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Abstract—The occurrence of a new cyanogenic glucoside, p-glucosyloxymandelonitrile, in young shoots of
Nandina domestica Thunb. is reported. The amount of the cyanogen varies from 10-20 per cent of the dry
weight in young shoots. The administration of 14C labelled [14C]tyrosine shows that this amino acid is effec-
tively incorporated into the aldehyde and nitrile moieties. Though no intermediates have been established,
experimental evidence indicates that the Co—Cg bond of tyrosine remains intact during conversion. The nitrile
moiety is further metabolized and is incorporated into the amide carbon of asparagine.

INTRODUCTION

PRELIMINARY investigations on the occurrence of HCN in different plant parts of Nandina
domestica Thunb. were made by Dekker! who reported that a labile cyanogenic compound
is present in this species. The cyanogen was assumed to be a glycoside of acetone cyanohydrin
in view of the release of HCN and acetone when plant material was ground up. Similar
observations were made by Plouvier.2 However, experimental evidence obtained in this
laboratory reveals the structure of the cyanogenic compound to be p-glucosyloxymandelo-
nitrile (I). The similarity of the biosynthetic route to that for dhurrin (IT) (p-hydroxymandelo-
nitrile B-D-glucoside)® supports the structure assigned to this compound.
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The presence of enormous quantities of the cyanogenic glucoside (3-6 per cent on a fresh
weight basis or 10-20 per cent on a dry weight basis) in very young leaves and its virtual
disappearance from older leaves, coupled with the role recently suggested* for cyanogenic
compounds in asparagine biosynthesis in cyanophoric plants, provided us a good oppor-
tunity to study its in vivo degradation and the subsequent metabolism of the nitrile moiety.

* This work was supported in part by a grant (GM-5301) from the National Institute for General Medical
Sciences, U.S. Public Health Service.

+ Present address: Botany Division, Indian Agricultural Research Institute, New Delhi 12.

1 Present address: Department of Pharmacy, University of Manchester, England.
1 J, DEKKER, Pharm. Weekblad. 43, 942 (1906).
2 V. PLOUVIER, Bull. Sci, Pharmacol. 49, 150 (1942).
3 ¥, KoukoL, P. MiLyanicH and E. E. ConN, J. Biol. Chem. 237, 3223 (1962).
4Y. P. ABroL, E. Uribk and E. E. ConN, Federation Proc. Abstracts 24, 657 (1965).
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RESULTS AND DISCUSSION
Elucidation of the Structure of the Cvanugenic Compound

Analyses of different plant parts, utilizing the endogenous cnzy mes. show HCN to be
present, in some form, in farge amounts in young tissues (Table 1), Inyoungleaves the HON
content comprises 0-3 0-5 per cent of the fresh weight or 1-0- 2-0 per cont of the dry weight.
In older tissues. e.g green leaves and truits, smaller amounts are present.

TAriT 1, CyANIDE CONTENT IN DUTERINT PLANA
PARTS OF Namdina domestuar

Plont matersal amuoles'g fiesh weigh:
Y oung “red™ leaves L0 -180
Old green leaves S-8
Fower buds S0-120
Red s 3-0

¢ Collected in the Fall of 1964,

The assumption of Dekher! and Plouvier: about the possible presence of an acetone
cvanohydrin was examined by feeding the young shoots -] U -1 Jvaline. since this amino
acid has been shown to be a precursor of the commonly occurrimg cvanogenic glucoside
hnamarin (a glucoside of acetone cyapohydrin) in a number of planis,” However, incorporu-
tion of activity into the HON liberated by endogenous enzymes did not occur (Tuble 2)
thereby indicating the absence of such an acetone cvanohydrin,

TABLE 2. INCORPORATION OF M ALINE AND LYROSMNE INTO THE €Y ANGGEN
ot Namdia domestica

Incorporation « 4

Compound Speutic Amount activity mte the
admimistered activ ity admunistered cyanide carhon aton
(nc prmole) (pc) [
L-[U-4C]Valine 205 1-0 < DR
L-[U-HCTTyrosine {89 1-0 10

In addition to the above evidence, the cyanogenic compound of Nanding. unlike linamarin,
is unstable. Alcoholic (80",) plant extracts slowly lost cyanide on storage while steam
distillation relcased HCN almost quantitatively after [S min. Fmnemore and Large® have
reported the occurrence of an unstable cyanogenic glucoside in Goodia fatitoliv. Although
not fully characterized. the authors did suggest that the compound might be a p-hydroay-
mandelonitrile with glucose attached to the phenolic hydroayl group  The similarity in the
reported instability of this compound to that lrom Nandina prompted us to feed L-[U-14C}-
tyrosine to Nandina shoots since tyrosine hus been shown to be an cffective precursor of a
structurally related cyanogenic glucoside. dhurrin. found mn Sorghus: vulgare.” ® The results
> G. W, BurLEr and E. E. Conn, J. Biol. Chem. 239, 1674 (1964).
6 H. FiNn~Nemore and D. K. Lardr, Proc. Roval Soc. N.S.W. 70, 440 (1936).

" W. R. Du~staN and T. A. HENRY, Phdl, Trans. Rov. Soc. London Scr. A. 199, 399 (1902).
* C. H. Mao, J. P. BLocher, L AnNDERsON and D. C. SMiTH. Phiitochem. 4. 297 (1965)
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(Table 2) show that radioactivity is incorporated into the cyanogenic compound from tyro-
sine. This suggested that perhaps the cyanogenic compound in Nandina might in fact be
similar to that postulated by Finnemore and Large for Goodia latifolia.

The instability of the cyanogenic compound, which wili be elaborated on shortly, was
such that even on chromatography appreciable decomposition occurred and consequently
extensive purification of the compound was not possible. As a result of this the structure was
elucidated by identification of the products of emulsin hydrolysis after partial purification by
chromatography and by comparison of the properties of the compound with synthetic
p-glucosyloxymandelonitrile. Cyanogenic glycosides on enzymic or dilute acid hydrolysis
usually liberate hydrogen cyanide, a sugar or sugars and an aldehyde or ketone.

Plant extracts and partially purified extracts, after treatment with emulsin or dilute acid,
yielded an ether extractable aldehyde with chromatographic mobilities on paper in three
solvents similar to p-hydroxybenzaldehyde. The aldehyde produced also gave u.v.
absorption spectra in ethanol and 0-1 N NaOH identical to those of p-hydroxybenzaldehyde.
Final confirmation was obtained by preparing the 2,4-dinitrophenylhydrazone, m.p. 276°
(literature m.p. 280°).

The sugar moiety liberated in the same way from partially purified material was shown to
be glucose by its mobility on paper chromatograms in two solvents and also by the specific
method used for its estimation (see experimental).

Estimation of the relative amounts of HCN, glucose and p-hydroxybenzaldehyde liberated
on hydrolysis was complicated by the lability of the cyanogenic compound. When eluates
from chromatograms of partially purified material were used a glucose to p-hydroxybenzalde-
hyde ratio of approximately 1:1 was obtained. The corresponding values for HCN were
always low (Table 3) due to the lability of the cyanogenic compound. However, since

TABLE 3. HYDROLYSIS PRODUCTS OF THE CYANOGEN OF Nandina domestica

Hydrolysis products (pmoles)
"HCN  p-Hydroxybenzaldehyde  Glucose

Crude plant extracts 118 109 _
Partially purified material 16 89 86

chromatography had revealed the presence of only one major cyanogenic compound it can
be assumed that the HCN liberated on hydrolysis of crude plant extracts is from this one
compound. The relative amount of p-hydroxybenzaldehyde and HCN liberated from crude
extracts (Table 3) indicates a ratio of approximately 1:1. These data are in agreement with
a ratio of 1:1:1 for the glucose, p-hydroxybenzaldehyde and HCN liberated on hydrolysis.
With such a 1:1:1 ratio the compound is likely to be a p-hydroxymandelonitrile with glucose
attached to either the phenolic or the side chain hydroxyl group. Thelability of the cyanogenic
glucoside would indicate the siting of the glucose on the phenolic hydroxyl. This was con-
firmed by comparison of the properties of the natural compound with those of synthetic
p-glucosyloxymandelonitrile (I) and p-hydroxymandelonitrile 8-p-glucoside (Dhurrin, II).
On paper chromatography with solvent 1 all these compounds showed similar mobility
(about Ry 0-7); however, the natural compound and I showed appreciable loss of HCN
whereas II was stable. Spraying of chromatograms with 0-1%, 2,4-dinitrophenylhydrazine
in 2N HCl revealed the presence of two carbonyl compounds from the Nandina cyanogen
and I (R 0-7 and 0-85) but none from II. These compounds were respectively shown to be
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the cyanogen which breaks down on such treatment and p-glucosyloxybenzaldehyde, a
decomposition product of the cyanogen presumably formed on storage. Dhurrin gave one
carbonyl spot (R 0-7) after treatment with emulsin. Neither the Nandina material nor I gave
a colour on paper with 1-0°, ferric chloride while 1I gave a purple colour. Finally, the
u.v. absorption spectra of the three compounds were examined 1n 0-1 N NaOH (Fig. D.
The natural material and [ exhibit a maximum absorption at 270 mu identical to

Optical  density
< [¢] b
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2
240
Wavelength, mu
Fic., 1. ULTRAVIOLET ABNORPTION SPECTRA OF DHURRIN AND -GLLCOSYI OXYAMANDFLONITRILE IN
-1 N NaOH.
(Il — M dhurrin: ~ — ° symthetic p-glucosyloxymandelonitrile: @ — @ compound from

Narndinu domestica )

p-glucosyloxybenzaldehyde. However. 1I, after standing for about 30 min at room tem-
perature, shows a maximum at 330 my as does p-hydroxybenzaldehyde. This may be inter-
preted as the hydrolysis of the compounds by the alkali to liberate p-glucosyloxybenzalde-
hyde from the Nandina compound and I, and p-hydroxybenzaldehyde from 11.2¢

The above evidence establishes the structure of the cyanogenic ghycoside of Nwding
domestica as p-glucosyloxy mandelonitrile,

Biosynthesis: Origin of Allehyvde and Nitrile Moieties

The results of experiments pertaining to the origin ol the aglycone are shown in Table 4.
It can be seen that while administration of [-!*Cltyrosine resulted in the p-hydroxybenzalde-
hyde moiety being labelled [-!*Cltyrosine yielded activity only in the nitrile portion. Radio-
activity from [COOH-#Cltsrosine was not incorporated into the glycoside at all,

Plants fed L-[U-"*Cltyrosine showed incorporation into both the p-hydroxybenzaldehyde
and nitrile moieties. Determination of the specific activities of these compounds reveals the
values to be approximatelsy «n the order of 7: 1 (Table 5). In view of this observation and the
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TABLE 4. ORIGIN OF ALDEHYDE AND NITRILE MOIETIES

Incorporation Incorporation
Specific radioactivity into radioactivity
Compound activity Uptake p-Hydroxybenzaldehyde into HCN
administered” (uc/umole) 1674) (%) %)
L-[COOH-14C]Tyrosine 26-60 80 <001 <001
DL-[a-14C]Tyrosine 1-36 91 01 34-34
DL-[B-14C]Tyrosine 6-85 75 3148 02

* 1:0 uc added in each case.

fact that [«-14C]tyrosine and [B-14C]tyrosine are incorporated into the nitrile and secondary
alcoholic carbon atoms respectively, it seems reasonable to assume that the C,—C, bond of
tyrosine remains intact during the conversion.

TABLE 5. INCORPORATION OF TYROSINE INTO THE ALDEHYDE AND NITRILE MOIETIES

Specific Amount Incorporation into Incorporation
Compound activity administered  p-hydroxybenzaldehyde into HCN
administered (pc/pmole) (o) (disintegrations/min/pmole) (disintegrations/min/pmole)
L-[U-14C]Tyrosine 189 5 6420 750
L-[U-14C]Tyrosine 189 1 3930 540

Metabolism: Incorporation of the Nitrile Moiety into Asparagine

It was observed that when H!#CN was fed to Nandina plants incorporation into asparagine
took place with the activity being almost exclusively localized in the amide-carbon (Table 6).
This suggested to us that a biosynthetic pathway involving the coupling of the cyanide to a
three-carbon unit? operates in this plant.

In view of the large amount of cyanogenic glucoside present in young leaves and its
disappearance in older ones, it is possible that slow production of HCN may occur from the
glucoside and this HCN can in turn be utilized for asparagine biosynthesis. Since we now
know that the aglycone of the cyanogenic glucoside in Nandina is derived from tyrosine, the

TABLE 6. DEGRADATION OF 14C-ASPARAGINE BY THE BROMOSUCCINAMIDE METHOD

Asparagine degraded*
Amount Incorpora- ’ Initial Carboxyl-C Amide-C
admin- tion in counts — A e ~
Compound istered asparagine  (disintegra-  (disintegra- (qlsmteg_ra-
administered (<) %) tions/min)  tions/min) (%) tions/min) (%)
H4CN 10 1.9 4560 140 A3) 4240 (93)
pDL-[a-14C]Tyrosine 10 1-5 5120 1500 (29) 3000 59)
DL-[a-14C]Tyrosine 2 11-5 11350 890 ®) 9750 (86)
pL-[8-14C]Tyrosine 2 131 6970 520 ® 570 ©)

* An aliquot of the asparagine isolated was used for the degradation studies.
9 S. BLUMENTHAL-GOLDSCHMIDT, G. W. BUTLER and E. E. CoNN, Nature 197, 718 (1963).
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validity of such a hypothesis can be tested by feeding [«-'*CJtyrosine. As shown in Table 6.
about 60-90 per cent of the activity from this compound is located in the amide carbon atom
of the asparagine.

As a control, DL-[B-"*Cltyrosine was administered to Nandina Icaves and following a
period of metabolism. the asparagine was isolated and degraded. As shown in Table 6,
the asparagine contained approximately equal amounts of radivactivity in the carbovyl and
amide carbon atoms and this accounted for only 17 per cent of the activity in the molecule,
If tyrosine is degraded in higher plants by the route known to occur in animal tissues. namels
via homogentisic acid and fuman lacetoacetic acid, then [»-*Cltarosine would give nise to
carboxy] labelied acetic acid while [8-'Cltyrosine would produce methyl-labelied acetate.
These two forms of labelled acetate in turn could yield aspartic acid (and therefore aspuragine)
labelled respectively in carbon atoms 1 and 4 or predominanty in carbon atoms 2 and 3.

EXPERIMENTAL

The experiments were carried out with voung shoots of Nandima domestica Thunb.
(commonly known as Heavenls Bamboo). This plant is grown extensively as an ornamental
in California and shoots were selected from plants growing on the University of California
campus at Davis.

Almond emulsin was purchased from Calbiochem. Acetobromoglucose was purchased
from K and K Laboratories. L-[U-'#C]Valine (205 uc/pumole). vi-[3-1#Cltyrosine (6-85
pc;umole), 1-[U-HCjtyrosine (189 pc:pmole) and L-[COOH-#Clts rosine (26:6 e pmole)
were purchased from New England Nuclear Corporation. pr-[z-*C]Tyrosine (1 36 pc’
pmole) and K'CN (1-18 gc:pumole) were obtained from Volk Radiochemicals.

All radioactive compounds were administered in neutral solution to cut shoots (about
0-2-3-5 g fresh weight) except for K'*CN which was converted 10 H'*CN gas in an enclosed
system.” Metabolism times were for 24-48 hr with continuous artificta) 1llumination.

Plant extracts were made by freezing the plant material in liquid nitrogen. grinding in a
mortar and transferring the resulting powder to boiling 80°,, ethunol for 5 nun. The suspen-
sion was filtered and the filtrate evaporated to dryness under reduced pressure. The residue
left onevaporation was dissolved in a known volume of water for analysis or chromatography.,

Hydrogen cyanide was liberated from the cyanogenic glucoside by incubatton in agueous
solution with emulsin for 2 hr in a closed system. COa-free air was then passed through the
system and the HCN carried over in the air stream into 10 ml of 0-1 N NaOH. Aliquots of
this trapping solution were assayed for cyanide by the method of Aldridge.!" In initial
experiments to determine the cyanide contents of different plant parts the powder prepared
by grinding with nitrogen was mixed with water and acrated as before. The endogenous
glucosidases in the plant effected liberation of the HCN. The aqueous solution, now depleted
of cyanide, was extracted with dicthyl ether. The ether extract was evaporated to dryness and
the residue of p-hydroxybenzaldehyde estimated according to Friedemann and Haugen.'!
Alternatively the residue was dissolved in absolute ethanol and its u.v. spectrum measured.
with and without the addition of NaOH solution. using a Cary 14 spectrophotometer.

The following solvent systems were used in the present study (all v-v. except 6 w;w):
(1) n-butanol-pyridine-water (6:4:3): (2) butanol- cthanol-water (40:11.19): (3) ethanol-
conc. ammonium hydroxide-water (80:5:15); (4) benzene-methanol (7:3): (5) butanol-
acetic acid-water (12:3:5): and (6) phenol-water (8:2).

10'W. N. ALDRIDGE, Analyvst 69, 262 (1944).
"' T. E. FriIFDEMANN and G F Hav GeN. J. Biol. Chem. 147, 415 (1943).
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The cyanogenic glycoside was located on a narrow strip cut from the chromatograms by
the picrate paper method!2 or by detection of reducing sugar by the silver nitrate dip method!?
after treatment with 0-1%, emulsin solution. The cyanogenic compound was then eluted
from the corresponding area on the remainder of the chromatogram with 509 ethanol.

The sugar moiety of the glycoside was assayed, after emulsin hydrolysis, by an enzymic
method specific for the glucose. The method is based on the phosphorylation of glucose by
ATP in the presence of yeast hexokinase and subsequent oxidation of the glucose-6-phosphate
by NADP and glucose-6-phosphate dehydrogenase. The optical density of the NADPH
formed is read at 340 mu.!4

All radioactivity measurements were made in Bray’s solution!’ using a Packard Tricarb
Scintillation Counter. ['4C]Benzoic acid was used as an internal standard. The specific
activity of the 2,4-dinitrophenylhydrazone of the ether extracted p-[14Clhydroxybenzalde-
hyde was determined by the method of Koukol ez al.> The melting point was determined in
a capillary melting point apparatus.

Methods for the chromatographic isolation of [**Clasparagine, its hydrolysis to ['%C}-
aspartic acid and the subsequent decarboxylation of both these compounds have been
described in an earlier communication.!® Asparagine was estimated by Moore and Stein’s
method.'?

p-Glucosyloxymandelonitrile was synthesized as follows: Tetra-acetyl-p-glucosyloxy-
benzaldehyde was prepared according to the method of Robertson and Waters.!® Deacetyla-
tion to p-glucosyloxybenzaldehyde was achieved by standing overnight at 5° with methanolic
ammonia. Conversion to the cyanohydrin was then carried out with liquid hydrocyanic acid
essentially by the method of Fischer.!9
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