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THE recent observations of Klein & Linser [1932; 1933, 1, 2] on the betaines
stachydrine and trigonelline in Stachys palustris and Trigonella Foenum-graecum
point to the fact that these substances are intimately connected with protein
metabolism. These workers showed that proline and ornithine when injected
into the plant caused increases in the concentrations of stachydrine and trigonel-
line. Other amino-acids were without effect. They also found that when stems
of Nicotiana were placed in a solution of proline an increase in nicotine content
took place. Furthermore, as the result of experiments on the trigonelline content
of various plants throughout their life history, Klein & Linser conclude that
the fluctuations which were recorded indicated utilization of the alkaloid as a
nitrogenous reserve. In a previous publication by the present writer [Cromwell,
1933] an account was given of a series of experiments made on Berberis Darwinii
with the object of investigating the problem of the synthesis and function of the
alkaloid berberine. The results of this work appeared to show that in Berberis
Darwinii the alkaloid does not function as a nitrogenous reserve and that
synthesis is dependent on condensation of sugar residues with protein inter-
mediates. Although Berberis Darwinii provides satisfactory material for stem
and root experiments on alkaloid content it is not an ideal plant for experiments
on leaves for two reasons. Firstly, the half-leaf method of sampling cannot
be adopted on account of the smallness of the leaves, and secondly the leaves
contain large amounts of colouring matter and resins which create difficulties
in analysis. It was therefore considered desirable to carry out experiments on an
alkaloid-producing plant the leaves of which did not possess the disadvantages
of Berberis Darwinii. Accordingly Atropa Belladonna, which possesses large
bilaterally symmetrical leaves, was chosen with a view to extending and testing
the theory that the alkaloid molecule is synthesized partly from sugar residues
and partly from protein residues. All parts of Atropa Belladonna contain
hyoscyamine which in the process of extraction is largely converted into its
racemic modification atropine. Experiments have been carried out to determine
the effects on the hyoscyamine content of (a) withdrawal of certain essential
elements from the culture medium, (b) presentation of specific organic sources of
nitrogen, (c¢) presentation of certain inorganic sources of nitrogen, (d) feeding
with a combined solution of glucose and potassium nitrate, (e) etiolation,
involving both feeding and starvation experiments.

EXPERIMENTAL

Material. The plants used throughout these experiments were raised from
seed obtained from vigorous plants growing wild on the chalk outcrops at
Drewton on the south-western slopes of the Yorkshire Wolds. The seeds were
germinated in pans and the seedlings transferred to an open bed where they
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remained until required for experiment. The experiments were divided into two
groups: (I) experiments on whole plants and (IT) experiments on leaves. Plants
used in (I) were potted in coarse river sand which had been thoroughly washed
free from salts and were grown throughout the experimental period in a green-
house. Flower buds which appeared were removed. Plants used for (II) remained
in the open bed and leaves were removed as required.

Methods of sampling and preparation of material. In the first series of experi-
ments on whole plants samples of main roots, fibrous roots, stems and leaves
were taken immediately prior to potting. The roots were washed free from sand
in tap water and allowed to dry in the air. Stems and roots were then cut into
small pieces, and 50 g. each of the main and fibrous roots and 25 g. each of the
stems and leaves were weighed out and frozen in solid carbon dioxide for three
hours. The tissues were allowed to thaw out and the sap expressed in a strong
hand press. The residue was washed with N/20 sulphuric acid until the washings
were free from alkaloid. In practice it was found that after four successive
washings (with 10-15 ml. sulphuric acid) followed by expression the residue was

“free from hyoscyamine by Vitali’s test. In the second series of experiments on
leaves, the half-leaf method of sampling was adopted. Halves of the leaf blades
immediately bordering on the midribs were removed for control experiments
and the remaining halves placed with their petioles in distilled water or culture
solution. The half leaves were frozen for two to three hours in solid carbon
dioxide and ground to a fine powder in a mortar, the temperature of which was
kept at approximately that of the frozen tissue. The leaf powder was next trans-
ferred to a fine-mesh silk bag, allowed to thaw out and the sap expressed. The
cell residue was washed with N /20 sulphuric acid as in the first series of experi-
ments. Leaf area was therefore the basis for the calculation of the alkaloid
value.

Estimation of total alkaloids. The acid extract was made up to 100 ml. and
transferred to a separating funnel. 20 ml. of 59, ammonia solution were added
and the alkaloids shaken out with 400 ml. of a mixture of four volumes of ether
and one volume of chloroform to which two or three drops of octyl alcohol had
been added to minimize the risk of emulsification. The extraction was repeated
with a further 400 ml. of the mixture and the ether and chloroform distilled off
on a water-bath. The residue was heated on a water-bath for 10 min. to drive
off any traces of free ammonia present and a micro-Kjeldahl determination
carried out after digestion by the phosphoric-sulphuric-persulphate method of
Van Slyke [1927]. The alkaloid value in terms of hyoscyamine was calculated
from the total nitrogen present and expressed as mg./100 ml. extract.

I. CULTURAL EXPERIMENTS ON WHOLE PLANTS
The effects of withdrawal of essential elements

Plants were watered with culture solutions lacking (1) potassium and
(2) nitrogen, for a period of 4 months from May to the end of August.

The plants starved of potassium showed very little active growth and towards
the end of the experimental period the leaves showed a tendency to turn yellow
and wither at the margins. The figures in Table I show that deprivation of
potassium has virtually little effect on the alkaloid concentration of the various
organs, and in most cases a slight decline is evident. The present experiments on
Atropa bear out the results obtained from previous experiments on potassium
deficiency in Berberis Darwinii where the alkaloid value remained substantially
unaffected by deprivation of this element.
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Table I. Culture experiments with potassium-free and nitrogen-free solutions

mg. alkaloid/100 ml. extract

Control samples After experiment
Al A
Age Main Fibrous Main Fibrous
Solution Plant years root root Stems Leaves root root Stems Leaves
1. No potas- (a) 2 1232 766 30-8 122-6 749 —

sium (b) 2 1362 970 372 223 1341 961 31

(c) 3 183-7 1486 496  62-0 178-4 1499 44-

2. No nitrogen (a) 3 173-5 487 226 44-8 173-4 496 —
(b) 3 1556 809 27-8 40-4 156-9 826 —

(c) 3 162-6 658 319 392 167-1 66-1 —

W D
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Nitrogen starvation quickly checked the growth of plants. Leaves were cast
and eventually the stems withered and died. Later, short shoots appeared from
the stem bases, but made comparatively little growth. Roots alone remained
for analysis. The results of analyses show that in spite of acute nitrogen
starvation the concentration of alkaloid in the sap continued to increase.
Qualitative tests revealed the presence of starch and absence of nitrate-nitrogen
in the roots throughout the period of experiment. It would appear that the
alkaloid does not act as a mobile nitrogenous reserve but that in its formation
nitrogen is actually being removed from tissues where its presence would be
essential for any growth to take place.

Culture experiments with organic nitrogenous substances

Plants of 2 and 3 years of age were watered with culture solutions con-
taining (a) asparagine, (b) hexamine and (c) urea, as the sole source of nitrogen.
The experiments were conducted over a period of 4 months from May to the end
of August. In this set of experiments growth was in all instances remarkably
pronounced, leaves, stems and roots showing abnormally strong development
and throughout the period the plants remained vigorous and healthy. Qualitative
tests showed the presence of nitrate in the saps of the three groups.

Table II. Culture experiments with organic nitrogenous substances

mg. alkaloid/100 ml. extract
Control samples After experiment

N N

r r
Age Main Fibrous Main Fibrous
Solution Plant years root root Stems Leaves root root Stems Leaves

1. Asparagine (@) 2 1272 891 218 317 1507 1049 253 488
® 2 1408 1705 172 252 1962 1106 151 388
2. Hexamine (@ 2 1204 667 281 357 1693 784 289 413
® 2 1362 584 129 203 1404 619 145 259
3. Urea (@ 2 1445 992 182 412 1429 983 194 410
(® 3 2065 1569 289 557 2081 1542 278 563
o 2 — — 562 — — — 545

* Half-leaf method,

The effect of both asparagine and hexamine was to cause a definite rise in
alkaloid values in all organs. The figures for yrea are somewhat contradictory
but show for the greater part that the alkaloid concentration after experiment
tends to fall below that of the control values.
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Culture experiments with inorganic nitrogenous substances

Plants of 2 and 3 years of age were watered with culture solutions con-
taining (¢) ammonium sulphate, (b) potassium and calcium nitrates (1 g. of each
in 2 litres of solution) as the sources of nitrogen, for a period of 4 months,
extending from June to October. In both sets of experiments growth was active
throughout the period, being more pronounced in the ammonium sulphate than
in the nitrate cultures. Nitrates were present in abundance in the sap of the
plants receiving ammonium sulphate, while the sand in which they were
growing showed traces only.

Table ITI. Culture experiments with inorganic nitrogenous substances
mg. alkaloid/100 ml. extract

Control samples After experiment
Al A

N N

Age Main Fibrous Main Fibrous
Solution Plant years root root Stem Leaves root root Stem Leaves

1. Ammonium  (a) 1401 932 122 102 1652 1073 165 247
sulphate () 1918 1182 149 352 2106 1239 165 454
2. Potassium a 1318 1207 204 396 1321 1197 207 392
and calcium  (b) 2108 1337 627 491 2131 1322 640 495
nitrates () 2155 1161 264 389 2189 1132 247 392

WwWh W

Presentation of ammonium-nitrogen brought about an increase in concentra-
tion of alkaloid in all organs, whereas application of potassium and calcium
nitrates resulted in little or no change in concentration, the tendency being in
the direction of loss.

Culture experiments with combined glucose and inorganic nitrate solution
in absence of light
Two plants (a) and (b) were placed in darkness and watered with a full culture
solution containing 2 %, glucose with potassium nitrate as the source of nitrogen
for a period of 1 month: The plants possessed all the characteristic appearances
of etiolation and many of the leaves were cast.

Table IV. Culture experiments with glucose and inorganic nitrate solutions.
Plants grown in dark

mg. alkaloid/100 ml. extract

Control samples After experiment
Age rMain Fibrous ' /Main Fibrous )
Solution Plant years root root Stem Leaves root root Stem Leaves
Glucose 29, (a) 2 1274 861 306 319 190-4 1011 282 45-3

plus nitrate (b) 3 180-5 1156 329 406 219-2 130-8 381 531

Both plants during the experimental period showed accumulation of alkaloid
in all organs and the tissues contained an abundance of nitrate.

II. EXPERIMENTS ON LEAVES
Culture experiments on detached leaves in darkness
Groups (a) and (b) were placed with their petioles in a 2 %, solution of glucose,
and groups (c), (d) and (e) in a 0-2 9, solution of potassium nitrate. Samples (a),

(), (c) and (d) were removed from the plants in the morning and sample (e) in
the late afternoon.
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Table V. Culture experiments on detached leaves in darkness. Half leaves
placed with petioles in culture solution

mg. alkaloid/100 ml. extract

Duration Experi-

No.of  of exp. Time of day Control mental

Culture solution leaves days sample taken halves halves
(a) Glucose 42 3 Morning 19-4 20-3
(b) Glucose 42 5 »e 40-5 81-3
(¢) Potassium nitrate 70 7 v 345 23-2
(d) Potassium nitrate 42 7 9 182 18-2
(e) Potassium nitrate 42 7 Afternoon 24-7 277

Glucose feeding in one group of leaves (b) was responsible for a marked
increase in alkaloidal content, but in group (a) the rise was very slight. Only in
one group (e) of nitrate feeding experiments was an increase of alkaloid recorded,
and it is significant that this group of leaves was gathered and sampled late in the
afternoon when the carbohydrate content would be high.

Starvation experiments on detached leaves

In the first series of experiments recorded in Table VI, detached leaves were
placed in distilled water in darkness, thus being deprived of all sources of food
supply. In the second series (Table VII), whole plants were placed in darkness
after half-leaf samples had been removed. The synthesis of fresh carbohydrate
was therefore inhibited, but translocation of reserve carbohydrate from the
stems to the leaves and movement of salts to and from the leaves would still be
possible to a certain extent.

Table VI. Starvation experiments on detached leaves in darkness. Half
leaves placed with petioles in distilled water

mg. alkaloid/100 ml. extract

Duration
No. of of exp. Time of day - Control Experimental
Exp. leaves days sample taken halves halves
(a) 60 7 Morning 544 54-4
(b) 60 5 Afternoon 13-2 355
(c) 60 7 Morning 23-5 27-3

Table VII. Starvation experiments on leaves attached to plants. Half-leaf
samples were removed and plants placed in darkness

mg. alkaloid/100 ml. extract

No. of Duration of Control Experimental
Exp. leaves exp. (weeks) halves halves
(a) 70 2 49-6 561
®) 60 2 38-8 50-9

The experiments on detached leaves showed that complete starvation
resulted in an increase of alkaloid in two groups of leaves, the rise being especially
marked in group (b) in which the leaves had been removed from the plants in
the afternoon. In both experiments on attached leaves the alkaloid value was
increased by etiolation.

Biochem. 1937 xxx1 35
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Discussion

Theoretically the synthesis of alkaloids in the plant admits of two possi-
bilities, namely, a primary or up-grade synthesis and a secondary or down-grade
synthesis. Although much work has been carried out in an endeavour to obtain
knowledge of the reactions which lead to the formation of alkaloids, little of a
positive nature is yet known. The trend of opinion would seem to be that the
alkaloid molecule is built up from products of protein breakdown and carbo-
hydrate intermediates, i.e. the synthesis is secondary. Our very imperfect
knowledge of the constitution and metabolism of proteins has greatly impeded
progress in the elucidation of problems relating to the synthesis of secondary
nitrogenous plant products. The experiments on Atropa Belladonna described
in this paper point to the conclusion that intermediates or breakdown products
of proteins are the essential building stones of the alkaloid molecule, and that
carbohydrates or their derivatives play an important part in the synthesis. At
present it is impossible to decide whether the carbohydrate residues or inter-
mediates actually enter into the constitution of the alkaloid molecule, or
whether the carbohydrate is essential merely for the purpose of supplying energy
for the synthetic reactions leading to alkaloid formation. The experiments
involving the withdrawal of potassium and nitrogen showed similar results to
those obtained in previous experiments on Berberis Darwinii [Cromwell, 1933].
Potassium withdrawal for a period of 4 months was practically without effect on
the alkaloid concentration. Recent work on the role of potassium in plant
metabolism has shown that carbohydrate synthesis and translocation are greatly
impaired by lack of this element [James, 1930; James & Cattle, 1933 ; Janssen &
Bartholomew, 1930; Penston, 1931; Richards, 1932; Tincker & Darbishire,
1933], and the water content of the tissues of potassium-starved plants has in
many instances been shown to be low [James, 1931 ; Morse, 1927]. Furthermore,
various workers have reported an accumulation of soluble nitrogen and starch
in potassium-deficient plants [Janssen & Bartholomew, 1929; Burrell, 1926;
Nightingale et al. 1930] and James [1930] has shown that potassium acts as a
catalyst in hydrolytic reactions. Thus, by favouring starch accumulation, low
water content and paralysis of hydrolytic activity potassium deficiency would
tend to lower the concentration of active carbohydrate residues. The importance
of potassium in relation to protein synthesis is not well understood, but the
evidence of accumulation of soluble nitrogen points to the fact that synthesis of
protein is inhibited in the absence of potassium. It would appear, therefore, that
potassium deficiency is unfavourable to alkaloid formation as the result of its
inhibiting effect on protein synthesis and its disorganizing influence on carbo-
hydrate metabolism and translocation. The experiments on withdrawal of
nitrogen indicated clearly that lack of this element does not check the synthesis
of alkaloid, and one is justified in assuming that increase of alkaloid under these
conditions must necessarily be due to synthesis from products of protein break-
down, which would take place to a great extent innitrogen-starved plants. Mothes
[1928] has stated that conditions unfavourable to the growth of tobacco plants
result in continued production of nicotine. The cultural experiments in which
asparagine, hexamine and urea were fed to the plants appeared to show that when
certain nitrogenous substances are presented, alkaloid synthesis may result from
direct combination of these substances or their derivatives with other active inter-
mediates or residues. On the other hand asparagine feeding may lead to in-
creased protein synthesis, and rise in alkaloid value may be referred to subsequent
breakdown of the excess protein. In the tissues hexamine may yield amines
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which may play the part of alkaloid intermediates. The action of urea in
stimulating the growth of the plants to which it was fed was well marked, but
apparently urea feeding does not stimulate alkaloid formation. The abundance
of nitrate in the sap of the urea-fed plants indicates that urea, possibly by the
action of urease, undergoes decomposition with the formation of ammonia. The
plants, however, were not tested for this enzyme and further experiments are
necessary before any conclusions on the behaviour of urea can be reached. If,
as is supposed, urea undergoes rapid decomposition followed by oxidation of
the ammonia to nitrate the application of urea would lead to conditions approxi-
mating to those of nitrate feeding. Calcium and potassium nitrates, when pre-
sented as the sole sources of nitrogen, were virtually without effect on the
alkaloid concentration, as the slight rise recorded would presumably take place
in the growth of the plants under normal nutritional conditions. A high con-
centration of inorganic nitrate therefore is not conducive to alkaloid synthesis.
In this connexion Mothes [1928] found that in tobacco plants where abundance
of inorganic nitrogen was present nicotine synthesis was inhibited. The experi-
ments on ammonium sulphate feeding showed that this compound when pre-
sented as the sole source of nitrogen caused an increase in alkaloid production.
It is difficult to reconcile this result with the results of urea feeding where it is
presumed ammonia would be present as the result of decomposition of urea, and
further work is necessary to throw more light on the fate of the ammonium
radicle in these experiments. Feeding with glucose in conjunction with in-
organic nitrate in darkness brought about a definite accumulation of alkaloid in
the tissues. Under these conditions it would be expected that protein degrada-
tion would tend to be checked by the presence of ample respiratory material in
the form of glucose. Examination of the soluble nitrogen showed that amino-
acids and asparagine were present in large amounts, but the ammonia value was
negligible (unpublished data). The presence of glucose appears to prevent the
accumulation of ammonia, if protein breakdown has proceeded to this extent,
by facilitating the production of asparagine. Alternatively the presence of
glucose may prevent complete breakdown of the protein, and amino-acids would
therefore accumulate. From these experiments the inference is drawn that
circumstances which lead to the accumulation of protein intermediates provide
the optimum conditions for alkaloid synthesis provided that carbohydrate is
present. The importance of carbohydrate is clearly demonstrated by the
experiments on detached leaves, which when kept in darkness gave increased
alkaloid yield only in the presence of carbohydrate. Leaves fed with glucose
showed an increase in alkaloid, whereas leaves fed with nitrate showed an
increase only when a certain amount of carbohydrate was available. Leaves
gathered in the early part of the morning would possess a low carbohydrate
value, and nitrate feeding was responsible for little or no stimulation of alkaloid
production. On the other hand, leaves which were gathered in late afternoon
would possess a much higher carbohydrate content, and nitrate feeding of these
leaves brought about an increased yield of alkaloid. Starvation experiments on
detached leaves also support the view that carbohydrate is essential to alkaloid
synthesis, for leaves detached in the early part of the morning and placed in
distilled water in darkness revealed a slight increase of alkaloid only, whereas in
leaves gathered in late afterncon a considerable increase occurred. Again,
starvation experiments on leaves attached to the plants, the roots and stems of
which contained reserves of carbohydrate capable of translocation to the leaves,
gave indication of a consistent rise in alkaloid content.

The scope of the experiments carried out on Aéropa Belladonna being some-
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what restricted, it is not possible to make assumptions regarding the mode of
synthesis of alkaloid, but the evidence obtained points to the fact that carbo-
hydrate and protein residues are of primary importance. The suggestion is put
forward that the function of alkaloids may be analogous to that suggested for
asparagine by Prianischnikoff [1924, 1, 2] and Chibnall [1924], who consider that
asparagine acts as a means of combining free ammonia which if present in the
tissues in large amounts would prove toxic. These authors suggest that the
ammonia bound as asparagine may be utilized in protein synthesis. The forma-
tion of alkaloids likewise may remove from the tissues certain residues of protein
breakdown which if present in any degree of concentration would be toxic.
Tryptophan, proline, pyrrolidine and amines such as tetramethylenediamine
and pentamethylenediamine may possibly be substances of this nature, and it
is noteworthy that the nuclei of these compounds enter into the constitution of
certain groups of alkaloids. Furthermore, injection of certain of these compounds
e.g. proline, results in increased alkaloid production [Klein & Linser, 1933, 2].
The work of Klein & Bartosch [1928] on the behaviour of ricinine in germinating
seeds of Ricinus suggests that ricinine is synthesized at the growing points of the
young shoot from degradation products of the reserve protein of the seed, and
Mothes [1928] has shown that nicotine is present to a greater extent in old than
in young leaves of tobacco plants, i.e. where protein breakdown is more pro-
nounced. Etiolation, a condition favouring protein breakdown, also leads to
increased alkaloid synthesis [Cromwell, 1933; Klein & Linser, 1932; 1933, 1;
Weevers, 1932-33]. It is known that reserve proteins of plants differ in con-
stitution from protoplasmic proteins, and it may be suggested that as the result
of this difference certain residues remain in the tissues when storage protein is
broken down and re-synthesized to protoplasmic protein. These residues present
in the free state may be toxic to the plant and accordingly combination with
carbohydrate or other active residues may take place resulting eventually in the
formation of alkaloids. Moreover, fluctuations in alkaloid content of various
organs may in many instances be due to the transformation of one form of
protein into the other, certain portions of the alkaloid nucleus taking part in the
transformation. An explanation of the restricted distribution of alkaloids may
be forthcoming when it is considered that proteins of different plants vary in
constitution; only certain reserve proteins therefore possessing a potential
alkaloid nucleus would contribute to the synthesis.

Further work is being carried out with a view to obtaining more detailed
knowledge of the intermediates involved in alkaloid synthesis and theu' relation
to the general metabolism. .

SUMMARY

1. Culture experiments have been carried out on plants of Atropa Belladonna
to determine the effects of withdrawal of essential elements and of presenting
nitrogen in different forms. Potassium withdrawal was found to be without
effect on the alkaloid content. During the period of nitrogen withdrawal forma-
tion of alkaloid continued. Presentation of nitrogen in the forms of asparagine,
hexamine and ammonium sulphate brought about a rise in alkaloid value, while
presentation in the forms of calcium and potassium nitrates and urea caused little
or no alteration.

2. Plants grown in darkness and fed with a solution containing potassium
nitrate and glucose showed increased alkaloid production.

3. Detached leaves in darkness were placed with their petioles in (a) glucose
solution, and (b) potassium nitrate solution. Increase of alkaloid resulted in
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leaves fed with glucose, but leaves fed with potassium nitrate showed a rise only
if a reserve of carbohydrate was present.

4. Detached leaves placed in darkness with their petioles in distilled water
gave a high yield of alkaloid when carbohydrate reserves were available.

5. Starvation experiments on leaves attached to the plant showed an in-
crease in alkaloid.

The author wishes to record his indebtedness to Mr R. D’0. Good, Head of
the Department of Botany, for his kindness in providing ample facilities for the
carrying out of this research, and to Mr G. A. Glister, for his invaluable help in
the experimental work.
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