA
will be found engaged on an active ribo-
some. The high concentration of glucose
increases the overall rate of polypeptide
chain initiation (for example, by increas-
ing the concentrations of guanosine tri-
phosphate) (/8). This permits the less
competitive proinsulin mRNA to be ini-
tiated more rapidly, and mobilization of
the proinsulin mRNA pool. This com-
bination will account for the relative in-
crease in proinsulin synthesis. Hence, if
the rate of glucose oxidation within the 8
cell regulates the overall rate of polypep-
tide chain initiation, which in turn regu-
lates the rate of proinsulin synthesis,
then the g cell possesses a simple mecha-
nism to replenish insulin levels following
glucose-stimulated insulin secretion.

Our results are clearly compatible with
Lodish’s kinetic model for translational
regulation. However, they in no way
prove the hypothesis, nor do they ex-
clude the possibility that glucose modu-
lates either the concentrations of specific
initiation factors for proinsulin mRNA or
the amount of proinsulin mRNA avail-
able for translation. Experiments to test
these possibilities await production of
a labeled complementary DNA probe
to measure the amount of promsulm
mRNA.
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Deuterolysis of Amino Acid Precursors: Evidence for
Hydrogen Cyanide Polymers as Protein Ancestors

Abstract. Deuterolysis experiments suggest that hydrogen cyanide polymers rath-
er than aminoacetonitriles are major precursors of a-amino acids obtained from
spark reactions and other studies on chemical evolution. These results are consistent
with the hypothesis that the original heteropolypeptides on the earth were synthe-
sized spontaneously from hydrogen cyanide and water without the intervening for-

mation of a-amino acids.

After the pioneering demonstration by
Miller and Urey (/) that a-amino acids
are readily obtained from methane, am-
monia, and water subjected to electric
discharges, it has become widely accept-
ed that the prebiotic formation of primi-
tive proteins occurred in two stages: a-
amino acid synthesis initiated by the ac-
tion of natural high-energy sources on
the components of a reducing atmo-

sphere, followed somehow by polycon-
densation of the accumulated monomers
in the oceans or on land (, 2). Limited
progress in research on possible con-
densation reactions (2), however, sug-
gests that the inherent thermodynamic
barrier to spontaneous polymerization of
a-amino acids is not easily overcome.
An alternative model for the origin of
proteins (3-5) bypasses this problem by

H
H-C=N H~ ‘1
H-C=N ———=  [ZC=NH —— FN=C—¢
N NH |
. 1 2 3
Fig. 1. Proposed route for
heteropolypeptide synthe- H—C=N
sis from hydrogen cyanide -
and water (1 — 6). R’ rep-
resents precursors of pro- H H H H H H
tein side chains R. I H,O | 1 | H—-C=N [
O TN 1S
L,
R O | R NH | ﬁ NH |
N
6 5 4
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postulating the direct synthesis of heter-
opolypeptides from hydrogen cyanide
and water without the intervening forma-
tion of a-amino acids. The proposed low-
energy pathway (Fig. 1) would allow at-
mospheric hydrogen cyanide to polymer-
ize to polyaminomalononitrile (4) via
azacyclopropenylidenimine (2) (5) and
its polymer (3). Subsequent reactions of
hydrogen cyanide with the activiated ni-
trile groups of 4 then yield hetero-
polyamidines (5) which would be con-
verted to heteropolypeptides (6) after
contact with water. According to this hy-
pothesis then, the amino acids isolated
from spark reactions, such as Miller’s,
could actually be secondary products re-
sulting from hydrolytic breakdown of
heteropolypeptides (mechanism A) rath-
er than primary products formed directly
by the hydrolysis of aminoacetonitrile in-
termediates (mechanism B), as is gener-
ally assumed (I, 2). We report here re-
sults of deuterolysis experiments which
support mechanism A, and point out
some implications for studies of chem-
ical evolution.

To distinguish between the two mech-
anisms (Fig. 2) deuterolysis was carried
out on the products obtained by subject-
ing a mixture of methane and ammonia
to an electric discharge (6), water being
excluded during sparking in order to
avoid any ambiguities caused by the in-
troduction of oxygenated intermediates.
Mechanism A predicts that the hydrogen
cyanide formed in high yield from meth-
ane and ammonia would rapidly polym-
erize to polyaminomalononitrile (4) and
to heteropolyamidines (5). Acid hydroly-
sis of 5 would yield many «-amino acids,
while treatment of 4 with DCI-D,O
would give 7 and then perdeuterated gly-
cine 8, after hydrolysis of its nitrile
groups to carboxylic acid groups and
subsequent decarboxylation. By con-
trast, glycine (11) obtained after DCI-
D,O treatment of aminoacetonitrile
(10)—the addition product of HCN and
formaldimine (9)—should possess essen-
tially no carbon-bound deuterium (mech-
anism B). To establish the validity of
these assumptions, deuterolysis (6) was
also carried out on the reference com-
pounds (a) glycine and polyglycine, (b)
aminoacetonitrile, (¢) hydrogen cyanide
polymers (7), and (d) poly-a-cyano-
glycine (12), the polyamide analog of 4
8). In each case, the glycine obtained
was analyzed for carbon-bound deute-
rium by combined gas chromatography-
mass spectrometry (GC-MS), with selec-
tive monitoring of the ion fragments 172,
173, and 174 (Fig. 3) derived from N-tri-
fluoroacetyl-n-butyl derivatives (9). As
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H—C=N <«—— CH,+NH,
T H
N—C—C SC=NH
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12 —CO2 2 lH—C=N
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N-—(I)-—Cn: H2N——C|2—CEN
D O H
n
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1DCI—DQO 1001—020

o]
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=

Mechanism A Mechanism B

Fig. 2. Two proposed pathways—via poly-
meric HCN (mechanism A) and aminoace-
tononitrile (mechanism B)—leading to glycine
from spark experiments on methane and am-
monia followed by deuterolysis with DCI-
D,0. :

was expected, most of the glycine from
the model polymer 12 and from the HCN
polymer (7) was found to be per-
deuterated, possessing two atoms of
deuterium per molecule more than gly-
cine obtained from aminoacetonitrile or
polyglycine (Table 1, items a to d),
whereas glycine from the spark experi-
ment (Table 1, item e) was perdeuterated
to the extent of 38 percent (45 percent in
a second experiment). It appears, there-
fore, that both pathways might have
been involved in the formation of amino
acid precursors, particularly since, in
previous experiments with methane and

Fig. 3. Typical mass frag-
mentograms for glycine
ions [m/e (mass to charge)
= 172, 173, and 174] ob-
tained upon deuterolysis

A o gyeen T
m/e=174 Fac—C——N—C‘)—é::OH
D

ammonia subjected to electric dis-
charges, Ponnamperuma and Woeller
(10) were able to isolate aminoacetoni-
trile—a colorless liquid—from their reac-
tion products, while Matthews and Mo-
ser (3) extracted yellow-brown solids hy-
drolyzable to @-amino acids from theirs.
To appreciate the true significance of
these studies, however, it is necessary to
explore the effects of pH and time
brought about by the addition of water
(acid or alkaline) to the anhydrous inter-
mediates, aminoacetonitrile (10) in par-
ticular. To this end, aminoacetonitrile
(0.04M) was allowed to stand in a buffer
at pH 8.7 (0.05M NH,CI and NH,) ap-
proximating the pH of the primitive
oceans (/). Portions were removed at 4-
day intervals, lyophilized, treated with
DCI-D,0, and analyzed for glycine (by
GC-MS) as before. The uptake of car-
bon-bound deuterium increased with
time, reaching a maximum of 32 percent
after 16 days. When a higher concentra-
tion of aminoacetonitrile (0.2M) was
used, the maximum deuterium uptake
was 48 percent after 10 days (/7). Evi-
dently a mildly alkaline environment fa-
vors both the elimination of hydrogen
cyanide from aminoacetonitrile (10) and
its subsequent polymerization, thus
gradually bringing about the irreversible
conversion of 10 to formaldimine (9) and
to HCN polymers that, on deuterolysis,
yield perdeuterated glycine (8) and other
a-amino acids. On further standing, as
was expected, a gradual decline in deute-
rium uptake was observed, presumably
as those polymers possessing nitrile
groups became converted through hy-
drolysis and decarboxylation to poly-
mers such as polyglycine or 13, which on
deuterolysis yield glycine (11) essentially
free of carbon-bound deuterium. Other
evidence for the ready release of HCN
from aminoacetonitrile in an alkaline me-
dium was obtained from a series of ex-
periments in which aminoacetonitrile
(10) was allowed to stand for 6 days in

(DCI-D,0) of (A) glycine, T IO
(B) a methane-ammonia AN _/\_ ———m/e=173 F3C“13“N‘(|3”‘C"‘OH
spark experiment, and (C) D
hydrogen cyanide poly- - -
mer. [ oW HoO "
m/e=172 F3C-—("J—YL—CIZ—E—'=OH
A Cc |

L H .
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buffer solutions from pH 2 to 12. When
the lyophilized products were treated
with DCI-D,0 and analyzed for glycine
(GC-MS) it was found that maximum
deuterium uptake occurred within the
range of pH 4 to 9. These results are in
accord with the original demonstration
(12) that alkaline hydrolysis of aminoac-
etonitrile yields mixtures of «-amino
acids rather than pure glycine, which is
obtained only under strongly acidic con-
ditions that inhibit the polymerization of
hydrogen cyanide. Similar behavior was
shown (/3) by HCN oligomers such as
aminomalononitrile (14), a trimer of
HCN, and diaminomaleonitrile (15), a

i i
e R A
C O H NH
Il n n
N
12 13
H 4 2
| é/l’\ /\‘\\)\
H,N—C—C=N _c=¢
| 40 \c\
l?l N %/V
N
14 15

tetramer, other possible intermediates
(I4) in reactions involving hydrogen cy-
anide. We conclude, then, that amino-
acetonitriles and HCN oligomers in alkali
act mainly as sources of hydrogen cy-
anide and its polymers, rather than of
free o-amino acids.

Taken together with other research (3,
4, 8), this body of evidence invites the
reexamination and possible reinterpreta-
tion of several kinds of studies con-
cerned with the origin of a-amino acids
and proteins. It seems likely to us that
where a-amino acids or peptides have
been detected in spark experiments sim-
ulating planetary atmospheres—what-
ever the nature of the starting materials
or energy sources used—hydrogen cy-
anide polymers were major precursors
derived from HCN formed either as a
spark product or by elimination from in-
termediates such as aminoacetonitriles
and HCN oligomers. Similar reasoning

applies to the amino acids and peptides
found in studies of aqueous cyanide re-
actions based on the original work of
Or6 (15). In none of the above investiga-
tions yielding peptides (/6) do we believe
that ‘‘the amino acids appear to have
been linked together as soon as they
were synthesized”’ (10). Nor does it
seem probable that the original proteins
on the earth were formed by polymeriza-
tion of aminoacetonitrile to a polyami-
dine fore-protein (13) which was then hy-
drolyzed to polyglycine and modified by
aldehydes to heteropolypeptides, as sug-
gested by Akabori (/7). Our deuterolysis
experiments demonstrate both the insta-
bility of aminoacetonitrile in an alkaline
medium and the inertness of polyglycine
compared to polyaminomalononitrile (4),
the true ancestor, we believe, of all pro-
teins.

Turning to extraterrestrial chemistry,
we think that this ubiquitous series of re-
actions (Fig. 1, 1 to 5) provides a better
explanation () than has yet been offered
for the presence in carbonaceous chon-
drites of water-soluble, yellow-brown
solids that can be hydrolyzed to a-amino
acids (18), particularly since deuterolysis
brings about the incorporation of carbon-
bound deuterium in glycine obtained
from the Murchison meteorite (/9).
Comparable extracts obtained from lu-
nar fines (/8) might also have similar
structures (¢). Hydrogen cyanide polym-
erization along these lines could ac-
count, too, for much of the yellow-
brown-orange coloration of Jupiter )
with its reducing environment, a contin-
uing reminder that optimum conditions
for heteropolyamidine synthesis might
well have existed in the upper atmo-
sphere of the primitive earth. Instead of
the relatively crude material found in
condensed phase reactions, aqueous so-
lutions, or spark chambers—or in mete-
orites and moondust—true hetero-
polyamidines of high molecular weight
would have been generated sponta-
neously in the stratosphere from clouds
of hydrogen-bonded HCN molecules
formed by the photolysis of methane and
ammonia. As these helical macromole-

Table 1. Distribution of deuterium label in glycine derived from the following sources upon

deuterolysis (DCI-D,0).

Mole percent of glycine with

Item Source carbon-bound deuterium atoms:
Zero One Two

a Glycine 87 13 0
a Polyglycine 86 14 0
b Aminoacetonitrile (4) 88 12 0
c HCN polymer 1 1 98
d Poly-a-cyanoglycine (10) 2 3 95
e Spark experiments 47 15 38

39 16 45
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cules settled on the earth—together with
other stable products of atmospheric
photochemistry derived from acetylene,
hydrogen cyanide, and formaldehyde ¢,
20)—a proteinaceous matrix developed
capable of participating in and promoting
the chemical interplay that eventually
led to the emergence of life.
CLIFFORD MATTHEWS
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Department of Chemistry,
University of lllinois at Chicago
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- Mandelonitrile 3-Glucuronide: Synthesis and Characterization

Abstract. Mandelonitrile B-glucuronide, the compound patented as Laetrile®, has
been synthesized from rabbit liver uridine diphosphate-glucuronosyl transferase im-
mobilized on beaded sepharose, has been analyzed by thin-layer chromatography,
nuclear magnetic resonance, and gas chromatography-mass spectrometry, and has
been tested for cytotoxicity and mutagenic activity with Salmonella typhimurium
strains TA 98 and TA 100. Several commercial laetrile preparations contained no
glucuronide; they contained amygdalin and neoamygdalin instead. Mandelonitrile,
mandelonitrile glucuronide, and a mixture of amygdalin and neoamygdalin were

each found to be mutagenic.

Significant structural differences exist
between mandelonitrile glucuronide (1),
originally patented (/) as Laetrile®, and
amygdalin (2) (see Fig. 1), the mandelo-
nitrile 8-d-gentiobioside, reported (2) to
be the major component of Mexican
preparations marketed as laetrile.

Laetrile® (1) was originally reported
(I) to be obtained from amygdalin by a
multistep chemical synthesis. R-Amyg-
dalin (2) is commercially derived from a

Table 1. Retention data for laetrile, amygda-
lin, and related samples. The TLC systems
consisted of butanol, benzene, water, and
methanol (2:1:1:1.25). Silica gel 60 F-254
plates (E. E. Merck) were used. The GC-MS
system consisted of the DuPont Dimaspec 321
GC-MS; 3 percent OV-101, 1.3-m column
temperature programming 200° to 300°C at 4°
per minute; helium at 30 ml/min; and samples
derivatized with BSTFA (Pierce Chemical
Co.) in 1 percent trimethyl chlorosilane and
pyridine. Other instruments were used with
similar results.

GC-MS*
Sample ’EIISS (reten-
F tion)*
Mandelonitrile 0.91
Benzyl alcohol 0.91
Benzyl alcohol 0.49 0.71
glucuronide
Mandelonitrile 0.50 0.78
glucuronides (1) 0.50 0.81
R-Amygdalin (2) 0.55 1.90
Commercial laetrile
R-amygdalin 0.55 1.90
Neoamygdalian 0.55 1.83

*The ratio of retention time of the sample to the re-
tention time of (tetrakis)trimethylsilated p-nitro-
phenol glucuronide. Mandelonitrile and benzyl alco-
hol were eluted in the solvent peak.
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variety of natural sources, including
apricot pits (2), and it has also been syn-
thesized chemically (3).

Considerable confusion exists (2) con-
cerning the relation between the struc-
ture and nomenclature of these two com-
pounds. We undertook to obtain physi-
cochemical data on 1 and 2 which would
permit the reliable identification of these
compounds in products found on the
market.

Although authentic amygdalin (2) was
available commercially, we had to devel-
op a synthesis of mandelonitrile glucuro-
nide (1) in our own laboratories. The
synthesis of 1 described in the original
patents (I) has not been reproduced (as
revealed by our search of the chemical
literature); to us, a more feasible ap-
proach to this synthesis appeared to be
through the Koenigs-Knorr reaction that
has provided other glucuronides on a
large scale (¢). With this reaction we
were successful in producing the glu-
curonide of benzyl alcohol, but not the
glucuronide of mandelonitrile (1). How-
ever, the B-glucuronide of dl-mandelo-
nitrile was easily prepared from UDP-
glucuronosyl transferase (E.C. 2,4, 1, 17)
immobilized on beaded sepharose. The
technique for this procedure has been
described (5).

Conjugation of racemic mandelonitrile
was expected to lead to two glucuro-
nides, mandelonitrile glucuronide and a
similar structure that is epimeric at the
benzyl center. For characterization by
gas chromatography-mass spectrometry
(GC-MS), the product mixture was con-

verted by standard methods to tetrakis
(trimethylsilyl) derivatives. The gas
chromatogram contained two peaks of
equal height whose mass spectra were
virtually identical. The GC retention
times of the two tetrakis trimethyl-
silylated diastereomeric epimers (6) are
given in Table 1. Each of the mass
spectra contained molecular ions (M) at
mass 597, accompanied by M — 15 ions
of mass 582, peaks characteristic of per-
silylated glucuronides (7) at m/e 375, 333,
217, and 204, and peaks at m/e 116 and
133, corresponding to the ionized agly-
con moiety. The product mixture was al-
so converted to the tris(trimethylsilyl)
methyl ester derivatives and analyzed by
GC-MS. However, trifluoroacetylation
did not provide satisfactory derivatives.
The nuclear magnetic resonance spec-
trum of the product of enzymatic con-
jugation measured in [?Hg]dimethyl sulf-
oxide exhibited absorptions at & 7.49
(singlet, phenyl protons), 5.95, and 5.99
(chiral benzyl proton in the two diastero-
mers) and 2.72 to 4.93 (multiplet, gluco-
siduronic protons) (8). The two products
were designated as the expected
glucuronides of mandelonitrile (1) epi-
meric about the chiral benzyl center. The
patent literature (/) appears to specify
the epimer with the R configuration at
the benzyl carbon as Laetrile®.
Commercial amygdalin (2) (9) was also
converted to its per (trimethylsilyl) de-
rivative for analysis by GC-MS. As in-
dicated in Table 1, the retention time of
the derivatized amygdalin (2) was quite

Table 2. Mutagenic activities on S. typhimu-
rium (strains TA 100 and TA 98).

s Com- Revertants
9 pounds per nanomole
treat- per
*
e, TAI00  TAS%
Mandelonitrile
22.5 0.31
67.5 0.22 0.16
225 0.24 0.14
22.5 0.44 1.15
67.5 0.40 1.08
225 0.45 0.87
22.5 0.27
67.5 0.32 0.33
225 0.28 0.39
Mandelonitrile glucuronide
9.6 0 0
28.8. 0 0
96 0 0
Aroclor 9.6 0.31
28.8 0.24 0.21
96 0.19 0.24
Pheno- 9.6 0 0
barbital 28.8 0 0
96 0 0

*Livers were induced as indicated before prepara-
tion of microsomal fraction S, used in the mutagen
test.

625



