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CHEMICAL INVESTIGATIONS OF THE ToBACCO Prant

VI. CuHeEMicAL CHANGES THAT Occur 1Ny LEaveEs DuRriNG
CuLTURE IN LicHT AND IN DARKNESS

INTRODUCTION

IN A PREVIOQUS study (93) of the chemical changes that occur
in tobacco leaves during culture in water in the dark, evidence was ob-
tained which rendered it highly probable that digestion of the leaf
protein gave rise to amino acids. These were, in turn, deaminized, and
the ammonia produced was employed for the synthesis of amides.
Other sources of ammonia were, however, also drawn upon for this pur-
pose, and it seemed probable that renewed study might give a clearer
picture of the chemical changes that take place under these conditions.
Furthermore no attempt was made in the previous investigation to
study the effect of light upon the reactions that occur.

The experiments have accordingly been repeated and attention has
been given, not only to the effect of light, but also to the possibility
that on the one hand glucose, and on the other hand inorganic salts, in-
cluding an ammonium salt as a source of nitrogen, might have an effect
upon the chemical changes.

The results of these attempts to influence the behavior of the com-
ponents of tobacco leaf tissue during culture are described in the
following pages. As will become apparent, we were not successful in
demonstrating specific effects of glucose as a component of the culture
solution owing, probably, to the use of too low a concentration. The
study of the effect of ammonia was successful, however, inasmuch as
the amide metabolism was increased. Since the amide metabolism is
closely associated with the protein metabolism, these experiments have
been of some value.

In view of the significance of amide metabolism in this relationship,
it may be useful to review the early literature of asparagine and gluta-
mine, the two amides that have been found most widely distributed in
plants, and to show how our present knowledge of these two substances
and their relationship to the other nitrogenous constituents of plants
has been ascertained.

ASPARAGINE

Asparagine, the mono-amide of asparticacid, CONH.-CH,-CH (NH.)-
COOH, crystallizes with unusual ease in the form of a mono-hydrate
even from very complex mixtures of amino acids, and it is therefore not

Note: The chemical investigations of tobacco herein described were carried out as part of a general
project under the title *‘Cell Chemistry,” by the Department of Biochemistry of the Connecticut Agri-
cultural Experiment Station, New Ilaven, Conn. The Department has enjoyed the benefit of close co-
Operation from the Tobacco Substation at Windsor. The expenses were shared by the Connecticut Agri-
cultural Experiment Station and the Carnegie Institution of Washington.
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surprising that asparagine was the first substance belonging to the class
of a-amino acids to be discovered in nature. It was first isolated in 1806
by Vauquelin and Robiquet (85) from juice expressed from asparagus
shoots. The juice, after being evaporated, had heen left for a few days
and, during this period, deposited crystals. Some among these had,
as they said, ‘‘a shape, transparency and taste’” which were unfamiliar
to the investigators and that enabled them readily to separate the new
substance from the other constituents of the mixture. The crystals
were shown to be those of a neutral nitrogenous substance which was
neither an acid nor a salt in spite of its capacity to crystallize, and its
exact chemical nature remained a puzzle for many years. It was again
prepared by Dulong (19) in 1826, and in his paper is referred to as the
substance Vauquelin and Robigquet had named ‘‘asparagine”, although
no name is mentioned in their earlier paper. Bacon (3), in 1826, pre-
pared a substance from the roots of the marsh mallow which he called
althéine, but the following year Plisson (50) repeated this work and
identified althéine with asparagine. He likewise succeeded in isolating
asparagine from the roots of the comfrey and licorice plants (6, 51).
Plisson made the first attempt to ascertain the chemical nature of as-
paragine. He found that, after it had been boiled with lead hydroxide,
1t was converted into an acid which crystallized from hot water in plates,
and named this new substance aspartic acid.

The first analyses were made by Plisson and Henry(52) in 1830 and
by Pelouze (46) in 1833. Liebig (29) also analyzed it at this time, buft
his results did not agree with those of the other investigators and, in
fact, correct values were not obtained by him until 1838 (30). These
early workers were somewhat confused by the difference in chemical
behavior of the two nitrogen atoms of asparagine, but Pelouze clearly
recognized it as the amide of aspartic acid. Liebig guestioned this at
first, (li)ut later, as a result of his new and correct analysis, became con-
vinced.

The significance of asparagine in plant physiology was scarcely
discussed at this time. In 1844, however, a chance observation by
Menici, a pharmacist of Pisa, led to a study of asparagine which at
one stroke made many of the chemical and physiological relationships
of this substance clear. Menici had had occasion to sprout vetch seeds
in the dark and, from an extract of the etiolated seedlings, had prepared
a small quantity of a crystalline compound that he took to Piria at
the University of Pisa with a request for identification. Piria (48)
suspected its nature at once and repeated Menici’s experiment on a
large scale. He showed that asparagine could be obtained in equally
large quantities from vetch seedlings whether these were sprouted in
light or in the dark; that none of the substance was present in the
unsprouted seeds; and that it disappeared from the tissues of the plants
as these approached flowering, none at all being found as the fruit rip-
ened. Accordingly, he inferred that light has no influence on the for-
mation of the substance, that it is produced from the protein of the
seed, and is utilized by the plant in the later stages of growth.

Piria recognized that asparagine has acid properties inasmuch as a
well-crystallized and insoluble copper salt could be prepared, and as-
paragine could be recovered unchanged from this compound. When a
solution of asparagine was allowed to stand in a warm place, he noted
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what he designated as a fermentation (today, we should say putrefac-
tion), as a result of which asparagine was converted into the ammonium
salt of succinic acid. When treated with nitrous acid, nitrogen and
malic acid are produced from asparagine and this acid could be isolated
as the crystalline lead salt. Piria, therefore, regarded asparagine as the
diamide of malic acid analogous to oxamide, and pointed out that its
properties have much in common with succinimide and butyramide.
According to this view, aspartic acid would be the mono-amide of malic
acid.

Although this conclusion was incorrect, Piria’s demonstration of the
chemical relationship of asparagine to succinic acid and to malic acid,
and his inferences that it is produced from the seed protein and can
later be utilized by the plant were destined to have a great influence on
subsequent, studies of this substance. Furthermore, the ease with which
it could be prepared from vetch seedlings, and the relatively enormous
quantities of it in these tissues not only stimulated investigation but
presented physiological problems of the greatest importance.

The chemical relationship of asparagine to malic acid revealed by
Piria, and the later synthesis of aspartic acid by Dessaignes (18), who
obtained it by heating ammonium malate or fumarate, led Pasteur (45)
to a study of the optical properties of these substances. He showed
that asparagine is configurationally related to the natural l-malic acid
of plants; that Dessaignes’ synthetic substance was optically inactive;
and that the diamide of malic acid is isomeric, but not identical with
asparagine, inasmuch as malamide gives off all of its nitrogen as ammonia
when hydrolyzed with alkali, whereas asparagine gives only one-half in
this form. Kolbe (27), somewhat later, showed that aspartic acid is an
amino acid derived from succinic acid, and that asparagine is its mono-
amide. The final step of synthesis of aspartic acid as a proof of chemi-
cal structure was made by Piutti (49) in 1887.

Meanwhile aspartic acid had been obtained from another natural
source which served to increase its significance in plant physiology.
Ritthausen (66) had prepared the proteins of various leguminous seeds
and, in the course of a study of conglutin and legumin in 1868, had iso-
lated a new amino acid from mother liquors from which glutamic acid
had previously been crystallized. He did not recognize the new sub-
stance at first, but the following year (67), showed that it was aspartic
acid, identical with that obtained by Plisson from asparagine, and
homologous with his recently discovered glutamic acid (65).

COOH-CH,-CH(NH,;)-COOH COOH-CH,-CH.-CH(NH,)-COOH
Aspartic acid Glutamic acid

The one yielded malic acid on being treated with nitrous acid; the
other gave what he called glutanic acid, today usually referred to as
a-hydroxyglutaric acid. Both the new amino acids were found among
the products of hydrolysis of many proteins, whether of plant or of
animal origin, and it was at once clear that they must play an important
réle in physiology.

A clearer explanation of the relationship of the asparagine of plant
tissues to the aspartic acid of proteins was first suggested a few years
later. Nasse (41) in 1872 observed that proteins, when subjected to
hydrolysis, yield a considerable part of their nitrogen as ammonia. The
quantity formed during alkaline hydrolysis invariably exceeds that re-
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sulting from acid hydrolysis, but the rate at which it is given off is
rapid at first and then slow. He inferred that there are two different
ammonia-yielding groups in proteins both of which are decomposed by
hot alkali, and he pointed out that the stability of the more easily decom-
posed group had analogies with the ammonia-yielding group of the acid
amides. He referred to the ammonia that can be set free from proteins
as “‘loosely bound nitrogen”, and suggested that among other possibil-
ities it may be present in the protein in the form of acid amide groups.
In his discussion, he pointed out that it behaves like the nitrogen of
asparagine.

This brilliant suggestion was followed up a vear later by Hlasiwetz
and Habermann (24) who prepared glutamic and aspartic acids from casein.
They emphasized the probability that these two acids and the ammonia,
which is always formed, have a common origin in the asparagine and gluta-
mine which they felt must be the form in which the two acids are present
in the protein. Although this was pure speculation, it has been supported
by all subsequent investigations (44), and recently (16, 17) has been dem-
onstrated to be the case by the isolation of asparagine from edestin and
of glutamine from gliadin after enzymatic digestion of these proteins.

GLUTAMINE

The discovery of glutamic acid among the products of hydrolysis of
proteins by Ritthausen in 1866, and the demonstration that, when treated
with nitrous acid, it yields o-hydroxyglutaric acid, which was recognized
as being allied to malic acid, suggesied that a higher homologue of aspara-
gine must exist in nature. Hlasiwetz and Habermann in 1873 referred
specifically to a hypothetical glutamine which they thought must be the
form in which glutamic acid is combined in the protein. So far as we
have been able to discover, this is the earliest reference to the substance
by name in the literature.

Schulze began his investigations of the chemical composition of plant
tissues at Ziirich in 1872 with the study of a formation of asparagine in
lupine seedlings along the lines already suggested by the early work of
Piria. In 1875 he turned his attention to the composition of the roots of
the beet (78). Extracts of this tissue were found to contain considerable
nitrogen in a form that would dialyze through parchment, but very little
protein was present. A considerable part of the dialyzable nitrogen could
be readily liberated as ammonia by hydrolysis with dilute acid. This was
an indication of the presence of asparagine, but, on concentration and
long standing, no asparagine could be induced to crystallize. If aspara-
gine were added to the solution, there was no difficulty in recovering it almost
guantitatively by crystallization, and Schulze concluded that some amide
must be present which did not possess the remarkable capacity for crys-
tallization of asparagine.

In order to see if the free acid had properties that would make it
easier to isolate, Schulze subjected an extract of beets to hydrolysis with
dilute hydrochloric acid and removed the reagent with lead acetate. An
excess of lead acetate was then added and, since no precipitation occurred,
the solution was treated with alcchol in considerable volume. A flocculent
precipitate of a lead salt separated, and this was collected, decomposed
with hydrogen sulfide and the free acid was crystallized. Schulze’s great
technical ability is well shown by the way in which he handled the crystal
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fractions obtained. Glutamic acid is dimorphic, separating sometimes in
rhombic prisms and sometimes in thin, lustrous plates. Furthermore it
vields a copper salt which under certain conditions separates as a blue,
insoluble powder, under others as deep blue, transparent prisms. To make
the situation even more difficult, there was a small amount of aspartic
acid present. In spite of the confusing properties of the main constitu-
ent, Schulze showed that the different crops of crystals, whether prisms or
plates, consisted of glutamic acid from which he prepared the copper
and barium salts and the hydrochloride, and identified his material with
Ritthausen’s glutamic acid, notwithstanding the fact that the melting
point given by Ritthausen was much lower than that he himself observed.

To make certain that he was not dealing with an isomeric substance,
he converted his specimen into a-hydroxyglutaric acid with nitrous acid,
and reduced this to glutaric acid which was found to be identical with the
substance prepared from Ritthausen’s glutamic acid by Markownikofl (32).

Schulze concluded from these results that the original beet extract
must have contained glutamine, the amide of glutamic acid, homologous
with asparagine. No glutamic acid could be obtained from such an
extract unless it were hydrolyzed, and hydrolysis produced both ammonia
and glutamic acid.

~ Schulze and his collaborators continued their investigations of the
amides of plant extracts for many years, and in 1882 (73) announced the
discovery that asparagine can be precipilated by means of mercuric nitrate,
and also that he intended to attempt the isolation of glutamine with the
aid of this reagent. The following year Schulze and Bosshard (76) described
their experiments. The method they developed is extremely simple and,
save in matters of improvement in technical detail and the use of modern
apparalus (89), is still the only method by which this extremely rare sub-
stance has been obtained from plants. Although a synthesis has been
described recently (4), the substance is far more readily prepared in
quantity from natural sources.

Schulze and Bosshard first treated the juice of beet roots with basic
lead acetate and added neutralized mercuric nitrate solution to the filtrate.
The white precipitate was collected, decomposed with hydrogen sulfide,
the solution was neutralized with ammonia, and concentrated on a water
bath at 40 to 50° until crystallization occurred. The substance, after
being purified by recrystallization, was shown to be the mono-amide of
glutamic acid. Schulze’s genius as an experimenter is again revealed by
this apparently simple procedure. Glutamine is an unstable substance,
being rapidly hydrolyzed in acid or alkaline solution in the cold, or in
neutral aqueous solution at boiling temperature. None would have heen
obtained had Schulze not recognized this property and had the patience to
wait for the extremely slow concentration. The yields cbtained were low,
from 20 to 25 percent of the amount actually present as determined by
the amide nitrogen; but even with modern technic, such as vacuum dis-
tillation at low temperature to evaporate the solution, yields of only 80
percent are ordinarily obtained.

Morever, the selection of ammonia to neutralize the solution previous
1o evaporation is essential. Crystals of glutamine will not separate if this
neutralization is effected with sodium, lithium or magnesium hydroxide.
Glutamine does not form a hydrate and is entirely unlike asparagine in
its capacity to crystallize from complex mixtures.
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During the following years Schulze and his students detected glutamine
in the tissues of many plants (74) and were soon able to generalize with
the statement that this substance replaces asparagine in the metabolism
of many species. Throughout the literature even to the present, these two
amides are regarded as equivalent to each other in metabolism, and it is
one of the purposes of this bulletin to show that this equivalence has
certain limitations.

AMIDE METABOLISM IN PLANTS

The physiological significance of the amides was the theme which
motivated much of Schulze’'s work. In 1872, the distinguished botanist
Pfeffer (47) had published an enormous work in which he recorded the ex-
amination of the tissues of many species under the microscope after the
sections had been treated with alcohol. Under these conditions, if aspar-
agine is present in notable amounts, the characteristic crystals can be
seen. Study of the distribution of asparagine in seedlings and of the rela-
tionship to the protein convinced Pfeffer that, during germination, the
protein is converted into asparagine, and that -this substance serves as
the chief means whereby nitrogen is translocated out of the cotyledon
through cell membranes to the growing tissue in the axial organs. Here
the amide combines with carbohydrate for the construction of new pro-
tein in the tissue.

It must be remembered that this view was propounded by a botanist
only a few years after aspartic acid had been demonstrated to be a com-
ponent of proteins, and long before any clear conception of the structure
and composition of proteins had been reached. It was this hypothesis,
published the same year that Schulze took up his duties at Ziirich, that
stimulated him to begin the labors devoted to the explanation of the func-
tion of the amides. Bul even as early as 1878, Schulze (72) had begun
to have doubts that the transformation of protein to asparagine was as
simple as Pfeffer had supposed.

As nearly as he could tell, the reactions that take place during ger-
mination of the seed consist chiefly of protein decomposition to vield pro-
ducts similar to those produced by acid hydrolysis. These are then used
for protein regeneration in the growing tissue but in unequal proportions
so that unused parts accumulate. Hence asparagine is found in large
amounts in lupine seedlings. In this particular case, however, the storage
of asparagine is so phenominal—up to 80 percent of the converted pretein
nitrogen—that he could only assumethat a part of the protein decomposition
products undergo further chemical changes whereby asparagine is pro-
duced. Thus, within a few years, Schulze had already recognized that
asparagine is by no means the only translocatory substance for nitrogen.

It is hardly worth while to discuss in detail the vast amount of careful
investigation that Schulze carried out during the following years. By 1898
(75), however, he was in a position to state clearly his views of the series
of events that takes place during germination of seeds. The protein under-
goes rapid decomposition, the path followed being not unlike that brought
about by the action of acids, and the final products are amino acids. He
felt that it is highly probable that a certain amount of glutamine and of
asparagine arises directly from the protein—and in this he was probably
correct. The greater part of the amino acids, however, undergo further
decomposition with the production of ammonia, which is employed for
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the formation of asparagine and glutamine, the purpose being to convert
substances which are not suitable for protein regeneration into substances
that are available for this.

The amides are therefore secondary products of protein decomposi-
tion, and are formed from ammonia and nitrogen-free organic substances.
As eviderce of the conversions, Schulze pointed out that considerably more
protein decomposition products of the amino acid type could be isolated
from seedlings during the early stages of germination than during the later,
whereas asparagine steadily accumulated in the later phases.

Schulze obtained a vast store of information on the changes that occur
during the germination of seeds, but he was necessarily somewhat vague
with respect to the chemical mechanisms whereby these changes are brought
about. This aspect of the problem was dealt with more fully by the Rus-
sian investigator Prianischnikow. In 1895, Prianischnikow (53) carried
out a careful series of analyses of vetch seedlings of different ages in
Schulze’s laboratory. He showed that the protein decomposition products
are chiefly of the amino acid type, but that asparagine is a by-product
that accumulates in the axial organs. Later (54), he showed that the
time at which maximal protein decomposition occurs in etiolated seed-
lings corresponds with that at which maximal asparagine synthesis takes
place, and pointed out the analogy to urea formation in the animal—an
1dea suggested many years before by Boussingault (9). He was very clear,
however, on the point that asparagine is not an excretory substance like
urea, but serves as a storehouse for nitrogen which can later be used by
the plant.

The evidence secured in part by Schulze, in part by himself, indicated
that the quantily of asparagine formed in plants is far in excess of the
amount that could possibly arise directly by protein hydrolysis. In the
later stages of etiolation, the chief final preduct of the protein that dis-
appears is asparagine and, furthermore, the distribution of the asparagine
in the seedling—mainly in the growing parts, very little in the cotyledon—
is not what would be expected if the protein of the cotyledon were di-
rectly decomposed to asparagine. Some data of Prianischnikow (55) will
illustrate the kind of phenomena observed, the figures given being expressed

in percent of the total nitrogen.
ASPARAGINE NITROGEN

(percent of total nitrogen)
Cotyledons Stems Roots
Vicia sativa seedlings 14.5 38.2
“ ‘e ‘o 13.0 39.2
Pisum sativum “ 10.2 33.7
Vicia faba « 11.7 39.3 43.5

That asparagine arises by a definite synthetic reaction was made
strikingly clear by some experiments of Butkewitsch (12), another former
pupil of Schulze. When seedlings are anesthetized by means of toluene
vapor, synthelic reactions are suspended, but decomposition reactions con-
tinue. Under these circumstances, amides do not accumulate; instead
there is a rapid accumulation of ammonia. The accumulation of ammonia
was largely prevented, however, if the experiment was conducted in the
absence of oxygen.

LUPINE SEEDLINGS
(percent of total nitrogen)
Untresied 3 days in

toluene vapor
Soluble N 32.1
Amide N 6.1 2.6
Ammonia N 0.9 8.3



764 Conneclicul Experimenl Station Bulletin 399

These observations provided proof that asparagine synthesis is dependent
upon the presence of ammonia which is produced by an oxidative pro-
cess, and verified the inferences drawn by Schulze from his early work.
The next step, therefore, was to see if plants can take up ammonia from
the culture solution and convert it into asparagine. Suzuki (83), in 1897,
had demonstrated that asparagine accumulates in plants when these are
removed from the soil and placed in nutrient solutions that contain am-
monium salts. There is very little accumulation of amimonia but, especiaily
if sugar is added to the culture solution, enrichment in asparagine occurs.

Prianischnikow (58) repeated Suzuki’s experiments under more easily
controlled conditions. Barley was sprouted for 14 days in water and in
0.1 percent ammonium chloride, and the results of the analysis of the
tissues were calculated in terms of milligrams per 100 plants.

BARLEY

(mg. in 100 plants)
Total Protein Asparagine Ammonia
N N N N
Water 145.8 61.8 36.8 0.55
NH,CI 161.5 61.5 56.4 0.89

The preliminary experiment with peas failed, but when calcium carbonate
or sulfate was added to the ammonium chloride culture solution, the follow-
ing results were obtained. The figures are the increases in nitrogen over
the control plants cultured in water and expressed in milligrams per 100
plants.

PEAS

({mg. in_ 100 plants)
NH,Q1 NH,ClI 4~ NHJC 4
aCOz CaSOy
Increase N absorbed 44.8 93.9 195.7
Increase asparagine N 25.0 116. 182.

The important point to note is that the increase in total nitrogen is
closely paralleled by the increase in total asparagine nitrogen. This
means that the ammonia from the culture solution provided the source of
both the amino and the amide groups, and consequently we are not deal-
ing with a synthesis of asparagine from aspartic acid and ammonia, but
from some non-nitrogenous substance, for example, as he suggests, malic
acid. Disregarding his suggested origin of the asparagine, this statement
is of the grealest importance. For the first time, asparagine synthesis
was experimentally clearly dissociated from a direct relationship to protein
metabolism. Aspartic acid plays no essential part in the picture—the
amide arises de novo from ammonia and a non-nitrogenous precursor.

Precisely similar results have been obtained in this laboratory(90) with
respect to glutamine synthesis in the beet. In order to obtain sampies
of this tissue of high glutamine content for purposes of preparation on
the large scale, a plot of beets was heavily watered with a molar solution
of ammonium sulfate applied at the rate of a ton of nitrogen per acre—
four or five times as much as would be used in ordinary agricultural
practice. The effect upon glutamine synthesis was striking.

BEET ROOTS
(gm. per kilo of fresh tissue)
Control 3 days 9 days
Soluble N 1.96 2.10 2.16
Glutamine N 0.37 0.54 0.58
Increase soluble N 0.15 0.21

Increase glutamine N 0.16 0.21



Amide Melabolism in Planis 765

The increase in soluble nitrogen and the increase in total glutamine nitro-
gen agree quantitatively, and it is clear that, under these conditions, the
synthesis of glutamine consists in the combination of ammonia with a
non-nitrogenous precursor. Two types of reaction must occur—the syn-
thesis of an a-amino group, and the dehydration of an ammonium salt
to form the amide. The metabolism of glutamine in the beet, when
extraneous ammonia is supplied, is therefore strictly analogous to that of
asparagine in pea seedlings—the amide metabolism under certain definite
conditions can be entirely dissociated from the protein metabolism.

Prianischnikow was intensely interested in accounting for this phenom-
enon. Butkewitsch had shown that plant enzymes decompose proteins to
amino acids in the same way as animal enzymes, and also that, when
synthetic reactions are suspended by means of anesthetics, ammonia
accumulates. As early as 1910, Prianischnikow inferred that both animals
and plants avoid the harmful effects of ammonia in the cells by a dehy-
dration process—namely the synthesis of urea on the one hand and of an
amide on the other. Twelve years later, in 1922 (56), he was in a position
to generalize more fully. The facts were as follows:

Asparagine accumulates in certain seedlings when these are cultured
on ammonium salts in the dark, and ammonia does not. The seedlings
assimilate nitrogen from the solution as the amide. With seedlings of
other species, this assimilation does not occur; instead ammonia accumu-
lates. Now the seedlings which do assimilate nitrogen as amides are
those which possess a considerable store of carbohydrate. Those which do
not synthesize asparagine are characterized by very small stores of car-
bohydrate. The issue is a little confused by the fact that certain plants,
in particular legumes, also seem to require calcium, or at any rate the
presence of a reagent (CaCO,) in the culture solution that will preserve
neutrality. The lupines, however, are organisms which, even when pro-
vided with calcium, fail entirely to synthesize asparagine but become
enriched in ammonia. These seeds are very low in carbohydrates.

LUPINES IN DARK
(mg. in 100 plants)
H,0 (NH,)2S0;  (NH4)2S04
+ CaCO;4

Total N

Protein N

Asparagine N

Ammonia N

Three types of experiment can readily be suggested to demonstrate

the essential nature of the carbohydrate. In the first place, will a seed
which contains carbohydrate behave like the lupines if the cotyledons
which contain the carbohydrate stores are cut off and removed? This
was tried on barley seedlings, and the data showed clearly that asparagine
synthesis was prevented while ammonia accumulated in unusual amounts.

BARLEY WITH COTYLEDONS REMOVED
(mg. in 100 plants)
NH,C:

H,0 NILCI

+ CaCO3
Total N 163 202 242
Protein N .81 95 87
Asparagine N . 45 57 37
Ammonija N 4 41 73

Secondly, how will lupines behave if given an opportunity to supply
themselves with carbohydrate by means of photosynthesis? This was test-
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ed by allowing lupine seeds to sprout in light on ammonium salts solutions;
the data show that assimilation of asparagine was pronounced and that
little ammonia accumulated.

LUPINES IN LIGHT
(mg. in 100 plants)
H;0 NHC1 NH,C1
4+ CaCOs

Total N 885 968 978
Protein N 617 521 617
Asparagine N 151 291 227,
Ammonia N 20 35 24

Finally, how will lupines behave in dark culture on ammonium salts
if glucose is also added to the nutrient solution? The experimental data
for the solution of this problem were much more difficult to obtain. Smirnow
(80), working in Prianischnikow’s laboratory, developed the technic—
a matter of conducting the cultures under sterile conditions—from previous
work of Petrow. The answer was perfectly clear; the quantity of asparagine
was much increased over the controls when glucose was added, and at the

same time the ammonia was diminished. Furthermore, protein synthesis
was stimulated.

LUPINES IN DARK
mg. in 100 plants)

(NH)2504¢ (NH)2804 +
+ CaS0y4 CaS04 + glucose
Total N
Protein N
Asparagine N
Ammonia N

The results of these experiments were summarized in a table which
shows the effects of the presence of carbohydrate on the synthesis of
amides in seedling plants in the presence of exiraneous ammonia.

CONDITIONS RESULTS
Carbohydrate  Light Amide Ammonia
synthesis enrichment
+ — + —

This generalization appears to be of far reaching application in plant
physiology, and Prianischnikow pointed out that the analogy with urea
synthesis in the animal is very close. Asparagine and urea alike are to
be regarded as detoxified forms of ammonia. The great difference is that
the animal, which does not need to be economical of nitrogen, excretes
the urea, whereas the plant, which must carefully conserve all of its
nitrogen, converts it into a product from which it can be again called into
action should need arise. Another difference is that an animal merely
requires carbon dioxide to detoxify ammonia, and consequently can con-
tinue to eliminate urea even under conditions of starvation. But the plant
Tequires a precursor with at least two carbon atoms still in the reduced
form, ard so, in starvation, may make use of its stores of asparagine for
respiration with the result that ammonia accumulates and a vicious circle
is established.

To sum up the facts hitherto presented, it is clear that amide meta-
bolism is usually closely associated with protein metabolism, but that the
relation is indirect, the bridge between the two being ammonia. The other



Preparation of Malerial 767

factor involved is the carbohydrate, this being, so far as can be established
at present, the source of the carbon chain which ultimately is converted
into asparagine or glutamine. It is upon this point that the experiments
descriled in the present bulletin bear.

The great Russian plant physiologist and musician Borodin (8) was
the first to demonstrate that mature leaves placed with their petioles in
water become enriched in asparagine. This aspect of amide metabolism
has not been studied very extensively until recent years.- Chibnall (15),
in 1924, reviewed the early work of Schulze and others, and demonstrated
that runner bean leaves, on being “starved’ in water culture for several
days, become greatly enriched in asparagine at the expense of the protein,
Mothes (37) has also studied the amide metabolism of mature leaves. He
found in 1925 that there is normally little or no amide synthesis at the
cost of protein save when there is a deficiency of carbohydrate; that is,
protein is ordinarily ‘“‘spared” in the presence of excess of carbohydrate.
On complete starvation of carbohydrate, ammonia may accumulate. The
digestion of protein is a reaction which takes place independently of the
carbohydrate content of the tissue, but amide formation is a secondary
reaction connected with oxidation of the protein decomposition products,
and with the detoxication of the ammonia produced. Protein regenera-
tion may occur in young leaves in the presence of carbohydrate at the
expense of ammonia or asparagine, but this capacity is gradually lost with
increasing age. Older leaves show protein breakdown and amide syn-
thesis up to the time of yellowing which is a condition that corresponds
to a minimal protein content.

Mothes (39) has also studied the metabolism of the leaves of conifers
in order to obtain a check by modern methods on Suzuki’s contention
that arginine is synthesized in these plants in response to enrichment in
ammonia. He found that the soluble basic nitrogen of conifer seedlings
is indeed unusually high, but obtained support for the view that it origin-
ates entirely from the protein by normal hydrolytic processes. Conifer
seedlings possess an amide metabolism of the normal type inasmuch as
amide nitrogen is promptly formed when ammonia of extraneous origin
becomes available.

Our own earlier studies of the amide metabolism of tobacco leaves
have been briefly mentioned in the introduction. The following pages
describe experiments in which the leaves of this plant have been cul-
tured in water, in dilute glucose, and in dilute nutrient salt solution both
in light and in darkness. The data are given in considerable detail, not
only with respect to the problem of amide metabolism, but also with
respect to other chemical changes that occurred in the tissues under the
experimental conditions. Sufficient discussion is introduced to illustrate
the blearing of these experiments on the general physiological problems
raised.

PREPARATION OF MATERIAL

The leaves used in the water culture experiment consisted of the
Jowest three picked from plants grown under shade at the Tohacco
Substlation in Windsor, Conn,, on Juiy 17, 1934, Ficking was completed
by 9:30 A. M. and the leaves, carefully stacked in piles, were transported
to the New Haven laboratory. Samples of 60 leaves each were selected
at random, with care to exclude any leaves that had suffered injury and
any of unusual size. The fresh weight of each sample was recorded to
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the nearest gram, and the leaves designed for culture in the light were
supported in V-shaped troughs by means of thin board extensions of the
trough walls of a size sufficient to accommodate nearly the entire length of
the leaf. The bases of the leaves were held securely in the water in the
bottom of the troughs by glass rods laid on top of them after all were
in place. The troughs held 20 leaves each when the leaves were placed
alternately lying on the right or left sides, and, by careful arrangement,
overlapping of the leaf surfaces was reduced to a megligible minimum.
Owing to the movements of the leaves as their turgidity changed during
culture, the leaf surfaces were prevented from coming into close contact
with each other, and ample circulation of air over the upper surfaces and
most of the lower surfaces was provided.

The culture troughs were set up in a greenhouse, the glass of which
had been heavily whitewashed, and a continuous record of the temperature
and humidity was taken. The temperature varied from approximately
18° from midnight to sunrise, and increased to 32 or 33° at noon and during
the early afternoon. The humidity was relatively constant at 90 percent
except during the hottest part of the day when it temporarily dropped to
50 percent or less. Artificial light from an adequate number of 500-watt
Mazda bulbs was provided between sunset and sunrise.

The distilled water in the troughs was maintained at a level which
insured that the bases of all the leaves should be immersed. It was changed
every two days and a careful inspection of all leaves was made for evidence
of infection at the base. When necessary, a thin layer of tissue was scraped
from the base.

The 60-leaf samples designed for culture in the dark were distributed
in pails in such a manner that the bases were immersed in a shallow layer
of water and the surfaces were as free from contact with each other as
possible. Although the leaves were somewhat crowded, there was sufficient
room for circulation of air. The cultures were set up in a dark room and
were exposed to a dim red light, for only a few minutes daily, when inspec-
tions were made. The water was changed every two days and at the same
time the bases were examined for infections and scraped, if necessary. The
temperature of the dark room was constant at 25+ 1° and the humidity
remained uniform at about 71 percent. Ample ventilation was provided.

At intervals of approximately 24 or 48 hours, a sample both from the
light and from the corresponding dark culture series was removed for prep-
aration for analysis. Ten leaves were selected in such a manner as to form
a subsample which represented the condition of the entire set as closely
as possible. The weights of the 10-leaf subsample and of the remaining
50 leaves were ascertained, and the 50-leaf sample was placed in a drying
oven which provided a rapid circulation of air maintained at 85°; drying
was complete within two hours. The dried leaves were then weighed
(“crude dry weight”), crushed by hand and bottled, and were subse-
quently ground to a fine powder for analysis.

The 10-leaf subsample was cut with scissors into strips immediately
after being weighed, and the tissue was immersed in ether for 30 minutes.
The ether was strained off through a small piece of cotton gauze which
was then folded around the leaf tissue, and the whole was enveloped in
stiff canvas press cloth and pressed between steel plates in the hydraulic
press. The residue was washed twice with water, being pressed thoroughly
each time, and was then dried. The ether was washed twice with water,
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the washings being combined with the extract from the press, and the
extracts, wash fluids, and rinsings of the apparatus were combined and
made to one liter. The preparation of this extract occupied approximately
two hours, and samples of it were immediately analyzed for ammonia
and amino nitrogen in order to provide data to serve as a control on the
ammonia and amino nitrogen determinations subsequently made on the
dried whole leaf tissue.

The leaves used in the glucose culture experiment -were picked July
24, 1934, from plants in the same rows in the field that provided the leaves
of the first experiment. The leaves taken were the fourth, fifth, and sixth,
counting from the bottom of the plant, the lower leaves having been re-
moved the previous week. Collection was complete by 9 A. M., and the
cultures were set up three hours later. The culture solution in which the
leaves were placed was a 0.02 M (0.36 percent) solution of glucose in
distilled water. The management of the cultures and the preparation of
the samples for analysis were carried out as already described.

The leaves for the ammonia culture experiment were picked July 31
from the same lot of plants, the seventh, eighth, and ninth leaves being
taken. The lower leaves had been previously removed. Collection of the
material was completed by 9.30 A. M. and the cultures were skt up within
three hours.

The culture solution employed was modified from one of Totting-
ham’s solutions by the substitution of calcium chloride for calcium nitrate.
and by doubling the concentration of ammonium sulfate. The comryosi-
tion was KH..PO, 0.143, CaCl, 0.233, MgSO, .7H,0 0.875, and (NH,).S0,
0.555 gm. per liter. A sufficient volume was prepared for the whole experi-
ment and was then treated with enough N potassium hydroxide solution
to bring the reaction from pH 6.28 to pH 6.4. The resulting mixture was
designed to have an osmotic pressure not widely different from 0.5 atmos.

The hydrogen ion activity of the culture solutions was examined from
time to time. The solutions used in the cultures in the light tended to
become slightly more acid; thus after 24 hours the reactions in two cases
were pH 5.54 and 5.99; after 48 hours such values as 5.34, 5.64, and 5.87
were obtained. The cultures in the dark, on the other hand, changed
but little in the early stages, the 24- and 48-hour values being pH 6.28
and 6.52. The last sample cultured in the dark became slightly more
alkaline, pH 6.87, after being used for 48 hours, but in this case the main
veins of the leaves had become infected.

No evidence of absorption of ammonia from the culture solution was
obtained from analyses of the solution before and after use. The nitro-
gen content of the original solution was calculated to be 0.1176 gm. per
liter. Determinations before and after 24 hours of use gave 0.117 and
0.118 gm. per liter. Nevertheless, as will appear, the analyses of the
leaves showed that a small amount of nitrogen was absorbed.

DESIGNATION OF SAMPLES

A method of labeling the samples was adopted which served as a
guide to the treatment each had received. The three sets cultured in
water, glucose, or amnmonia solution were designated by the key letters
W, G, or N, which appeared on each label. The two conditions of cul-
ture, in light and in dark, were referred to by the letters L and D. The
successive samples of leaves cultured in light were numbered from 1 to 7,
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while the successive samples cultured in the dark were lettered from A
to E or F. Thus sample LW1 was the first sample removed after culture
in water in the light, sample DNB was the second sample removed after
culture in ammonia solution in the dark.

The control samples of fresh leaf material were taken in duplicate
for each experiment, and were designated FLa and b. With the addition
of the key letter for the culture solution used, FLWa and FLNb are the
designations of one of the fresh leaf samples used as a control for culture
in water, and for a sample of fresh leaf material used as a control for the
culture in the ammonia-containing salt soluticn. These designations apply
to all of the dried leaf samples which consisted in each case of 50 leaves.
The extracls prepared from the ten-leaf subsamples were designated
according to the same system with the addition of the word “‘extract’.

METHODS OF ANALYSIS

The analytical methods employed in this laboratory have been de-
scribed in considerable detail in the previous bulletin (92) of this series,
and in various published papers. Continuous development of the technics
is, however, being made in the interests of convenience or accuracy, and
slight changes are introduced from time to time. A number of difficulties
were encountered in the present work, particularly in the determination
of the organic solids and the ash, and the data obtained by the methods
outlined in Bulletin 374 (92) are not entirely satisfactory. Study is being
given to these points, however, and il is hoped that improvements can
be devised.

In order to indicate as briefly as possible the methods employed, it
is necessary to recall that two portions of each sample of leaves were
available for analysis, the fresh leaf extract prepared from a 10-leaf sub-
sample and the air-dry powder prepared from the remaining 50 leaves.
The fresh leaf extract was analyzed for ammonia and amino nitrogen
immediately after preparation and was then discarded. The dry leaf
samples were analyzed later.

The determinations of water-soluble components were made on a
water extract prepared from the dried leaf tissue. Careful study of the
conditions under which accurate and reproducible values can be obtained
has indicated that the following convenient and rapid method gives re-
sults indistinguishable from those obtained by more thorough methods of
extraction.

The dry lissue exiract is prepared by weighing 2.500 gm. of air-dry,
carefully mixed, powdered leaf tissue and transferring this to a beaker
in which it is mixed to a paste with a small volume of water; water to
make approximately 85 ml. is then added. The beaker is heated for 10
minutes in a water bath at 80° with continuous stirring, and the contents
are washed into a heavy-wall test tube graduated at 100 ml., cooled, and
made to volume, and are thoroughly mixed by being shaken. The tube
is then centrifuged and the clear extract is poured off through a small
plug of glass wool in a dry funnel into a stoppered container in which it
is preserved, if necessary, with a layer of toluene. Extracts prepared in
this way have given analytical results which agreed within the limits of
precision of the methods with results obtained on solutions prepared by
making exhaustive extractions of the tissue.
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For most purposes, an extract of 2.500 gm. of tissue made to 100 ml.
volume gives a solution suitable for aliquoting for determinations of am-
monia, amides and many other factors. In some cases 5 gm. of tissue are
taken, in others, 1 gm.

An alcohol extract of the tissue is prepared for certain of the determin-
alions, particularly the carbohydrates, by extracting 2.5 gm. or 5 gm. of
dry tissue placed in a paper extraction thimble in a continuous extraction
apparatus of the syphoning type in which it is extracted with 75 percent
alcohol, usually overnight. The extract is then concenirated in vacuo to
remove alcohol and is made to 100 ml. with water. The carbohydrates
were determined essentially as described in Bulletin 374 (92, p. 569) save
that the titration was carried out according to Schaffer and Somogyi (69).

The tissue residue from the alcohol extraction is employed for deter-
minations of the protein. For this purpose, the dry weight is obtained in
order to secure a factor for the conversion of analytical data to the hasis
of the dry weight of the original tissue. A weighed portion is then extracted
with boiling water, is filtered on a Gooch crucible and thoroughly washed,
and is transferred to a Kjeldahl flask for determination of the total nitro-
gen. For the determination of the amino nitrogen after acid hydrolysis,
duplicate 0.250-gm. portions are extracted with hot water and are then
boiled with 10 ml. of 10 N sulfuric acid under reflux for 24 hours. The
hydrolysites are diluted to 50 ml., centrifuged, and the humin is washed
on a Gooch crucible and nitrogen is determined in it. The two solutions
are combined and aliquots are taken for the determination of amide nitro-
gen, the residue from the distillation being acidified with acetic acid and
employed for the amino nitrogen determination.

The organic acid fraclion, which is also employed for the determina-
tion of nitrate nitrogen, is prepared as described by Pucher, Vickery and
Wakeman (62) and is employed for the determination of citric, malic, and
oxalic acids and of the total organic acids (63, 60, 64).

The statement in Table 1 will make clear the analytical procedure
for the individual determinations not already mentioned.

TasLE 1. ANaALYTICAL METHODS

Solids Dry tissue, 1.0 gm. (92, p. 565)
Ash Residue from solids (92, p. 565)
Soluble solids Dry tissue extract, 10 ml. (92, p. 569)
Soluble ash Residue from solids (92, p. 569)
Total N Dry tissue, 0.3 to 0.5 gm. Kjeldahl
Water-soluble N Dry tissue extract, 10 ml. Kjeldahl
Alcohol-insoluble N Residue from alcohol extract, 0.100 gm. Semi-micro Kjeldahl
Protein N Residue from alcohol extract after
hot water extraction, 0.100 gm. Semi-micro Kjeldahl
Nitrate N Organic acid fraction, 10 ml. (62)
Nicotine N Dry tissue, 0.5 to 1.0 gm. (2)
Ammonia N Dry tissue, 0.5 gm. (61)
Ammonia N Fresh leaf extract, 5 to 25 ml. (61)
pH 7.0 Ammonia N Dry tissue extract, 5 ml. (91)
Amide N Dry tissue extract, 5 ml. (61)
“Extra ammonia N’ Dry tissue extract, 5 ml. Special method, p. 811
Amino N Dry tissue extract, 10 ml. (92, p. 567)
Amino N Fresh leaf extract, 5 to 25 ml. (92, p 567)

Peptide N Dry tissue extract, 5 ml. (92, p. 567)
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ORGANIZATION OF THE DATA

In order to calculate the analytical data to a basis of grams of the
constituent in 1 kilo of original fresh leaf, it is more economical of time
to employ factors to convert the raw data for each sample to the desired
basis. The analyses of the fresh leaf extracts, expressed in grams per liter
of solution, represented 10 leaves selected from 60. These, in turn, had
been subjected to culture, and their weight, as removed from the culture
solution, differed, in general, from the original weight of the sample before
culture, owing to change in the water content. Accordingly, the extract
analysis was multiplied by a factor calculated from the weight of the
leaves as removed from the culture (RL), the weight of the leaves selected
for extraction (EL), and the fresh weight of the original 60 leaves before
culture (CL). This factor was calculated as follows:

Extract analysis X ]l;l"—;-é%—oo = grams per kilo of fresh leaf. Sim-

ilarly the analyses of the dry leaf samples were calculated by converting
the crude dry weight of the individual samples into the crude dry weight
per kilo of original fresh leaf as follows:

Crude dry weight X %}:—i——}?ﬁo = crude dry weight per kilo of fresh

leaf, where DL is the fresh weight of the 50 leaves that were dried. This
factor was then used to convert the quantity of each analytical constituent
contained in one gram of each individual sample of dried tissue into the
number of grams per kilo of original fresh leaf.

The factors were calculated for each sample and were tabulated as
logarithms. It was then a simple matter to express each set of analytical
data on the common basis chosen by setting up a table which gave the
fundamental data for the set of samples, and the analytical data, both
in logarithmic form. When prepared in this way, checking by another
calculator was reduced to an easy routine.

Some use was also made of two additional factors, namely, one to
convert the weight of leaves removed from culture solution to grams per
kilo of fresh leaf, and one to convert the number of leaves cultured (fifty)
to the number of leaves in 1 kilo of original fresh leaf.

GENERAL BEHAVIOR DURING CULTURE

The general behavior of the leaves cultured in light in water and in
glucose was similar and is shown in some detail in Table 2. They became
very turgid and stiff, and remained apparently normal for 72 hours. Yel-
lowing then began at the tips and margins and slowly extended downward
and inward; a few leaves began to pass into the brown stage after eight
days. The leaves cultured in nutrient salt solution in the light, on the other
hand, did not become turgid, but wilted somewhat and showed a tendency
to curl forward. Chlorophyll breakdown was, however, much delayed in
this series and, even after ten days, the yellowing was not pronounced
save in leaves the midribs of which had become infected.

The leaves cultured in the dark behaved quite differently from those
in the light with respect to the regions in which chlorophyll breakdown
first occurred. The yellow coloration began at the tips and near the main
veins and extended outward from these areas. The set cultured in salt
solution did not become flaccid, although the turgidity was not so great
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as that of the leaves in glucose or in water. It was to be expected that
bacterial infection should become serious after a few days of culture in
salt solution, and this factor probably places some restriction on the value
of the analytical data obtained in the later stages of such experiments.
Nevertheless, in this type of experimentation we are interested chiefly
in the behavior of the cell constituents themselves, and structural damage
to the main channels of communication with the stem is of little signifi-
cance. Accordingly the failure to maintain sterile conditions during the
later periods of culture has no great importance for the conclusions we
wish to draw. .

Hours LW series DW series
25 Norznal, turgid Normal, turgid
49 b4 ” N " »
73  Trace yellow in few Nearly all yellow at margin and
near veins
Yellowing more extensive
Few yellow at tip and margin Tips brown, rest yellow

Many yellow at margin
Mostly yellow at margin, middle

still green
LG series DG series
Normal Normal but exuding liquid from
ruptured veins
Normal but exuding liquid from
ruptured veins
Trace yellow in few
Few yellow on margins Marked yellow around veins of more
than half
Half yellow on margins All yellow from main veins spread-
ing outward
Few brown on margin Mottled brown and yellow,

midrib decomposed in many
All yellow with few brown

LN series
25 Flaccid, tendency to curl Normal, but not markedly turgid
49  Unchanged » no» ” 3

73  Many regained some turgidity Trace yellow at tips and nesr
during night but became flaccid veins
during hot day
95 Trace yellow in few, still flaccid One-third of area yellow
143 Same, many infected midribs About half area yellow, much

infection of midrib
190 Many mottled light and dark
green, more infection
235 5 discarded due to infection, about
one-third of the rest show definite
yellowing at tip and margins,
remainder still green

The general behavior of the tissues in the three experiments was in
most respects so similar that for many purposes the data may be regarded
as those of a single experiment on water-cultured, excised leaves done in
triplicate on leaves of slightly different ages and position on the plant.
Specific effects of the glucose or of the ammonium salt are, save in a few
instances, difficult to distinguish with certainty.
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1t is, of course, recognized that comparisons between leaves picked a
week apart from different parts of the stalk of the plant are not necessarily
valid. Obviously, under these conditions, no certainty can exist with
respect to the evidence of differences between the behavior of the cultures
on different media. On the other hand, most of the types of chemical
change are common to all of the cultures, and these accordingly may be
emphasized inasmuch as the experiments are mutually confirmatory.

WATER AND ORGANIC SOLIDS

A clear picture of the gross changes that occurred in the leaves during
the culture period is shown by the curves of Figures 1, 2, and 3!. Figure
1 shows the changes in water content. The imbibition of water soon after
the leaves were placed in five of the culture solutions is clearly evident,
while the prompt wilting of the LN series is reflected in the loss of water
from the start. As will appear in what follows, this behavior of the LN
series had its effect in reducing the velocity of many of the chemical
changes that occurred. Whether the wilting-was a specific effect of the
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salt solution, or was due to some chance combination of temperature and
humidity, or to some more deep-seated physiological cause, is not known;
but the behavior of the LN series, as contrasted with the other cultures
in the dark, suggests that the effect is more likely to have its origin in the
salt solution employed. The enormous imbibition in the DG series, which
resulted in exudation of water from many of the small vessels of the leaves,
is particularly well shown.

All three lots of leaves in culture in the dark passed through a period
of maximal water content and then, as the breakdown of chlorophyll
progressed, lost water rapidly. No particular significance can be attached

1 Data for all figures are given in Table 20, p. 828.
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to the period of survival—we have carried out water cultures of leaves
that retained their turgidity for as long as 200 hours in the dark, but there
probably is a correlation between the onset of extensive chlorophyll degen-
eration and the loss of water-holding capacity. The age or relative maturity
of the leaves may be of significance with respect to the period during

which they will remain in apparent good condition when subjected to
culture.

In Figure 2, the increase in solids of the leaves cultured in the light
contrasts sharply with the loss of solids from the leaves in the dark. The
data for the water culture series give particularly smooth curves and it is
of interest to inquire somewhat more closely into the nature of the sub-
stances that accumulated in these leaves during culture in the light.

The increase in organic solids (Figure 3) in the LW series amounted
to 35.7 gm. or 47.4 percent of the weight of the organic solids of the fresh
leaves. The corresponding figures for the LG and the LN series are 12.6
gm. (14.0 percent) and 21.6 gm. (28.3 percent). The unusually low value
for the LG series is probably connected with the fact that these leaves
were appreciably larger and more fully developed, and also chanced to
contain a large proportion of soluble carbohydrate at the start.

Study of the analytical data to be presented below shows that definite

increases in the quantities of a number of substances took place. The
results for the LW culture series were:

gm.
Fermentable sugar
16.3

Unfermentable sugar 3.4 |
Starch 0.8
Organic acids

(66 milliequivalents x 0.06) 4.0
Asparagine 1.3
Glutamine 1.9

Thus it is apparently possible to account in chemical terms for approx-
imately two-thirds of the mass of the newly-formed organic matter in the
leaves. The assumptions involved in this accounting are numerous, and
are by no means uniformly well established. There is little doubt with
respect to the sugar and starch. These substances are universally taken
to represent the products of photosynthetic action, and the contrasting
losses of sugar and starch in the cultures carried out in the absence of
light furnish evidence for this view. But there is no evidence whatever
that the organic acids were formed by synthesis from carbon compounds
newly acquired by the leaf tissue during the period of culture in the light.
The evidence with respect to asparagine is distinctly in the other direction,
inasmuch as from two to four times as much asparagine was ultimately
synthesized in the dark as in the light. Glutamine, however, almost cer-
tainly arose from newly synthesized carbon compounds. Accordingly, of
the 36 gm. of newly formed organic solids in the leaves of the LW series,
18 gm. at most are probably due to the synthesis of carbohydrates, and
even on the most favorable assumptions, at least one-third of the new mate-
rialis of wholly unknown nature. The inferenceis clear that detached leaves
in water culture in light are the seat of a wide variety of highly complex
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chemical reactions of which the synthesis of carbohydrates according to the
classical views of photosynthesis probably form only the preliminary steps.

It is of interest to pursue this theme a little further. The LW series
of leaves contained, after 235 hours of culture, 35.7 gm. of newly formed
organic solids. The increase in soluble organic solids was 37.5 gm. and
this close agreement between the increase in total solids and the change in
soluble organic solids occurs also in the LG and the. LN series, in which
the corresponding figures are 12.6 gm. against 14.8 gm., and 21.6 gm.
against 20 gm., respectively. The inference from this, that the newly
formed solids are exclusively soluble organic solids, is not entirely justified
however. Demonstration of this can be obtained from the data for pro-
tein nitrogen (Figure 5). The loss of prolein nitrogen—that is, the total
nitrogen which remains insoluble after successive extraction of the dried
leaf samples with alcohol and with hot water—was, in the LW series,
0.71 gm. Hence the loss of protein (N x 6.25) is of the order of 4.4 gm.,
and there should be an increase of soluble solids and a loss of insoluble
organic solids of this order. The data for the LW series are not as satis-
factory as those of the other two light series in this respect, but all three
show a loss in insoluble organic solids that is definitely smaller than the
loss that must have taken place due to the digestion of protein. The figures
in grams per kilo of fresh leaf are:

This suggests that a part of the loss due to digestion of protein must
have been compensated by the synthesis of new organic compounds that
are insoluble in alcohol and in hot water. The quantity is not large, but
the possibility that even a small amount of organic solids insoluble in
hot water is synthesized during culture in the light is important, in that
it provides an example of how far the synthetic activity of leaves under
these conditions may extend.

Although speculation on the nature of the newly synthesized sub-
stances other than sugar and starch is probably of little value at this time,
there is one possibility that should be mentioned. The tobacco leaf con-
tains very considerable quantities of complex carbohydrates and a part
of the increase of water-soluble substances may be due to an increase in
these.

The behavior of the solids of the leaves cultured in the dark was
profoundly different from that of the solids in the light cultures. In all
three experiments, there was a distinct loss of organic solids, although
this was small in the DN series. The actual losses were 14.6 and 22.3 gm.
in the DW and DG series, and these were distributed about equally be-
tween the soluble and the insoluble organic solids.

The behavior confirms our earlier experiment in water culture in
the dark (93) although the magnitude of the relative loss (19 percent and
25 percent of the total organic solids in the two cases mentioned) was
less than that observed in the more prolonged previous experiment. The
phenomenon is, of course, to be accounted for in terms of the conversion
of organic substances in the tissues into volatile decomposition products,
probably mainly water and carbon dioxide, i.e. respiration; and the mag-
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nitude of the loss illustrates how extensive such decomposition reactions
may be. The nature of the substances decomposed will be discussed more
fully below. : :

THE INORGANIC CONSTITUENTS

Study of the analytical data on the weights of the total inorganic
constituents of the samples shows a marked variability. None of the
curves which express these data is satisfactory save possibly that for the
LW series, and the curves are accordingly omitted.! Twao factors contri-
bute to this. The analytical determination of the ash weights of plant
lissue is by no means an easy matter. In spite of the greatest care in
control of the temperature of the muflle furnace, duplicate determinations
of an ash of approximately 15 percent frequently varied by as much as
1 percent. Further investigation of the point has shown that the exact
time of heating in the mufile, and of cooling in the dessicator, as well as
care in the time occupied in weighing the ashes, are all matters of import-
ance. It happens that the determination of the ash of the tobacco plant
presents peculiar problems not all of which are as yet solved.

The other factor which affects the smoothness of the curves for a
series of presumably identical samples is the actual biological variation
from sample to sample. Leaves collected from plants growing in a field,
even when thoroughly mixed and sampled at random, cannot be expected
to give results of the degree of precision that would be obtained from leaves
of plants grown under controlled conditions in culture solutions. Chance
variations in the composition of the soil have their effect upon individual
plants, and this will be revealed in their composition.

In view of these considerations, the data for the inorganic composi-
tion of the samples cannot be clearly interpreted. It happens that the
LW series data show a satisfactory degree of constancy throughout, and
that, with the exception of two points, the LG series is likewise constant.
The corresponding cultures in the dark are, however, not satisfactory.

The cultures in an inorganic salt solution which provided nitrogen in
the form of ammonium ion showed no definite evidence of absorption of
significant amounts of inorganic constituents. The LIN series data, with
the exception of two points, fall on a line which slopes definitely upward,
but the final ash weight is less than the initial, so that the inference that
absorption occurred cannot be definitely drawn. The DN culture data
slope definitely downward, suggesting loss of inorganic constituents
throughout—a conclusion that will require further support before it can
be regarded as established.

NITROGENOUS CONSTITUENTS
Total Nitrogen

The total nitrogen of the samples of leaves plotted in Figure 4 provides
a further example of the variability in composition of presumably identical
samples. When the best straight line that expresses the data for the light
experiments, as calculated by the method of least squares, is plotted, that
for the LW series is practically horizontal, that for the L.G series slopes
slightly downward to the right and that for the LN series slightly upward.
In both the latter cases, however, it is clear that the departure of these

1 For data see Table 20.
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lines from the horizontal is mainly due to the presence of one or two ab-
normal values, the bulk of the data falling very close to a mean calculated
with the omission of these values. Accordingly, it is evident that the
data as a whole support the view that, within the error of the measure-
ments, neither loss nor gain of nitrogen occurred during culture in light.
A similar conclusion can be drawn from the data of the cultures in the dark.

This conclusion is in agreement with previous work (93) and, indeed,
is to be anticipated from the nature of the experiments. Thewnly oppor-
tunity for loss of nitrogen that is provided is through the attack of bacteria
on the bases of the leaves with the production of soluble products that
might diffuse into the culture solution. This source of error was minimized
by the technic of the experiment.

On the other hand, the acquisition of nitrogen by the cultures of the
N series was to be expected, but the evidence that an absorption of nitro-
gen occurred, in quantities that could be determined by the Kjeldahl
method as here applied, is not convincing. Nevertheless, as will be shown
later, small amounts of ammonia did enter the tissues but these are well
within the analytical error of the present data.

Protein Nitrogen

The total nitrogen determined on the residue of dry leaf tissue, after
this had been thoroughly extracted with alcohol and with hot water, may
not represent exclusively protein nitrogen, but there is every reason to
believe that by far the greater part of this nitrogen is so combined.
Moreover the changes in this quantity, as culture proceeded, are with little
doubt to be attributed chiefly to alterations in the quantity of protein.
Further evidence in support of these statements is to be found in the data
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for the proportions of amino and amide nitrogen that result from hydrol-
ysis, and in the results of the effects of proteolytic enzymes, the details of
which are given below.

The changes in protein nitrogen of the six lots of cultured leaves are
shown in Figure 5. 1t is clear that digestion of the protein into soluble pro-
ducts soon hecame a significant factor, and it is noteworthy that the rate
of digestion in the early stages of culture (75 to 100 hours) was closely simi-
lar in all cases regardless of culture solution or illumination of the leaves.
Later, the rate of digestion in the illuminated leaves fell behind the rate
in the darkened leaves so that, at the expiration of 143 hours, the average
loss of protein from the three dark cultures was 1.2 gm., that from the
light cultures 0.6 gm. Protein digestion is thus ultimately considerably
more extensive in the dark than in the light; in fact the residual protein
in the illuminated leaves after 150 hours appeared in general to resist
further extensive digestion.

The fact that the leaf proteins rapidly undergo partial conversion
into soluble products during the early stages of culture in the light is
particularly noteworthy. Owing to the uncertainty regarding sampling
errors, it is not possible to assert that the transformation was evident im-
mediately at the beginning of the culture period, that is to say that the
digestion observed is merely a continuation of a reaction which is proceed-
ing in normal leaves still attached to the plant, but it is quite clear that
the transformation was initiated before the expiration of 48 hours and
continued during the greater part of the culture period.

These experiments lead to a result different from those of Zaleski (97).
This investigator studied the stems of young etiolated bean plants (Vicia
faba Windsor); equal fresh weights of his experimental material were
floated on nutrient solutions that contained 5 or 10 percent of sucrose in
addition to inorganic salts, and were placed in the light. In the course of
four days he observed an increase in dry weight and an increase in protein
nitrogen as determined by Stutzer’s method, the order of magnitude of
the increase being 16 percent of the original protein nitrogen. It is difficult
to interpret his results, however, as similar increases were obtained whether
the nutrient salt solution contained nitrogen or not, and also because no
control experiments in the absence of sugar were conducted. It is im-
possible to tell whether the increase in dry weight resulted from photo-
synthelic reactions in the light of a nature analogous to the reactions we
have observed in our tobacco leaves cultured in water in the light, or
whether the increase is due to assimilated sugar withdrawn from the nutrient
solution. Furthermore, the function of the nitrogen in the culture sol-
ution is obscure. No evidence was provided that this was utilized in
the synthesis of the protein. The culture solutions he employed were
probably much more concentrated than ours; the actual concentration of
the nutrient salts is not stated, but in earlier work of a similar nature (96)
he used 3 percent Knop’s solution with 4 percent of sugar added.

Chibnall’s demonstration that the protein nitrogen of bean leaves
dimirishes during the night (14) is more closely related to the present
experiments. Using the paired leaflet method, and basing his conclusions
on changes expressed as percentage of the fresh weight which a review
of the literature (13) had shown to be the most reliable method of calcu-
lation, Chibnall showed that the protein nitrogen decreases during the
night by a quantity that greatly exceeds the probable error of the meas-



780 Connecticut Experiment Station Bulletin 399

urements. This implies a mechanism of protein digestion in the normal
leaf which can be demonstrated during the period when photosynthesis
is suspended. Our own experiments indicate that this digestive process op-
erates both in light and in the dark at a rate which, in the former case,
completely overbalances any formation of protein that may occur. The
objection may be raised that the leaves we have studied are excised and
are therefore in an entirely abnormal environment. This is true, but they
are nevertheless capable of carrying on many chemical reactions which
can be regarded as those of normal leaves; for a considerable period they
are still actively metabolizing tissue.

The rate of disappearance of protein from the leaves cultured in the
dark was approximately constant throughout the experimental period; the
rate of disappearance from the leaves cultured in light, however, dim-
inished materially after the expiration of about 100 hours, and became
much slower thereafter. Several factors may enter into the explanation
of this behavior, although discussion of them must be highly speculative.
It may be assumed that protein synthesis continues in the leaves from
the start, and that the loss of protein is a net loss owing to the prepon-
derance of digestive over synthetic reactions. In the later stages, however,
the presence of higher concentrations of the products of protein digestion
may give rise to conditions under which the synthetic reactions become
increasingly significant, and the rate of net loss of protein is thereby
diminished. Another view is that the proteins of the tissue differ in their
stability to the digestive enzymes, and that the phenomena observed in
the light cultures represent the sum of two or more rates of reaction some
of which run more rapidly than others. Still other suggestions may be
advanced; exhaustion of the activity of the proteolytic enzymes, or de-
struction under the influence of light, exhaustion or destruction of possible
coenzymes. Owing to the complexity of the reactions represented, no
choice may be made between these or other possible explanations of the
behavior observed.

The quantity of protein involved in this reaction is of importance in
connection with the general problem of the alteration of the solubility
of the constituents of the leaves during culture. In the LW series, 0.52
gm. of protein nitrogen had disappeared at the end of 73 hours. If the
conventional factor 6.25 is applied, this represents a rate of digestion of
slightly more than one gm. of protein per day. An almost exactly similar
rate of digestion was evident in the DW cultures. The rates of the other
_ four culture experiments were somewhat slower, being a little under one
gm. per day. A similar rate of digestion has been previously observed
in tobacco leaves subjected to water culture in the dark (93).

The total quantity of protein nitrogen rendered soluble over the whole
culture period in each case was 0.71, 1.06, and 0.72 gm. in the three light
experiments, and 1.27, 1.24, and 1.16 gm. in the three dark experiments.
It mean values may be taken, these figures represent the digestion of
approximately 5.2 gm. of protein in 235 hours in the light and 7.6 gm. of
protein in 143 hours in the dark, or roughly, 0.5 gm. protein per day in
light and 1.2 gm. per day in the dark. It is of interest next to inquire into
the fate of this protein.

Soluble Nitrogen

The data for the quantities of soluble nitrogen plotted in Figure 6
show regular increases of an order of magnitude commensurate with the
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losses of protein nitrogen. The three light experiments indicated an average
gain of 1.1 gm. of soluble nitrogen (protein nitrogen loss 0.83), the three
dark experiments a gain of 1.06 gm. (protein nitrogen loss 1.2). Accord-
ingly, it may be inferred, that much of the increased soluble nitrogen
originated from the protein that underwent digestion.

What appears to be further evidence that this is the case is given by
the data for increase in soluble amino nitrogen (Figure 7). The curves show
the continuous production of amino nitrogen at an approximately uniform
rate in all cases during the early stages of culture—an inference already
drawn from the rate of loss of protein nitrogen. They also show the con-
tinuation of this high rate into the later stages of culture in the dark, but
a somewhat reduced later rate in the cultures in light. It must be remem-
bered in this connection, however, that much of the soluble amino nitrogen
represents the amino nitrogen of the amides asparagine and glutamine

Amino N of Fresh
tract Minus Amino

which were formed in increasingly important quantities as the culture period
progressed. Thus the accumulation of soluble amino nitrogen is not a
direct measure of the rate of production of amino acids by protein digestion.
As will be shown later, a complex series of chemical reactions intervenes
between the actual liberation of an amino acid from the protein and the
production of what is measured as an increase in soluble amino nitrogen.

There is an interesting and suggestive constancy in the ratio between
the increase in soluble amino nitrogen and the increase in total soluble
nitrogen. The average value of this ratio for all six culturesis 61.8 percent,
the highest and lowest values being 67.3 and 53.9 percent respectively.
This ratio is of an order of magnitude that would be expected of the pro-
ducts of digestion of protein to amino acids, inasmuch as a part of the
nitrogen so liberated might be expected to be in the form of bases or of
cyclic amino acids, and the ratio would hold notwithstanding any series
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of intervening reactions if the amino groups of the newly liberated amino
acids only were involved in the subsequent change. The magnitude of
the ratio furnishes evidence that the digestive process proceeded very
nearly, if not completely, to the stage of amino acid production. The
implication with respect to the proteolytic enzyme system in the tissues
is clearly that enzymes not only of the tryptic type are present, but that
peptidases! likewise share in the reactions. That such enzymes are con-
tained in extracts from leaves has long been recognized (10), the experi-
ments of Blood (7) with cabbage extract being particularly interesting,
and in this connection the elegant demonstration of the presence of proteo-
lytic enzymes in the rootlets of malt by Linderstrom-Lang and Holter (31)
should be mentioned.

The part of the soluble nitrogen which consists of amino nitrogen
can be determined in two ways. The data of I"igure 7 show the quantities
found in extracts prepared from a subsample of the leaves selected before
these were dried, and it seems highly probable that, with due allowance
for the peculiar behavior of glutamine in the Van Slyke apparatus, the
values represent with some accuracy the actual quantities of amino
nitrogen present in the leaves. An excellent illustration of the difficulty
of interpreting analytical results obtained from plant malerial is shown,
however, by the data of Figure 8 which give the amino nitrogen values as
determined upon hot water extracts of the dried leaf samples. Theoretical-
ly these values should be identical with the data of Figure 7, inasmuch as
they also represent the soluble amino nitrogen, the only difference being
that the tissues had been dried befcre the data of Figure 8 were obtained.
The curves, in fact, are very similar in appearance, and illustrate the
fact that no serious sampling error was made in the selection of the ten-
leaf subsamples. But detailed comparison of the values shows that, in
the case of the samples cultured in light, the amino nitrogen determined
in the extracts prepared from the leaves before being dried is higher than
that determined in the exiracts of the dried leaves. The differences are
small and without significance at the beginning of the culture period, but
become progressively more important as culture continued. Iigure 9,
which shows these differences, 1llustrates this. It is clear that amino nitro-
gen may be determined accurately by either method in samples of fresh
leaves, but, after the leaves have been cultured in the light for some lime,
an increasingly large part of the amino nitrogen disappears during the
operation of drying the leaves.

The data for the leaves cultured in the dark, plotted in Figure 9, show
a quite different behavior; for the most part the differences are highly
irregular and show no clear cul. progression with time, and examination of
the data shows only two instances in which the difference assumes really
serious proportions; these are the observations at 143 hours in both the
DW and DG experiments. In general, it seems probable that the irregu-
larity of the differences in these experiments represents the order of magni-
tude of the errors involved in the selection of the subsamples combined
with the fundamental error involved in the assumption that the original
60-leaf samples were actually originally alike in composition. The quan-
tities of nitrogen involved are mostly very small.

! The first observations of the presence of proteolytic enzymes in plant tissues were made by v. Gorup-
Besanez (22) in 1874, who showed that seeds of vetch, hemp, and flax, and sprouted seeds of barley, con-
tain enzymes capable of liquefying fibrin and coagulated egg white. The eariy literature is fully reviewed
by Butkewitsch (10) in a long paper which describes work carried out under Schulze at Zurich. Later

work is reviewed by Blood (7). Butkewitsch demonstrated the formaltion of leucine and tyrosine during
the early s.ages of sprouting of seeds.
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The interpretation of these observations in chemical terms is impos-
sible at present, but the more or less regularly increasing magnitude of
the difference observed in the LW and LG experiments (Figure 9) suggests
that we have to do with a definite reaction which takes place in leaves
that have been cultured in light for some time. As a result of this reaction
an appreciable part of the amino nitrogen is converted during the operation
of drying the leaves either into a substance insoluble in hot water, or into
a form which no longer reacts with nitrous acid. The observations clearly
indicate that analytical results obtained on leaves that have been dried
must be interpreted with great caution; although tissue prepared in this
way has many obvious technical advantages, the possibility of the intro-
duction of serious error in interpretation in certain instances must not be
overlooked.

It may not be out of order to suggest certain chemical relationships
which may help to account for the results, in spite of their purely specula-
tive nature. It is clear, whatever it is that happens, the net result is
that amino nitrogen disappears in substantial amounts during the drying
of leaves that have been cultured for some time in light. Thus we may
assume that the substance responsible for this change is produced directly
or indirectly by photosynthetic reaction and hence is a carbohydrate or
a metabolite of a carbohydrate. If small but increasing quantities of a
metabolite are produced, which have the capacily to condense wilth amino
groups, the results obtained- become intelligible. Aldehydes have such
properties, although the condensations of aldehydes with amino acids as
usually observed are reactions that occur in alkaline solution. We do
not wish to suggest that this is the actual situation in these tissues; the
problem presented is, however, one of great practical significance in plant
tissue analysis and warrants detailed investigation.

Peptide Nitrogen

Determinations of the increase in amino nitrogen of extracts of the
dried leaf tissue samples brought about by hydrolysis with 6 N acid are
shown in Figure 10. In general, such determinations may be regarded as
a measure of the quantity of amino acids that are combined with each
other as peptides of greater or less complexity. The amount present in
the fresh leaf samples was in all cases small, and for the most part dimin-
ished during culture in the dark. This confirms our earlier observations
on peplide nitrogen in tobacco leaves during dark culture, and illustrates
the aclivity of the leaf enzymes. During the period studied, relatively
large quantities of protein nitrogen disappeared as such, but the peptide
nitrogen did not increase. The inference is obvious that the digestion of
this protein was complete to the amino acid stage.

The leaves cultured in light, however, show a quite different, behavior,
the data suggesting that appreciable quantities of peptide nitrogen actually
accumulated as culture continued. This interpretation is, however, not
the only one possible and, in view of the results of the dark cultures, is by no
means the most probable. It is not likely that the proteolytic enzymes
were any less reactive in the leaves cultured in light than they were in the
dark, and the true peptide nitrogen in these leaves was probably of the same
order of magnitude throughout. There are at least two other possible
sources of hydrolyzable amino nitrogen in the illuminated leaves. Gluta-
mine, when heated in solution at pH 7, is fairly rapidly converted into
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ammonia and pyrrolidone carboxylic acid, a substance in which the amino
group has condensed with one of the carboxyl groups to give a ring struc-
ture. On being hydrolyzed with dilute acid, this ring opens with the pro-
duction of glutamic acid, a substance that contains an amino group. Con-
sequently any glutamine in the tissues subjected to light culture which
suffered hydrolysis during the operation of drying would be represented
in the extract of the dry tissue by pyrrolidone carboxylic acid, a potential
source of amino nitrogen after acid hydrolysis. It would be difficult,
though not impossible, to discriminate between amino nitrogen produced
from this source and true peptide nitrogen.

The probable order of magnitude of this effect in the present case is,
however, very small. Careful check upon the behavior of glutamine in
tomato plant tissues (91) has shown that the loss of glutamine during
drying under the standard conditions in our equipment is very small, and

Humin N of .
ted Residue ' Extreoted Residue

0 Hours 100 200

probably does not exceed 3 or 4 percent of the amount present. The leaves
subjected to culture in light in the present experiment ultimately contained
in the vicinity of 0.2 gm. of glutamine amide nitrogen and, if they may be
supposed to have suffered a similar loss during drying, the guantity of
pyrrolidone carboxylic acid nitrogen present would be, in the most extreme
case, 0.010 gm. This is very much smaller than the 0.250 gm. of apparent
peptide nitrogen in these same tissues, and consequently glutamine as a
probable source of any significant part of the apparent peptide nitrogen
may be dismissed. -

The most probable origin of this amino nitrogen produced by acid
hydrolysis is to be sought in the curious behavior of the amino nitrogen of
these tissues during drying, which has just been discussed. If con-
densation between amino acids and some metabolite of the carbohydrate
occurred and the product were soluble in hot water, one would expect
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to find in the extracts a form of nitrogen which gives amino nitrogen on
acid hydrolysis. This is exactly what occurs. The order of magnitude
of the apparent peptide nitrogen is in every case save one distinctly greater
than the differences plotted in Figure 9, as it should be; actual peptide
nitrogen and probably a little pyrrolidone carboxylic acid nitrogen were
also probably present. If allowance is made for this, and also for the
experimental errors inherent in these determinations, it is justifiable to
conclude that what seems to be peptide nitrogen in the leaves cultured
in the light is really the amino nitrogen that disappeared during the dry-
ing of the samples of tissue.

As will appear later, use is made of the data for amino nitrogen in the
extracts from the leaves prepared after ether cytolysis in the calculation
of the quantities of amino acids that are produced by the hydrolysis of
the protein. The justification for using this set of data rather than the
set obtained from analysis of the dry leaf extracts is provided by the un-
certainty regarding the true meaning of the amino and peptide nitrogen
of the dry leaf samples. Consideration of the dark culture experiments
clearly indicates that the true peptide nitrogen of the tissues is probably
negligibly small in amount and accordingly need not be included in the
calculations.

METABOLISM OF THE LEAF PROTEIN

Much of the data discussed in the preceding sections has had to do
with the asssumption that the insoluble nitrogen of dry leaf tissue consists
largely of protein, a substantial part of which becomes soluble as culture
proceeds, and gives rise to an increase in the water soluble amino nitrogen
of the leaf tissue. The different lines of evidence mutually support each
other and leave little doubt of the general nature of the processes that
take place. Nevertheless it seems worth while to digress for a moment
to provide direct evidence that most of the nitrogen of the alcohol-extracted
residues actually does consist of protein. This evidence has been obtained
in two ways.

By extraction of such residues with hot alcoholic alkali, most of the
nitrogen can be brought into solution, and the extract obtained, when
neutralized, deposits a flocculent precipitate that can be shown by means
of various tests to consist largely of protein, although, to be sure, in an
altered and partially decomposed form. Furthermore, treatment of the
alcohol-extracted residues with proteolytic enzymes causes a large part of
the- nitrogen to pass into solution, a change in solubility that can hardly
be explained on other grounds than the assumption that the dissolved
nitrogen was originally present as protein.

To illustrate the nature of the observations, the data in Tables 3 and
4 are given. A sample of alcohol-extracted fresh leaf tissue was thoroughly
extracted several times, first with hot water and then with hot, 60 percent
alcohol which contained 0.2 percent of sodium hydroxide. The alkaline
extracts were then treated with dilute acetic acid until a maximal pre-
cipitate was produced which was centrifuged off, washed with dilute
alcohol, and dehydrated with absolute alcohol. The preparation gave the
uspal protein color reactions. The residual tissue, the filtrate from the
neutralization precipitate, and the precipitate were then all examined for
amino and amide nitrogen before and after complete hydrolysis with hydro-
chloric acid.
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Table 3 shows that the order of magnitude of the proportion of
nitrogen soluble in hot water, after the dried tissue had been thoroughly
extracted with alcohol, is small, and the last line in Table 4 shows that
much of this nitrogen is in a form that is converted into ammonia by
hydrolysis but that the increase in amino nitrogen is relatively small. This
fraction, therefore, is definitely. not protein. The neutralization precipi-
tate contained only about half of the remaining nitrogen of the tissue,
inasmuch as the treatment with hot alkali brought about considerable
hydrolysis. The proportion of amino nitrogen in it was low, but was in-
creased to a rather high level by acid hydrolysis. The evidence for the
presence of amide groups is also very clear, and there is no question that

TaBLE 3. NI1TROGEN IN ALconoL EXTrRAcTED ToBACCO LEAF RESIDUES
(Figures are percent of total nitrogen)

Experiment 1 2 3
Water-soluble fraction 6.3 6.2 7.0
Neutralization precipilate 47.7 47.7
Filtrate from precipitate 38.7 37.9
Tissue residue 2.7 1.8

TABLE 4. BEHAVIOR OoF THE Fracrtions oN Acip Hyprovrysis
(Figures are percent of the nitrogen of each fraction)

Before hydrolysis After hydrolysis
Ammonia Amino Ammonia Amino
N N N N

Neutralization precipitate 1.5 5.7 67.0
Filtrate from precipitate 2.7 4.2 11.1 57.7
Tissue residue 6.3 53.5
Water-soluble fraction 0.28 1.52 2.6 2.3

this material is essentially protein in nature. Three preparations con-
tained 14.8, 14.1, and 15.4 percent of nitrogen on the dry, ash-free basis
figures that are low when compared to the nitrogen content of seed
proteins, but of the same order of magnitude as those of ordinary crude
preparations obtained from leaves. The humin nitrogen after acid hydro-
. lysis was 2.7 and 1.8 percent in two of these preparations, suggesting the
presence of a carbohydrate impurity.

The filtrate from the neutralization precipitate contained substances
of a higher amino nitrogen ratio than the precipitate itself, as might be
expected, but not so high as to indicate a very extensive hydrolysis of
the tissue protein during the process of alkali extraction. After hydro-
lysis, the amino nitrogen reached a proportion to be expected of material
of protein origin, and the amide value suggests that the dicarboxylic amino
acids are to a certain extent concentrated in this more easily hydrolyzed
part of the protein.

The tissue residue contained nitrogen that very evidently represents
protein which was not brought into solulion by the hot alkali. After
hydrolysis, the level of amide nitrogen was close to that of the neutraliza-
tion precipitate and the amino nitrogen was somewhat low.



Melabolism of the Leaf Prolein

The qualitative evidence that most of the nitrogen of the alcohol-
extracted leaf tissue is essentially protein is therefore perfectly clear. No
other type of nitrogenous material could be expected to produce amino
and amide nitrogen after acid hydrolysis in just the proportions found.
Additional evidence on this point was obtained by treating samples of the
alcohol-extracted residue with pepsin or with trypsin preparations under
the proper conditions, and allowing them to digest at 38° for various per-
iods. The samples were then centrifuged and the nitrogen in the insoluble
residues was determined. Controls in the absence of the enzyme were
carried out simultaneously and the data obtained are shown in Table 5.

For these experiments, 0.250 gm. of tissue were suspended in centri-
fuge tubes in 15 ml. of 0.4 percent sodium bicarbonate, and 5 ml. of 0.5
percent trypsin solution were added. The tubes were incubated at 38°
and, at daily intervals, were centrifuged, and the residues were washed
twice with 20 ml. of hot water. New enzyme and bicarbonate were added
to all save two tubes, the contents of which were transferred to a Kjeldahl
flask and the nitrogen was determined. The pepsin experiments were
carried out in a similar manner save that 15 ml. of 0.055 N hydrochloric
acid were substituted for the bicarbonate. The controls contained water
in place of the enzyme solutions.

The data show that the protein is rendered soluble under these
conditions quite rapidly and very extensively. The controls showed that
from only 10 to 14 percent of the nitrogen was rendered soluble in the
absence of the enzyme. Accordingly, it seems established that at least 87
percent of the nitrogen of these residues consists of protein, and it is prob-
able that the correct value is even higher.

To return to the consideration of the leaf culture experiment: It
is next of interest to inquire whether the proteins which remained un-
digested during the culture period also undergo a series of chemical changes
that can be detected by the methods available for the study of proteins
mixed with the other insoluble constituents of leaf cells.

TABLE 5. EFrrECcT OF ProTrOLYTIC ENzZYMES ON ALCOHOL-EXTRACTED LEAF Tissur
(Figures are percent of the total nitrogen rendered water-soluble.)

Hours Trypsio Control Hours Pepsin Control

The validity of the conclusions we shall draw from our data rests upon
the admissibility of the technical process of hydrolysis of a protein with
strong acids when the protein is mixed with other substances of non-pro-
tein nature. When even the purest obtainable preparation of a protein
is boiled for 24 hours with 20 percent hydrochloric acid, the resulting
solution almost invariably contains a certain amount of a black, insoluble
material, and also a highly tinctorial black or brown material in solution.
The former can be removed by dilution and filtration, much or all of the
latter by treatment of the solution with decolorizing carbon in liberal
amounts. Both types of product are referred to as humin, and little dis-
tinction is usually made between them. Both are nitrogenous, and the
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total quantity of nitrogen in this form of combination is usually of the
order of 1 perceunt of the protein nitrogen. Humin is regarded as a product
of decomposition of one or more of the amino acids under the conditions
o{l hydrolysis, and the amino acid thought to be chiefly involved is trypto-
phane.

The quantity of humin obtained, as measured by the determination
of the humin nitrogen, is materially influenced by the presence of carbo-
hydrates in the protein preparation hydrolyzed. In recent years, it has
become clear that most proteins contain a moederate proportion of sub-
stances of carbohydrate nature as an integral part of the molecule (81,82).
One or two amino sugars and a number of true sugars have been isolated
from presumably homogeneous protein sources, and it has also been
observed that the proportion of humin nitrogen that can be derived from
purified protein preparations can be increased several fold by subjecting
them to hydrolysis in the presence of carbohydrates or aldehydes (21).
In these circumstances, the humin nitrogen may readily be increased to
5 percent or more of the total nitrogen, and it is clear that the increased
humin nitrogen must be derived from amino acids which otherwise would
have survived the hydrolysis unchanged.

Some data which illustrate the kind of behavior encountered when
proteins are hydrolyzed in the presence of carbohydrates are shown in
Table 6. The experiments were conducted by treating 0.1 gm. of a very
pure specimen of hempseed edestin with 10 ml. of 8 N sulfuric acid for
24 hours in a boiling water bath. Various carbohydrates or derivatives of
carbohydrates were added in the amounts indicated. After hydrolysis, the
humin was centrifuged off, the nitrogen in it was determined, and
samples of the hydrolysates were freed from ammonia and analyzed for
amino nitrogen.

Carbohydrate Amino N Humin N
Zm. %% h

None 58.7+1. trace
0.100 levulose 59.3 3.1
0.100 starch 59.3 2.5
0.200 cellulose 58.8 trace
0.200 lemon pectin 57.3 4.9
0.200 ¢ ¢ +0.200 glucose 57.1 6.6
0.200 « ¢ +4-0.200 cellulose 58.4 5.7

Of the substances studied, furfural and lemon pectin alone brought
about any significant decrease in the amino nitrogen ratio and these sub-
stances also promoted the maximum humin formation. The sugars had
little or no measurable effect on the amino nitrogen ratio although they
did give rise to the formation of an appreciable quantity of humin wtrogen.
1t would seem that pentose sugars are more to be feared for their effect
upon the amino nitrogen ratio than hexose sugars or their polymers. The
absence of any marked effect from cellulose is particularly striking.
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The leaf tissues we have studied undoubtedly contain appreciable quan-
tities of substances that may be expected to give rise to furfural on being
heated with strong acid. Accordingly, there is little doubt that the amino
nitrogen values we have obtained are somewhat low, and the humin nitro-
gen values are, of course, considerably magnified. The operation of protein
hydrolysis in the presence of such substances is obviously one to be avoided
if possible.

Granting all this, however, it is clear that the proce%q of humin form-
alion can involve only a limited proportion of the total products of hydro-
lysis of the protein, and it would seem perfectly proper to inquire into
the nature of the substances that survive the hydrolylicreactions. Ifurther-
more, in an investigation of serial samples of tissues in which the differences
between one member of the series and another are of importance rather than
the absolute amounts in each, there is cousiderable probability that each
member of the series will be affected in a similar manner, and the magni-
tude of the difference between any two members will have significance.

1t is with these considerations in mind that the residues of dried leaf
tissues, after thorough extraction with alcohol and with boiling water,
havebeen studied with respect to their behavior on complete acid hydrolysis.

The relative proportions of protein and non-protein organic solids in
these residues at the start of the culture experiment can be roughly estim-
ated from the quantity of insoluble organic solids and from the protein
nitrogen (Figure 5). The average quantity of insoluble organic solids of
the fresh leaf samples was 48 gm. (see data table 20), the average
protein (N X 6.25) was 15 gm. Accordingly, the extracted residues from
the fresh leaf samples consisted of protein mixed with rather more than
twice its weight of non-protein organic solids (average 33 gm.) much of
which must have been of essentially carbohydrate nature (cellulose, hemi-
cellulose, etc.). After the completion of the culture period, the relative
proportion of protein was diminished inasmuch as the non-protein solids
were not materially changed.?

Although the conditions under which these samples of leaf protein were
hydrolyzed were thoroughly disadvantageous from the standpoint of strict
protein chemistry, the data (Figure 11) indicate a fair degree of constancy
in the amount of humin produced, regardless of whether the leaves had
been cultured in light or in the dark, This is of interest when it is remem-
bered that the total quantity of protein decreased materially. As a result,

the relative proportion ot humin nitrogen, calculated as a percentage of
" the protein nitrogen, increased. In all cases save the LN series, the humin
nitrogen increased from an average of 6.6 percent of the total nitrogen to
approximately 10 percent. There was no detectable increase of humin
mtrogen in the LN series.

A clear explanation of this result is impossible in view of our ignor-
ance of the chemistry of the reactions involved. It may be mentioned,
however, that a series of parallel determinations in which the alcohol-
extracted residues were hydrolyzed without being previously extracted with
hot water showed distinctly higher absolute amounts of humin in each case

1 If the protein nitrogen is multiplied by the conventional factor, 6.25, an approximate estimate of
the quantity of protein in the extracted residues is obtained. When this quantity is subtracted from the
insoluble organic solids as determined in these residues a remarkably constant figure is obtained. The
average value fcr the fresh leaf samples was 33.0 gm.: the average of each set of samples varied from 30
to 37 gm., and the grand average of all determinations was 31.4 gm. Accordingly it may be concluded
that the culture conditions brought about very little change in the quantity of insoluble organic substances
with the exception of the protein.
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and also higher proportions of humin nitrogen. Hot water extraction of
the tissues, therefore, resulted in the removal of alcohol-insoluble sub-
stances (possibly pectins) that contributed materially to the formation
of humin during the acid hydrolysis. The amount of humin is, therefore,
dependent upon the nature of the non-protein substances present, and
changes that took place during culture in the proportion or amount of the
precursors of the humin probably reflect changes in the nature and propor-
tion of the non-protein substances rather than of the protein.

Evidence has been presented in connection with the increase in soluble
amino nitrogen that the proteins of the leaf undergo a fairly rapid diges-
tion during the period of cullure either in light or in the dark. The gradual
conversion of insoluble protein nitrogen into soluble nitrogen much of
which was present as amino nitrogen should be accompanied by a diminu-
tion in the amino nitregen which can ke liberated by hydrolysis of the
insoluble protein-containing residues. That this is the case is clear from
the data in Figure 12 in which the amino nitrogen of these residues after
hydrolysis with acid has been plotted. The curves closely resemble those
of Figure 5 which show the total protein nitrogen, and, like these, indicate
the digestion of protein at a similar rate in all six cultures during the early
stages of the experiment. They also suggest the diminished rate of diges-
tion of the three light cultures during the later stages in contrast to the
undiminished rate in the cultures in the dark.

The ammonia produced during the hydrolysis of proteins is for the
most part derived from amide groups which form a part of the structure
of the molecule. The quantities of ammonia obtained from the hydro-
lysis of the extracted tissue residues are shown in Figure 13, and further
illustrate the similarity of the digestive process in the early stages of cul-
ture in all the series; the lagging behind of the rate of hydrolysis of the
protein in the light cultures in ihe later stages is also apparent.

The ratio of the amide to the total nitrogen plotted in Figure 15
is remarkably constant in all save the DW series, and shows that the over-
all composition of the residual protein is similar to the part of the protein
which underwent digestion. There is little if any suggestion that the part
of the protein of the leaves which was digested differed in amide ratio
from that which remained, and, in this respect, the data differ from those
obtained by extracting the residual leaf protein with alkali. It is also of
interest 1o note that the order of magnitude of the amide nitrogen ratio
is similar to that observed by Miller and Chibnall (36), in a series of
leaf proteins from various species, i.e., in the vicinity of 6 percent.

There is a marked difference between the results obtained by hydro-
lyzing the alcohol and hot water-extracted leaf residues and by hydrolyz-
ing the residues that have been extracted with alcohol but not with hot
water. Data plotted in Figure 14, when compared with Iigure 13, show
that the water extraction removed a considerable amount of material from
the leaves cultured in the dark that yielded ammonia on hydrolysis with
strong acid. The findings are in agreement with the view that appreciable
guantities of this ammonia-yielding material are formed during the later
stages of culture in the absence of light. The curves of Figure 16, in
which the ratio of apparent amide nitrogen to total nitrogen is plotted,
show this even more clearly when they are compared with those of Figure
15. Although the actual magnitude involved is small—of the order of 0.1
gm.—it is evident that we have here the evidence for a definite synthetic
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reaction which is promoted in the dark cultures. The data illustrate the
precautions that must be taken in the analysis of such material. The
step of extraction with hot water, subsequent to alcohol extraction, is clearly
necessary before any confidence may be placed in the results. As will
be more fully discussed below, the quantity of non-protein nitrogen re-
moved by this treatment is quite appreciable, and its chemical nature is
such that approximately one-third of it is converted into ammonia by acid
hydrolysis. It also has its effect on the amino nitrogen values.

NITRATE METABOLISM

The variation in the nitrate content of the samples is shown in Figure
17. These data are not as satisfactory as might be desired ; the quantity of
nitrate present in tobacco leaves is subject to such uncontrolled influences

Nitrate N

0 Hours 100 200 0 Hours 100

as the availability of nitrate in the soil surrounding an individual plant,
and this, in turn, depends on the uniformity with which the fertilizer was
distributed in the field. Accordingly, there is a certain degree of uncer-
tainty with respect to the constancy of the actual initial nitrate in the
individual samples of leaves taken from a field crop. The curves for ex-
periments LW and LG are reasonably smooth and give no suggestion that
sampling error played an appreciable part. But thereislittle doubt that the
irregularity of the LN curve is in part due to sampling error, and this
factor may have influenced the apparent increase in nitrate content of the
DW and DG samples. On the other hand, all of the data that we have
collected hitherto is in agreement with the view that an increase in nitrate
actually occcurs in tobacco leaves during culture in the dark. The matter
is to be investigated more thoroughly later; for the present the data will
be accepted at face value, and it may then be assumed that a decrease



Ammonia Metabolism 793

from the maximum, which occurred in all three dark culture experiments,
took place owing to the reduction of a part of the nitrate to ammonia.
As will be shown later, there is reason to suppose that this conversion
actually occurred, and the subsequent fate of the ammonia so produced
can be made fairly clear.

The data for the LW and L.G experiments are quite consistent and
suggest that reduction of nitrate began promptly and proceeded at a
roughly steady rate throughout the period of study. The irregularity of
the data for the LN experiment is too great to permit a clear inference
but it also suggests a certain amount of reduction. The quantities of
ammonia produced from this source may be roughly estimated from the
difference between the initial and final values in each case and are shown
in Table 7.

The apparent, increase in nitrate content that occurred in each of the
three dark experiments raises questions not only of the origin of this
nitrate but also of its subseauent fate. For the present, we do not feel
justified in making any statement with regard to the origin. We have
previously pointed out that an increase in nitrate implies an equilibrium
between nitrate and its immediate metabolic products which is tempor-
arily reversed under the conditions that obtain in darkened leaves. The
disappearance of nitrate toward the end of the experiment may, however,
as in the case of the illuminated leaves, also be attributed to reduction to
ammonia, and, on this assumption, the estimates given in Table 7 show
the quantities of nitrogen which may be involved.

As will be made clear below, the chief value of these figures is to show
a possible origin of between 0.2 and 0.3 gm. of ammonia nitrogen in con-
nection with the discussion of the amide metabolism.

TaBLE 7. Drcreases IN NITRATE N1TROGEN During CULTURE
(Figures are grams per kilo of fresh leaf)

AMMONIA METABOLISM

The amide metabolism of leaf tissue is intimately involved with the
presence of ammonia in the cell sap. Early work in this field, reviewed
in the introduction, provided evidence of a close association between the
synthesis of the amide asparagine and the advent of ammonia, and has
given rise in recent years to the view (56, 57) that the function of the amides
in plants is that of detoxication of ammonia. It is obvious that the de-
hydration of the ammonium salt of a carboxylic acid to the amide re-
moves ammonium ion from the system with the production of a neutral
compound, and the economy of this method, from the standpoint of the
plant, is evident, as the amides so formed may in turn serve as sources of
nitrogen for subsequent synthetic reactions. Ammonia, therefore, stim-
ulates a reaction in leaf tissue that in turn results in a diminution of the
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quantity of ammonia present. It would not be expected to accumulate
until the conditions became such that the postulated reaction could no
longer continue.

In Figure 18 are plotted the data for the quantities of ammonia found
in the cold water extracts of the {resh leaf subsamples. The LW and LG
series show a slow, although very small, increase in the quantity present
starting from the low level of approximately 12 mg. (0.3 percent of the
total nitrogen) and increasing about fourfold during the entire culture
period. The LN series, however, shows an immediate increase within 24
hours from 15 mg. to 60 mg. and subsequently an increase to 75 mg. at
which point the ammonia remained constant until nearly the end of the
experiment. . This increase is very probably due to the acquisition of am-
monia from the nutrient solution and is a clearly defined effect of culture
in this medium. The entire group of data on the light cultures indicates,
however, that, if substantial quantities of ammonia do appear in the tissues,
they are promptly disposed of; the reactions that lead to amide synthesis
are highly efficient, and adequate amounts of the necessary precursors
were present.

The three cultures in the dark present a marked contrast in the later
phases of the culture period. During the first 73 hours, there is little, if
any, evidence of accumulation of ammonia in quantities greater than those
in the corresponding light cultures. Later, however, and the time corres-
ponds with the beginning of the destruction of chlorophyll and loss of water-
retaining capacity in these cultures, ammonia began to accumulate at a
rapid rate so that, for example, the final sample of the DW series contained
250 mg. of ammonia nitrogen or 6.3 percent of its total nitrogen in this
form. The inference may be drawn that the mechanism which tends to
remove ammonia {from the system ultimately broke down in the leaves
cultured in the dark, and permitted an accumulation to occur. The most
probable explanation is that the precursor necessary for asparagine syn-
thesis was exhausted.

The actual amounts of ammonia in these tissues are small, and their
accurate determination presents considerable difficulty. The determin-
ations upon the cold water extracts of the 10-leaf subsamples (Figure 18)
give a series of values which, when plotted, fall upon relatively smooth
curves and suggest that no serious sampling error occurred. Ammonia
determinations were likewise made upon the main samples of dried leaf
tissue. The data in all cases fall slightly below the values from the fresh
leaf extracts. Like these, they can be represented by relatively smooth
curves which conform closely to the curves of the ammonia values in the
fresh leaf extracts.

The problem arises as to which of these sets of data more closely
represents the true ammonia content of the cultured leaves. As will appear
later, the use of either set in the calculation of the amide values is per-
missible inasmuch as the differences are small and no essential change is
involved with respect to the conclusions that can be drawn from the amide
data. But the existence of this invariably higher value for the ammonia
in a cold water extract of the leaves than in similar leaves that have been
dried suggests that there is an indication here of a chemical reaction that
may have significance in the interpretation of such experiments.

The lower value in the dried leaves may represent actual volatilization
of a portion of the ammonia during the operation of drying. Such be-
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havior has been reported by Prianischnikow (57) in the case of certain
lupine seedlings. Against this view is the fact that the hydrogen ion
activity of the leaves we have studied is such that no appreciable part
of the ammonia is present uncombined with acid. Another and more likely
possibility is that a reaction took place between a part of the ammonia
and some other constituent of the tissue during the operation of drying,
with the result that the quantity of ammonia present was reduced. Some
color is lent to this explanation by the observation that the dried leaf
samples can be shown to contain a substance that yields ammonia under
conditions of hydrolysis quite different from those employed for the de-
composition of amides. This will be discussed below as “‘extra ammonia
nitrogen’’.

A plot of the differences between the two sets of ammonia values
is shown in Figure 19 and reveals several well-defined regularities in the
phenomenon. The actual guantities in fresh leaf samples and in those
cultured in water or in glucose solution, either in light or dark, are negli-
gibly small during the first 50 hours. Subsequently there is a striking
increase which is shown most clearly by the fairly consistent values for
the light cultures, but which seems to be even greater in the dark cultures.
On the other hand, the leaves cultured in the salt solution that contained
ammonia give evidence of a marked increase in this factor from the start,
and no distinction can be drawn between the light and the dark cultures.
In all cases the quantity present in the later samples is significant, being
frequently of nearly the same order of magnitude as the free ammonia
determined in the dry leaf tissue.

No clear interpretation of this behavior of the ammonia can at present
be made. If decomposition of glutamine occurred during drying, one would
expect higher ammonia values in the dried specimens. The presence of
the phenomenon of apparent disappearance of a part of the ammonia on
drying, even when this is carried out under conditions that have been
demonstrated to be harmless to the unstable amide group of glutamine (91),
suggests that caution must be exercised in the examination of tissues that
have been dried. It is obviously desirable, if not necessary, to control
the results of such examination by analyses of suitably prepared samples
of fresh tissues.

AMIDE METABOLISM

The quantity of amide nitrogen in a plant tissue is obtained by sub-
tracting the ammonia nitrogen already present from that present after
mild acid hydrolysis. A division of this amide nitrogen into two parts,
one of which may be attributed to glutamine, the other to asparagine,
can be made in view of the fact that glutamine is readily and completely
hydrolyzed on being heated for a few hours to 100° at a reaction close to
pH 7, whereas asparagine is not hydrolyzed appreciably unless a consider-
ble excess of acid is added. Accordingly, the quantities of ammonia at
the start, after hydrolysis at pH 7, and after hydrolysis in 1 N sulfuric
acid, are determined ; the difference between the first and last figure is taken
as the total amide nitrogen, and the difference between the first and sec-
ond figure as the glutamine amide nitrogen. Asparagine is calculated by
difference. The determinations of glutamine, then, depend upon a rela-
tively specific property of the glutamine molecule and are probably trust-
worthy. Asparagine, being calculated by diflerence, necessarily includes



Conneclicul Experiment Slafion Bulletin 399

0:% Hours 100 200

Fig. 23 Extra Bk Nicotine W

cohol Residue Ammonia N

0.1

(=4
N

Gra s

o
-

0 Hours 100 200 0 Hours 100 200 O Hours 100 200



Amide Metabolism 797

any amide other than glutamine that may be present and, as has been
pointed out elsewhere (88), our qualitative knowledge of the {obacco plant
is not yet sufficiently extensive to permit assurance that no amide other
than these occurs in this plant.

A further restriction on the accuracy of the data is due in the present
case to the uncertainty as to which set of free ammonia values should be
employed in calculating the amide values. We have chosen to use the de-
terminations made on the cold water extracts of the fresh tissue, not only
because these were made on material that had been subjected to less
drastic treatment, but also because the actual values are higher and there-
fore tend to reduce the magnitude of the changes that occurred in the a-
mides. These changes were so profound, however, that the minor differ-
ences in the ammonia values had no significant effect upon them.

The asparagine and glutamine amide nitrogen values are plotted in
Figures 20 and 21. The effect of light upon the formation of these two
substances is striking. Asparagine is promptly and rapidly formed in the
cultures in the dark, but its formation is retarded and is much less exten-
sive in the light. On the other hand, glutamine is synthesized in the light
at a rate somewhat greater than the asparagine, but is scarcely formed at
allin the dark, Light, therefore, promotes the formation of glutamine in the
'gobaci{) leaf, but in the absence of light, asparagine is almost exclusively

ormed.

These conclusions are of such significance in connection with the gen-
eral problem of amide metabolism that the data will be examined in
considerable detail.

The formation of asparagine in the dark cultures was initiated very
early in the experimental period; within 48 hours the quantities present
had more than doubled, and at the expiration of 143 hours, 0.302, 0.285,
and 0.383 gm. of asparagine amide nitrogen had appeared respectively
in the water, glucose, and salt cultures. The initial value was in all cases
close to 0.02 gm. so that the enrichment in asparagine in the three experi-
ments was 15-, 14-, and 19-fold. The greater enrichment in the third ex-
periment is very probably an evidence of the assimilation of a little am-
monia from the culture solution. In the other two experiments, where no
outside source of ammonia was available, it is clear that a quantity of
some 0.3 gm. of nitrogen must have been rendered available for the syn-
thesis of the amide group. Accordingly, in order to account for the forma-
tion of the asparagine in the dark cultures, approximately 0.6 gm. of
nitrogen which disappeared from some other form of combination must
be sought.

The transformation of protein nitrogen into asparagine, when leaves
are cultured in water, was discovered by Borodin (8), was early studied by
Schulze and Bosshard (77) and by Butkewitsch (11), and in more recent
years by Chibnall (15) and by Mothes (37). In our previous work (93) we
have also observed this relationship and, because of the similarity of the
quantities of nitrogen involved, were able to point to the probability that
it is the amino nitrogen of that part of the protein that undergoes diges-
tion during the culture period which ultimately is converted into amide
nitrogen. Calculations from the present data clearly indicate that there
is insufficient amino nitrogen rendered available to account for the whole
of the asparagine nitrogen, but there is sufficient to account for half of it,
that is, for the amide group alone, a confirmation of the earlier data.
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The calculation involves a comparison of the soluble amino nitrogen,
exclusive of that of asparagine and glutamine themselves, with the amino
nitrogen derived from the digestion of the protein, the latter quantity be-
ing estimated from the hydrolyzable amino nitrogen of the protein in the
extracted leaf residue. Obviously, if no other reaction intervenes, the hydro-
lyzable amino nitrogen which disappeared from the protein, as culture
proceeded, should be represented by an increase in soluble amino nitrogen
inasmuch as the amino acids that result from protein digestion are soluble
substances. :

The correction of the soluble amino nitrogen of the tissues for that
due to the two amides themselves involves a consideration of the behavior
of asparagine and glutamine towards nitrous acid in the Van Siyke appar-
atus. Asparagine yields half its nitrogen under the usual conditions of
the determination, glutamine yields 90 percent of its nitrogen. Asparagine
therefore reacts only with its a-amino group; but glutamine reacts not only
with its «-amino group but its amide group also shares in the reaction, 80
percent of this being converted to nitrogen gas by the reagents. According-
1y, in order to correct the soluble amino nitrogen for the nitrogen derived
from these two substances, it is necessary to subtract a quantity equal to
the sum of the amide nitrogen of asparagine and 180 percent of the amide
nitrogen of glutamine. The difference, then, is equal to the amino nitro-
gen of amino acids other than these two amides, and the observed increase
in the quantity so calculated is obviously due to the digestion of protein
with the liberation of soluble amino acids.

The data in Table 8 show the calculations for the DW and DG ex-
periments. The second and sixth columns contain the soluble amino nitro-
gen values after correction for the amino nitrogen derived from the aspara-
gine and glutamine. The third and seventh columns are obtained from
the data plotted in Figure 12 and represent the amino nitrogen produced
by the digestion of the protein which should have appeared in soluble form,
the figures being secured by subiracting each individual value from the
value at the start.

TasLE 8. REeraTionsArr BETWEEN AMINO NITROGEN THAT DISAPPEARED AND THE
GAIN IN AMIDE NITROGEN 1IN DARK CULTURE EXPERIMENTS

(Figures are grams per kilo of fresh leaf)

DW ‘ DG
Hours | golyble Amino N Asperagine | Soluble  Amino N Asparagine
A amide amino N from A amide
corrected protein 3-2 corrected protein -6

If our assumptions are sound, the differences shown in columns 4 and
8 must, therefore, represent amino nitrogen that had been rendered sol-
uble by digestion of protein and which had been in turn converted into
some other form. At the 143 hour point, 0.302 and 0.285 gm. of aspara-
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gine amide nitrogen had been formed in the two experiments—quantities
obviously smaller than the amounts of amino nitrogen of protein origin
which had disappeared from the system. It is obvious that there is suffi-
cient nitrogen derived from this source to account for the synthesis of the
amide groups of the asparagine, but that there is not sufficient to account
for the whole of the nitrogen of the asparagine formed ; some other form of
nitrogen must therefore have played a part in the synthesis. Thisis not a
matter for surprise; the intermediate compound is undoubtedly ammonia,
and this may arise in ways other than by the deamination of amino acids.

That an excess of ammonia was actually present towards the end of
the experiment is clear from the data for free ammonia in Figure 18. It is
probable that the limiting factor in the synthesis of asparagine was the in-
adequacy of the supply of the non-nitrogenous precursor of this substance;
and the problem, in the case of the leaves cultured in the dark, is not so
much a matter of accounting for the asparagine formed as it is to account for
the total ammonia metabolism. Not only must the origin of the aspara-
gine amide and amino groups be provided for, but also the free ammonia
that accumulated in the tissues as the leaves became yellow.

The origin of a part of this ammonia has already been suggested,
namely the deamination of amino acids; another possible source is the
reduction of nitrate. It has already been shown that a diminution in nitrate
occurred in the later phases of both the DW and DG experiments and, if
it is assumed that reduction of nitrate to ammonia occurred, a fairly sat-
isfactory account can be given of the total ammonia metabolism in these
two culture experiments. In the DW experiment after 143 hours, the in-
crease in asparagine nitrogen was 0.604 gm. (twice the asparagine amide
nitrogen). In addition, there had been an increase of 0.233 gm. of free
ammonia; accordingly 0.837 gm. of nitrogen had presumably passed through
the stage of ammonia. The data in Table 8 show that 0.449 gm. may have
been derived from deamination reactions, and the data in Figure 17 show
that, in the interval between 95 and 143 hours, 0.277 gm. of nitrate had
disappeared. The sum of these is 0.726 gm. This is not quite enough to
account for the total ammonia metabolism, but it is close to the order of
magnitude.

In the DG experiment the increase in asparagine nitrogen at 143 hours
was 0.570 gm., at 190 hours, 0.714. The respective ammonia values were
0.112 and 0.314, so that the total ammonia metabolism at these points
was 0.682 and 1.03 gm. From deaminization (Table 8) the values were
respectively 0.500 and 0.603 gm., from nitrate reduction 0.165 and 0.284 gm;
accordingly, an ammonia metabolism of 0.665 and 0.887 gm. can be ac-
counted for, figures which are again within the same order of magnitude.

It is possible also that a little of the asparagine formed in the dark
cultures arose directly from hydrolysis of the protein. This point is dis-
cussed more fully below where it is shown that the whole of the glutamine
formed during the dark cultures may have had this origin. For this reason,
the small amount of glutamine in these samples has been ignored in the
present discussion. If asparagine did originate in this way, the total
amount must have been very small-—perhaps of the order of 0.02 to 0.04 gm.
~—and, if this is the case, the total amide metabolism is that much less and
is in even closer agreement with the quantities of ammonia presumably
derived from deaminization of amino acids and reduction of nitrate. Fur-
thermore, other sources of ammonia are also possible. There is a con-
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siderable proportion of the total nitrogen of the tissue combined in forms
of which we know nothing. The calculated values for this so-called ‘‘rest
nitrogen’ contain the errors of all the analytical determinations which con-
tribute to them, and so do not have any high degree of accuracy, but we
have previously shown (93) that the qualitative composition of this frac-
tion of the nitrogen undergoes very material change during the culture
period. That some of this nitrogen may have contributed to the ammonia
metabolism is far from improbable. :

The above discussion, then, reduces to the statement that the greater
part, at least of the nitrogen in the leaves subjected to culture in the dark
which was converted either into asparagine or remained as free ammonia,
probably originated from the deamination of amino acids and the reduc-
tion of nitrate. These assumptions are, at any rate, within the bounds
set by the data. Proof that such reactions occurred cannot be had until
a technic is devised whereby the interconversions of ammonia that con-
tains deuterium instead of hydrogen, or of carbon compounds containing
isotopic carbon, can be followed. This type of experimentation has already
yielded valuable results in animal physiology (71) and there is no obvious
reason why it should not be equally successful in studies of plants.

The glutamine content of the fresh leaf samples was in all cases ex-
tremely low, accounting for less than 0.5 percent of the total nitrogen.
Culture of the leaves in the dark gave rise to only a very small increase
in glutamine amide nitrogen, and in no case did the proportion rise to
more than the equivalent of 1.5 percent of the total nitrogen. Because
of the low initial level of glutamive amide nitrogen, the relative increase
was striking, amounting to a four- to six-fold increase in the DW and DG
experiments; nevertheless the synthesis of this substance can hardly be re-
garded as a quantitatively important reaction of tobacco leaves during
culture in the dark. The total amount formed was of the order of one-
tenth that of the asparagine amide nitrogen synthesized under the same
conditions towards the end of the culture period.

The situation in the leaves cultured in light was, however, quite dif-
ferent. Both glutamine and asparagine were rapidly synthesized, the
quantity of glutamine in general exceeding the quantity of asparagine (Fig-
ures 20 and 21) by 50 to 100 percent of the latter. The rates of synthesis
of the two amides were quite similar, the impression given by the data
being that asparagine synthesis lagged a little behind glutamine synthesis.

As is shown in Table 9, the total quantity of amide nitrogen formed
in the early stages of the light experiments was almost precisely the same

'in the first 49 hours of the light as in the dark experiments and differed

TABLE9. SuM oF ASPARAGINE AND GLUTAMINE AMIDE NITROGEN
(Figures are grams per kilo of fresh leaf)

Fresh 25 49 73 95 143 190 230
leaf hrs. hrs. hrs. hrs. hrs. hrs. hrs. -
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to only a minor extent in 73 hours. Subsequently, however, the total
amide synthesis in the illuminated leaves dropped rapidly behind that in
the darkened leaves.

Any attempt to account for these phenomena is, of course, highly
speculative in the present state of our knowledge. It nevertheless seems
worth while to point out a few fairly obvious relationships and to suggest
a possible, although only partial, explanation. It will be recalled that the
rate of protein digestion during the first 73 hours was riot appreciably
different in the illuminated leaves from the rate in the darkened leaves
(Figure 5). This implies that amino acids were liberated at essentially
the same rate under both conditions. If it be assumed that decomposition
of these amino acids with the production of ammonia kept pace with their
liberation, it is possible to account for the production of amides, either in
light or dark, likewise at equal rates during the early phase of the experi-
ments. The reactions of protein digestion and of deamination are enzy-
matic in nature, and there is no a priori reason to assume that they would
be affected by light under the conditions of these experiments; and if
ammonia actually is produced in this way, the formation of equal total
quantities of amides either in light or in dark could be predicted.

The questions of which amide is formed, and of the relative proportions
of the two amides synthesized in illuminated leaves, obviously have to do
with the availability of the necessary precursors of the asparagine and
glutamine. This is a matter which is profoundly affected by light energy,
and our observations strongly suggest that the two precursors are non-
nitrogenous, and that one of them is newly synthesized in the leaves
of the light experiments.

That the precursor of the glutamine synthesized in the root of the
beet when the plant is treated with large quantities of ammonium sulfate
is non-nitrogenous follows from the work of Vickery, Pucher and Clark
(90). It was shown that the increase in soluble nitrogen of the root was
quantitatively accounted for by the increase in total glutamine nitrogen.
The extraneous nitrogen must therefore have been assimilated in two ways,
one of which resulted in the formation of an «-amino group, the other
in an amide group, and the compound must have arisen de novo from am-
monia on the one hand and the non-nitrogenous precursor which contained
the proper carbon chain on the other.

The present experiments demonstrate that very little of the precursor
suitable for the synthesis of glutamine was present in the tobacco leaves
at the start of the culture experiments, inasmuch as very little glutamine
was formed after these leaves were deprived of light. Adequate amounts
were present in the leaves exposed to light, and the inference is clear that
the hypothetical substance must have been formed by photosynthetic
action during culture in the light. At exactly what stage in the elabora-
tion of this substance nitrogen entered into combination is not clear, but
the beet experiments suggest that the aclual precursor must be derived
from a fairly highly elaborated and stable material,<inasmuch as a bounti-
ful stcre of it is present in the beet root. The evidence points Lo a substance
of carbohydrate nature.

The relationship that exists between the precursor of glutamine and
the precursor of asparagine is by no means clear. On the simplest assump-
tion, the precursor of asparagine would contain a chain of four carbon
atoms and the precursor of glutamine would contain five; the relative
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proportions of the amides synthesized would depend on the relative
concentrations of the two precursors present, since there was no excess
quantity of ammonia present at the end of the experiment, It seems evi-
dent that both amides share in the ammonia detoxifying action in the
illuminated leaves.

Although the total amide synthesis was the same during the first 73
hours, whether the leaves were in light or in the dark, the total synthesis
in the light subsequently dropped behind that in the dark. This correlates
with the rate of digestion of protein which was also delayed in the later
phases of the light experiments as compared with the dark experiments.
Calculations of the amino nitrogen which dlsappeared as such during the
later phases of the culture period are shown in Table 10 in columns 4 and 8,
and the increase in amide nitrogen due to the synthesis of glutamine and
asparagine is shown in columns 5 and 9. The order of magnitude of the
quantity of amino nitrogen that disappeared is appreciably greater to-
wards the end of the culture period, than the order of magnitude of the
amide nitrogen synthesized. Accordingly, it may be concluded that suffi-
cient amino nitrogen was metabolized to account for all the amide nitrogen
that appeared. There was not suflicient, however, to account for the
total nitrogen of the asparagine and glutamine actually formed.

Tarre 10. RerationsHip BETweEEN AMINO NITROGEN THAT DISAPPEARED AND THE
GaAIN 1N AMIDE N1TROGEN IN LicaT CULTURE EXPERIMENTS

(Figures are grams per kilo of fresh leaf)

b ' Soluble Amino N A Amide Soluble  Amino N A Amide
amino N from N amino N from N
. corrected protein corrected protein

As before, it is possible to render a more exact account for this nitrogen
by assuming that reduction of nitrate to ammonia occurred. It has been
shown that approximately 0.2 gm. of nitrate nitrogen disappeared in both
the LW and LG experiments. In the LW experiment, 0.34 gm. of amino
nitrogen disappeared along with 0.20 gm. of nitrate, a total of 0.54 gm.;
during the same time 0.287 gm. of amide nitrogen made its appearance.
Twice this is 0.57 gm. and the agreement is very close. Similarly in the
LG experiment, 0.48 gm. of amino and 0.21 gm. of nitrate disappeared, a
total of 0.69 gm.; twice the amide nitrogen found is 0.656 gm.—again a
close agreement. The evidence is therefore in favor of the view that both
amino nitrogen and nitrate nitrogen were ultimately converted into the
nitrogen of the amides glutamine and asparagine, the intermediate being
in each case ammonia. Too much emphasis must not be placed upon these
figures, however. The assumption is implied that nitrogen from no source
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other than amino acids and nitrate was converted into ammonia, and on
this point, of course, we have no information. That substances other than
amides which yield ammonia on acid hydrolysis exist in the leaves is cer-
tain. For example, the alcohol-extracted residues of the dried leaf tissues,
on severe acid hydrolysis, yielded considerably more ammonia than did
these same residues after they had been extracted with hot water. The hot
water evidently removed substances which, on severe acid hydrolysis,
vield ammonia. The nature of these substances is entirely unknown, save
that they were not protein and were insoluble in hot, 75 percent alcohol.
The total quantity of nitrogen other than protein nitrogen in these resi-
dues is shown in Figure 22. The general behavior of the curves suggests
that there was little change in the amount present during culture in light,
but that a definite increase occurred in this type of nitrogenous substance
during culture in the dark. It may be inferred that this nitrogen repre-
sents an accumulation of alcohol-insoluble products of various reactions
that occurred chiefly in the absence of light. The total quantity of nitrogen
involved is not great, being of the order of 0.3 gm. in the dark experiments
over the entire period of culture, but it forms an increasingly significant
proportion of the total alcohol-insoluble nitrogen. Towards the end of the
culture period it exceeds 20 percent of this; it forms approximately 10 per-
cent, of the alcohol-insoluble nitrogen in the illuminated leaves, save in
one experiment in which this value was considerably exceeded.

THE AMMONIA CULTURE EXPERIMENT

Discussion of the amide metabolism in the two experiments in which
the leaves were cultured in a nutrient solution that contained ammonia has
been reserved in order to emphasize the difference in the eflects observed.
Table 11 shows the details of the calculation of the amino nitrogen which
disappeared together with the increase in amide nitrogen and the data for
the comparison of the increase of nitrogen combined as amides with the
ammonia produced by metabolic processes are collected in Table 12.

TasiE 11. RevaTionsmip BETWEEN AMINO NITROGEN THAT DISAPPEARED AND THE
GAIN 1N AMIDE NITROGEN IN EXPERIMENTS ON CULTURE SOLUTIONS
THAT PROVIDE A Source oF NITROGEN

(Figures are grams per kilo of fresh leaf)

Hours Soluble  Amioo N A Amide | Soluble Amino N A Amide
amino N from N amino N from N
corrected  protein corrected protein
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TasLE 12. Maximum CHANGES IN THE AMMONIA CULTURE EXPERIMENTS
(Figures are grams per kilo of fresh leaf)

LN DN

Amino N loss 0.275 0.501
Nitrate N loss 0.122 0.070
Sum (metabolic ammonia) 0.397 0.571
Amide N gain x 2 0.652 ~  0.828
Free ammonia N gain 0.111 0.181
Sum 0.763 1.009
Difference of sums 0.366 0.438

It is obvious that the ammonia produced from amino acids and nitrate
is in both cases inadequate to account for the amide synthesis and, when
the free ammonia values are also considered, the influence of the ammonia
derived from the culture solution is very apparent. Whereas the discrep-
ancy between the sum of the glutamine, asparagine, and ammonia nitrogen
on the one hand, and the metabolic ammonia on the other hand, is of the
order of magnitude of 0.1 gm. in each of the other four experiments, the
discrepancy in these two is of the order of 0.4 gm. and clearly points to
the advent of ammonia from the culture solution. It is now obvious
that the quantity of ammonia which reached the tissues from this source
is of the order of 0.3 to 0.4 gm., and the failure of this nitrogen of ex-
traneous origin to show up on the curves of total nitrogen of the tissues
(Figure 4) is comprehensible. This quantity is of the same order of mag-
nitude as the irregularities in total nitrogen due to sampling errors.

SPECULATIONS REGARDING THE PRECURSORS OF THE AMIDES

Before turning to the consideration of other portions of the data, it
may be helpful to discuss various chemical hypotheses of the nature of the
substances which, in the presence of ammonia and under the influence of
enzymes, may give rise to the synthesis of the amides. It must be empha-
sized that these hypotheses are entirely speculative; the reasoning in-
volved is based upon what may be imagined to happen if certain chemical
substances are present. Inthe present case thereis no evidence that certain
of the key substances involved are present at all, nor is there evidence
that the enzyme systems which may be invoked to bring about the changes
occur in this particular tissue. Nevertheless this type of thinking has been
of the most signal service in elucidating the chemical reactions of yeast
fermentation, or the activities of muscle tissue, and the field of amide
metabolism appears to be one in which it may also render assistance.

The fundamental facts upon which hypotheses may be erected are as
follows. Amides are formed when ammonia appears in the tissues in excess
of a certain very low concentration, and synthesis continues until either the
ammonia is exhausted or until some other substance likewise necessary is no
longer available. The other substance, or amide precursor, is non-nitro-
genous, and in the case of glutamine, is produced in tobacco leaves by
photosynthesis, or results from subsequent conversions of some product of
photosynthesis. A precursor suitable for the synthesis of asparagine is
present normally in tobacco leaves in appreciable amounts, and s used
up during culture in the dark. Whether more of it is supplied during
culture in the light does not appear.
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General information on the subject of amide metabolism indicates that
the precursors both of glutamine and asparagine are derived from carbo-
hydrates, and that oxidation processes are involved; it may accordingly
be assumed that aldehydes, hydroxy acids, and particularly ketonic acids
will figure in the system. The literature contains many suggestions that
certain of the common organic acids of leaf tissue, especially malic acid
and fuamric acid, are involved in the synthesis of asparagine (56). There
are certain attractive features to this assumption because of the close re-
lationship in chemical structure, and Mothes (40) has observed that the
infiltration of the ammonium salts of malic or succinic acid into living leaf
tissue results in the synthesis of asparagine. Schwab (79) has questioned
the inference from this experiment that the malate or succinate ion contri-
buted to the synthesis of the amide. His own observations indicated that,
provided the solution employed were dilute enough, amide synthesis occur-
red equally well whether the acid supplied were malic or sulfuric, and conse-
quently the conclusion that there is a genetic connection between the
carbon chains of the malic acid and of the asparagine is not justified.

Recent experimental work designed to reveal such a relationship has
thus indicated that none exists. Nevertheless, it may be of interest to
point out certain possibilities inherent in the structural relationships of
some of these substances. Robinson (68) has suggested a scheme of re-
actions of which the following is a slight modification.

Malic acid

COOH

|

CHOH

I

CHp

|

/ COOH \
Suceinie Fumarie Oxalacetic Pyruvie Carbon dioxide
acid acid acid acid and
acetaldehyde
COOH COOH COOH (':OOH COg
1 l |
CHp CH co co +
| = | — | _— | —
CH y CH ) CHp ) CH3 CHO
o I | - |

COOH COOH COOH CHg

COOH / COOH

| }

COOR CONHo

Aspartic acid Asparagine

Many of these reactions are known to occur in animal tissues or in
bacteria under certain circumstances. The enzyme fumarase (95) provides
for the conversion of fumaric to malic acid, fumaric dehydrogenase (1) can
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oxidize fumaric acid to oxalacetic acid, and is held by Green (23) to be
identical with the enzyme which converts malic acid to oxalacetic acid, the
so-called fumaric dehydrogenase reaction being merely the combined action
of malic dehydrogenase and fumarase. Furthermore fumaric acid can dis-
mute anaerobically to form succinic and oxalacetic acids in the presence
of a hydrogen acceptor, the enzymes involved being succinic and malic
dehydrogenase.

The equalibria between a-keto acids and amino acids involve the
presence of ammonia as well as a catalyst. Knoop and Oesterling (26) have
shown that many o-keto acids, when reduced with hydrogen and pallad-
ium, or platinum catalysts in the cold and in the presence of ammonia,
are converted into a-amino acids, and they regard this transformation as
the closest approach yet made to a simulation of the conditions under
which amino acids are produced in nature. The reaction is regarded as a
reduction of an imino acid produced by condensation of the keto acid
with ammonia.

R-CO-COOH —> R-C-COOH —> R-CH-COOH

The transformation of a-hydroxy acids into amino acids in the liver has
been known since the work of Embkden and Schmitz (20), and the actual
intermediate in this case is thought to be the a-keto acid. Finally, the
dehydration of an ammonium salt of an amino acid to the amide has been
shown to occur in kidney, brain cortex, and retina tissue by Krebs (28)
who has demonstrated that these tissues contain an enzyme which con-
verts ammonium glutamate into glutamine, and also one that hydrolyzes
the amide group of glutamine. Amidases which specifically hydrolyze the
amide group of asparagine and glutamine are also known.

The reactions suggested by the scheme are thus all well-recognized
possibilities in various animal tissues. Unfortunately the investigation of
analogous reaclions in plant tissues has been much less extensive, and in
only a few cases have the essential enzymes been detected. Various de-
hydrases are known in yeast and bacteria, however, as well as in such
tissues as sprouted seeds, and the enzyme systems present in the tobacco
leaf have been specifically studied by Neuberg and Kobel (42). They have
obtained evidence of systems which can bring about the following re-
actions:

a. The production of acetaldehyde

b. The decomposition of sugars and their compounds (hexose-di-
phosphatase, saccharase)

¢. The transformation of phenylglyoxal to l-mandelic acid (keto-
aldehyde mutase)

d. The hydrolysis of starch (amylase)

e. The production of methyl alcohol (esterase)

Doubtless many other systems are also present.

The present discussion can be reduced to the statement that enzyme
systems are known which provide for a direct relationship between malic
acid and asparagine. The most important intermediate in these reactions
is oxalacetic acid, the a-keto acid corresponding to aspartic acid, and this
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in turn is related to acetic acid, oxalic acid, and pyruvic acid. Acetic
acid in turn can be converted by the well known Thunberg reaction.(re-
duction) to succinic acid, and oxalic acid can be converted_to:glyoxylic
and glycollic acids by reduction.

CH,;COOH CH.-COOH
_> I

CH;COOH CH.-COOH

Acetic acid Succinic acid
COOH CHO CH.0H

| — | —> [

COOH COOH COOH

Oxalic acid “Glyoxylic acid Glycollic acid

Hence all of these compounds are more or less directly related to each other,
and several of the individual substances are in turn known to be related
to the sugars, for example pyruvic and glyoxylic acids, the reactions in
each case being relatively simple ones.

Although the steps from malic acid to asparagine appear simple and
direct, this does not necessarily mean that it is the mechanism actually
employed in nature. Until actual evidence has been obtained of the con-
version of malic acid to asparagine, the only conclusion that can at present
be drawn is that the precursor of this substance in leaf tissue is still un-
known, but that it is in all probability a metabolite of carbohydrate. The
structural relation to malic acid merely means that this substance is also
related to carbohydrate metabolism, and that some of the intermediate
steps in its formation are analogous to those by which asparagine is formed.

The synthesis of glutamine in leaf tissues provides a considerably more
difficult problem than the synthesis of asparagine, inasmuch as the hypo-
thetical intermediate substances with five carbon atoms, analogous to oxal-
acetic acid, fumaric acid, and malic acid, are scarcely, if at all, known in
nature. A few hypotheses have been suggested, however, and brief con-
sideration of two of these may be of assistance. By analogy with the aspar-
agine scheme, one would expect to find that the key intermediate substance
would be a-keto glutaric acid. Mayer (34) has shown that sprouted peas
contain a keto-aldehyde mutase that converts methyl-glyoxalyl acetic acid
into d,c- hydroxyglutarlc acid in almost quantitative yield, and in a con-
dition of high optical purity. There are two features of this reaction that
warrant espemal comment. In the first place an optically inactive sub-
stance is converted into an optically active substance in high yield, that
is, an asymmetric synthesis has been effected. Secondly, the active com-
pound produced belongs to the d series, that is, the optical isomer of the
substance produced by the action of nitrous acid on [(+)glutamic acid,
and is accordingly the ummatural isomer. The significance of this is not
apparent, but Weil-Malherbe (94) has recently shown that the succinic
acid dehydrogenase of brain tissue will oxidize d(—)glutamic acid but fails
to oxidize the natural isomer, [(+)glutamic acid. Consequently in this
group of related compounds, there is some as yet obscure biochemical re-
lationship to the substances of the extremely uncommon d series.

The structural relationships of these substances to carbohydrates on

the one hand, and to the amino acids on the other, can best be apprecnated
from the formulae.
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CHzOH-CHOH-fHOH—CHOH-CHOH-CHO glucose

CH,;-C0-CH;-CH.-COOH levulinic acid
CHzBr-CO-CH]?t-CHz-COOH dibromlevulinic acid
CHO-CO-CHz-&Iz-COOI{ methyl-glyoxalyl acetic acid
CdOH-CHOH-CHz-CHg—COOH a-hydroxy-glutaric acid

The conversion of glucose to levulinic acid is carried out experiment-
ally by heating the sugar with dilute hydrochloric acid. Bromination of
levulinic acid and subsequent hydrolysis yields methyl-glyoxalyl acetic acid,
and the last step is a dismutation effected by the enzyme reaction just
mentioned. It is highly improbable that methyl-glyoxalyl acetic is pro-
duced in plants by any such sequence of reaclions. Sugar decompositions
in nature are usually characterized by the production of two substances,
each with three carbon atoms, or of two substances, one with two and the
other with four carbon atoms. The formation of a five-carbon atom chain
is far more likely to be brought about by the condensation of a three-
carbon atom substance with a two-carbon atom substance. Thus one might
suppose that acetic and pyruvic acid can combine by a reaction analogous
to the Thunberg reaction to form «-keto-glutaric acid.

(IZIOOH ?OOH

CH; CH.
—20—> |

(llHa (IZHZ

CcO (130

(llOOH COOH

The important point in connection with the present discussion is that
there is an enzyme mechanism in plants that with the proper precursor can
react to give a compound allied to glutamic acid. The fact that this
enzyme produces the unnatural isomer in a given case may be considered
in the light of the observation of Binder-Kotrba (5) that a keto-aldehyde
mutase present in peas converts phenyl-glyoxal into the natural [-mandelic
acid, and that Neuberg and Kobel have demonstrated that a similar
enzyme is present in tobacco leaves.

CeH;-CO-CHO CsH;-CHOH-COOH
Phenylglyoxal - Mandelic acid

In any case, the key substance in the formation of the amino acid
is the a-ketonic acid, and this is readily produced in vilro by oxidation of
the keto-aldehyde with bromine and can doubtless also be produced in
tissues. The amination of the keto acid is probably brought about by re-
duction in the presence of ammonia. Knoop and Oesterlin have in fact
prepared glutamic acid from «-keto glutaric acid in this way.

A totally different hypothesis of the origin of glutamine in plant tissues
is implied in some recent work of Martius and Knoop (33). These in-
vestigators have observed that citric acid can be converted in part into
a-keto glutaric acid by means of liver dehydrase. The series of reactions
they suggest to account for this is of especial interest inasmuch as the
intermediate substances, the formulae of which are shown, are well known
as plant constituents.
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The loss of the carboxyl group in the S-position to a keto group in the
last step is a reaction of normal type and occurs in vilro with great ease.
The implication of a relationship of glutamine metabolism to citric acid
metabolism is of great importance. There is no biological evidence of
such a relation and, in fact, the present study of glutamine formation in
tobacco leaves is directly opposed to such a view. As we have shown,
glutamine is only produced in light in the tobacco plant and is therefore
derived from a product of photosynthesis. The tissues in which this re-
action occurs already contain considerable citric acid and there is little
if any change in the citric acid content during the synthesis of the gluta-
mine (see below). The relationship of glutamine metabolism to citric acid
metabolism is, however, from the structure chemistry point of view, analog-
ous to the relationship of asparagine to malic acid metabolism, and although
neither of these has been shown to be valid in the actual case, the analogies
suggest that all of these substances are related biologically to each other,
the common denominator probably being a hexose sugar.

AMIDES DERIVED FROM PROTEIN BY ENZYMATIC HYDROLYSIS

If digestion of the leaf protein occurs by the breaking of peptide
bonds without decomposing the amide groups, both asparagine and gluta-
mine may arise in the tissues without the intervention of a synthetic process.
That such a possibility can actually be realized in vilro has been demon-
strated by Damodaran (16) and by Damodaran, Jaaback, and Chibnall (17).
If it be assumed, therefore, that the leaf protein which underwent hydro-
lysis suffered no decomposition of the amide groupings, the total quantities
of glutamine and asparagine which might thus appear in soluble form can
be deduced from the data plotted in Figure 13, which give the amide
nitrogen of the residual protein of the leaf cells. A summary of the per-
tinent data is given in Table 13 in which column 2 shows the total amide
nitrogen present in the tissues at the end of the culture period, and column
3, the amide nitrogen which may havebeen derived from the digested protein.
The difference between these values in column 4 is the amide nitrogen that
must have been synthesized de novo or have been present initially; if the
fresh leaf values are deducted (column 5), the total quantities of amide
nitrogen synthesized are obtained.

The amide nitrogen which may have been derived from the digestion
of the protein forms a remarkably constant proportion of the total amide
present, being approximately 14 percent. There is no significant difference
between the light and the dark experiments. The obvious conclusion to be
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drawn from the figures is that amide nitrogen of direct protein origin
can account, for only a relatively small part of the total amide nitrogen
present.

TasLe 13. AmipE Ni1TROGEN CORRECTED FOR AMIDES DERIVED
FROM ProTEIN DI1GeESTION

(Figures not otherwise designated are grams per kilo of fresh leaf)

Total amide Protein A Amide | Protein amide
amide synthesized in %, of
total amide

A consideration of the probable chemical nature of the amide nitrogen
contributed by the protein suggests that the greater part of it consists of
glutamine. Although no data on the composition of isolated tobacco leaf
proteins have been recorded, Miller’s analysis (35) of cocksfoot protein
indicates that this substance vields 13.1 percent of glutamic and 5.3 per-
cent of aspartic acid. Proteins in general yield more glutamic acid than
aspartic acid, and this may safely be assumed to be the case for the tobacco
leaf protein. An interesting inference from this assumption is that the
whole of the newly formed glutamine observed in the case of the leaves
cultured in the dark may well have arisen from the digested protein.
The data in Table 14 illustrate this; column 1 shows the total amount of
amide nitrogen which may have been derived from digestion of the protein
at the end of 143 hours, and column 2 shows the increase in glutamine
amide nitrogen that occurred during the same period. The relative order
of magnitude is approximately what would be expected if the whole of
this glutamine had its origin in the protein, and it is also clear that the
amount of asparagine that could have arisen in the dark cultures in this
way is of the order of magnitude of 0.02 to 0.04 gm.—a negligible quantity
in comparison to the total asparagine synthesis.

TasLe 14. RerLatioN BETWeEEN AMIiDE NITROGEN OF PROTEIN
AND INCREASE IN GLUTAMINE AMIDE NITROGEN

(Figures not otherwise designated are grams per kilo of fresh leaf)

Amide N from Glutamine * Ratio
protein amide N percent

“EXTRA AMMONIA NITROGEN*’

In addition to amide and ammonia nitrogen, extracts of dried
tobacco leaves contain a small amount of a substance which yields ammonia
on mild alkaline hydrolysis. The substance responsible for this is prob-
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ably an artifact inasmuch as it has not been detected in fresh leaves. We
have no information regarding its chemical nature, and the method of
determination adopted is highly arbitrary—further investigation is needed
to define the best conditions. For the present purpose, this factor was
determined by subjecting a sample of dry leaf extract to hydrolysis with
N acid to decompose the amides completely. The sample was then made
alkaline by the addition of 3 ml. of 5 N sodium hydroxide to a total volume
of 6 ml. of N acid, and the resultant alkalinity theréfore represented
approximately 1 N sodium hydroxide. The mixture was refluxed gently
for five minutes in the distillation apparatus, the delivery tube being im-
mersed in the absorbing acid; and the rate of heating was then increased
and the ammonia was distilled for six minutes. The difference between the
quantity of ammonia found under these conditions and that found if the
acid hydrolyzed sample were merely neutralized with sodium hydroxide
and distilled in the presence of excess alkaline borate buffer (pH 10-11)
represents what has been designated ‘“‘extra ammonia nitrogen”’. The quan-
tities found are shown in Figure 23. It is the ammonia liberated by the
short treatment at (100°) with N sodium hydroxide. Studies conducted for
the purpose have shown that the quantity found is not significantly in-
creased by a several-fold increase in the alkalinity of the solution nor by
a somewhat longer period of heating.

This ammonia is not derived from amide nitrogen, inasmuch as it
is not liberated by mild acid hydrolysis. It can hardly represent arginine or
a guanidino or urea grouping, inasmuch as the treatment with alkali was
not severe enough to decompose such compounds appreciably. Moreover,
if this were the case, an increase in the apparent amount would be found
if the alkalinity, or the time of heating, were increased as there is undoubt-
edly considerable arginine present in these extracts.

It will be recalled that determinations of the ammonium nitrogen in
cold water extracts of plasmolyzed fresh leaf tissue invariably gave slightly
higher results than those made upon the same tissues after being dried.
The orders of magnitude of the difference between the two ammonium nitro-
gen values (Figure 19) and of the so-called ““‘extra ammonia nitrogen’ (Fig-
ure 23) are approximately the same—the average values for the entire
series of experiments being 22 and 20 mg. respectively. It is not impossible
that the ammonia which disappears during the drying of the tissue is the
same as the ammonia that is liberated by the mild alkaline hydrolysis,
although the agreement in amount in the present experiments may be
entirely fortuitous. '

NICOTINE NITROGEN

The metabolism of nicotine in the tobacco plant presents a problem
that has not yet received a definite answer. Mothes (38) regards nicoline
as a possible product of protein decomposition, but a chemical relation
between nicotine metabolism and that of protein is by no means clear.
According to this investigator, synthesis of the alkaloid occurs almost
equally well in leaves grown in the dark as in normal leaves, and the pro-
portion of nicotine in the leaves appears to be a function of age, being
higher in the older leaves.

The data on the nicotine nitrogen content of the leaves subjected
to culture, shown in Figure 24, do not admit of any simple generalization.
When analyzed by the method of least squares, the LW, LN, and DN data
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yield straight lines scarcely, if at all, inclined from the horizontal, and
accordingly the individual sets of data indicate that no change in the nico-
tine content of these samples occurred during the culture period. The
data of the LG, the DG, and the DW samples, however, give straight lines
which incline appreciably in such a manner as to suggest that the nicotine
content diminished slightly during the culture period, the loss being of the
order of 10 to 15 percent of the amount originally present during 200 hours
in each case. It seems probable that sampling errors may account for an
apparent loss of this order of magnitude in view of the relatively high accur-
acy with which nicotine may be estimated. In any case, however, it is
clear that decomposition of nicotine during culture of tobacco leaves, if
it occurs at all, is an entirely minor matter, and nicotine cannot be regarded
as an active metabolite.

ORGANIC ACID METABOLISM

Owing to the lack of suitable analytical methods, the changes that
occur in the organic acid composition of leaves during culture have only
recently been open to detailed investigation. The difficulties that beset
many of the methods that have been proposed for the determination of
individual acids have been discussed in previous publications from this
laboratory (86, 87, 59) and there seemed little prospect of progress in this
field until new and accurate methods to determine these substances had
been developed. Much time has therefore been devoted to the problem,
and we are now in a position to obtain accurate information regarding the
total quantity of organic acids present and also with respect to the in-
dividual substances, oxalic acid, malic acid, and citric acid.

It has been shown in connection with our previous work that these
three acids make up a large part of the total organic acidity of tobacco
leaves. For example, in leaves of plants from 35 days to 110 days old,
the three acids usually make up from 80 to 85 percent of the total acidity
(92). These figures refer, however, to the entire mass of leaves growing on
one plant, and include not only the mature basal leaves but also the relative-
ly much younger top leaves. As yet we have no data on the acid distri-
bution in the leaves of different age on a single plant. There is little
doubt, however, that variations occur. Leaves of seedlings may contain
as much as 35 percent of their acidity as acids other than the three men-
tioned (92), and wide variations in the relative proportion of unknown to
known acids are readily produced by varying the conditions under which
the plants have been grown (unpublished observation).

It is to be noted that the three sets of leaves employed for culture in
water, in dilute glucose, and in dilute inorganic salt solutions, both in
light and in dark, differed in position on the plant and in age. Accordingly,
the absolute quantities of the various constituents present differed from
set to set. We have been interested chiefly in the behavior of these con-
stituents during the culture periods and, in general, have observed very
little fundamental difference in this behavior in the separate sets of leaves
regardless of the composition of the culture solution or of the age and
origin of the leaves. Whether such differences as occur are to be attributed
to the nature of the culture solution or to more fundamental differences
in the tissues chosen for study remains to be determined. In the inter-
pretations that are given below, however, these possibilities have been
held in mind.
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The total organic acidity of the three sets of leaves during culture is
shown in Figure 25. The initial acidity of the W series was 311 milli-
equivalents per kilo, that of the G series was 326 and it will be recalled
that these were somewhat larger leaves from a higher position on the
plant. The acidity of the N series was, however, lower, being only 248 in
spite of the fact that these still higher leaves were of about Lhe same size
as those of the G series.

The three cultures in light behaved somewhat differently from each
other. The LW series showed a distinct increase in total acidity, amounting
to more than 15 percent in 150 hours, and maintained the higher level of
acidity to theend. The change was probably greater than the experimental
error, and suggests that acidic substances were synthesized in appreciable
amounts. The LG series, however, showed only a minor increase at 150
hours, a little over 5 percent, and the final acidity dropped to approximately
the initial level. The magnitude of the change was no greater than the
experimental error and the conclusion is warranted that no appreciable
synthesis of organic acids occurred in spite of the fact that large quantities
of carbohydrates were synthesized during this period. The same conclu-
sion can be drawn from the LN series. Thus two of the three experiments
showed no change; the third showed only a minor increase in organic
acidity.

The three experiments in the dark showed a different behavior. Both
the DW and DG series showed a loss of about 12 percent of the initial
acidity during the entire period of culture, but the DN series showed no
change. The soluble carbohydrates of the leaves diminished Lo a very low
level during this period but it is evident that the end products were not
organic acids. The experiments in general, then, indicate that any change
that occurs in the total organic acidity during culture either in light or in
dark is of a minor nature. Synthesis of small relative amounts appears

to be possible in the light, and loss of small amounts may occur in the
dark.

The data for oxalic acid in Figure 26 show a considerable degree of
constancy throughout the culture period whether in light or in dark. Two
samples in the DW series indicate a temporary increase of about 15 percent
of oxalic acid as does one sample in the DN series. The rest of the data
can be satisfactorily expressed by straight lines that depart very little
from the horizontal. Oxalic acid, therefore, is apparently not involved to
any appreciable extent in the metabolism of tobacco leaves during cul-
ture. This conclusion may be correlated with our previous observations
(87) that upwards of 80 percent of the oxalic acid of tobacco leaves is
present in a form insoluble in hot water, probably as calcium oxalate. A
general conclusion that oxalic acid is wholly inactive in the leaf metabol-
ism cannot be maintained, however, inasmuch as we have shown that
appreciable quantities of this substance are withdrawn from the leaf during
the maturation of the seeds (92).

The observations on malic acid, plotted in Figure 27, show a profound
change in the organic acid composition of tobacco leaves when these are
cultured in the dark, although little or no significant change occurred in
the light. Within a period of 143 hours, 70, 64, and 64 percent of the malic
acid originally present had disappeared from the tissues in the three sets
of samples. This enormous change in the malic acid content implies a
rapid conversion of malic acid into some other substance. The maintenance
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of the total organic acidity at a level that diminishes only slightly indi-
cates that the direct or indirect product of the transformation must like-
wise be acid and, as will shortly appear, evidence for a contemporaneous
synthesis of citric acid has been obtained.

A clearer idea of the order of magnitude of this conversion can per-
haps be obtained from a consideration of the quantity of acid involved
in it expressed in grams and the relationship of this to the total organic
solids of the leaves.

The data of Figure 27, which are expressed in milliequivalents, can
be converted to grams by multiplication by the factor 0.067. The fresh
leaves of the W series contained 15.14 gm. of malic acid per kilo. Refer-
ence to Figure 3 shows that they contained 74.6 gm. of organic solids, hence
approximately 20 percent of the organic solids consisted of malic acid.
After being cultured in the dark for 143 hours, the leaves contained only
4.48 gm. of malic acid, and 60.0 gm. of organic solids. Thus the loss of
10.7 gm. of malic acid involved a reduction in the proportion present
from 20 percent to 7.4 percent of the organic solids. The conversion of
malic acid to other products therefore affected a very considerable part
of the total solids of the leaves and may well be ranked as one of the most
important reactions that occurred.

Before discussing the evidence regarding the fate of the malic acid,
further attention should be directed to the hypothesis mentioned in a pre-
ceding section which is occasionally suggested to account for the synthesis
of asparagine in leaves, namely that asparagine arises through the inter-
action of malic acid or some transformation product of malic acid and
ammonia. This is a change which involves loss of water and addition of

ammonia, the last step being the dehydration of the ammonium salt to
the amide.

ICOOH ]COOH COOH COooH
CHOH CH JZHNHQ EHNHz

| = | = ! = !

CH, CH CH CH

Malic Fumaric Ammonivm  Asparagine
acid acid aspartate

The data in Table 15 give the magnitudes of the quantities of aspara-
gine formed during the entire period of culture in the dark. In column 4
are given the equivalent quantities of malic acid on the assumption that
this was the origin of the asparagine, and column 5 gives the total quantity
of malic acid that disappeared. The last column indicates that consider-
ably more malic acid disappeared than can be accounted for by the as-
paragine that was formed. Thus the conversion of malic acid to asparagine,
while possible on the basis of the quantities involved, accounts for only a
small part of the change in the malic acid that took place. In any case it
is necessary to find other reactions to account for the disappearance of
most of the malic acid, and it is also necessary to account for the fact
that the total acidity did not change significantly.
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TasLe 15. ReraTionsHiP BETWEEN ASPARAGINE AMIDE NITROGEN AND MaLic Acip
(Figures are grams per kilo of fresh leaf)

Asparagine Asparagine Malic acid Actual malic Ratio 5:4
amide N increase equivalent acid loss

The most, probable fate of the malic acid, according to the data we
have obtained, 1s a conversion into citric acid. The possibility that such
a reaction may occur has recently been pointed out by Knoop and Martius
(25), who have shown that condensation occurs when pyruvic acid is allowed
to react in alkaline solution at room temperature with oxalacetic acid for
some time. If the mixture is then oxidized with hydrogen peroxide under
proper conditions, a yield of 35 percent of citric acid may be obtained. The
reaction may be formulated as follows, the oxidation step being designed
to decarboxylate the ketonic acid condensation product.

COOH COOH COOH
| HCH, J
cO HO-C-CH,-CO-COOH HO-C-CH,-COOH
(L, + CO | —> |
H. E CH, CH.
| 00 | [
(0{0,0}51 COOH COOH
Oxalacetic Pyruvic Condensation Citric
acid acid product acid
COOH cooH coon
&HOH EO ([JO
ot A -t S
H, H. CH;
JZOOH (IZOOH
Malic acid Oxalacetic Pyruvie
acid acid

The transformation of malic acid into oxalacetic acid is a well known
reaction brought about by malic dehydrogenase, an enzyme widely dis-
tributed in animal organs and also found in plant seeds (23, 84). Pyruvic
acid may arise from oxalacetic acid by decarboxylation, and it is also a well
known product of carbohydrate metabolism. Neuberg and Kobel (43)
have demonstraied the presence of an enzyme in pea sprouts which trans-
forms the phosphoglyceric acid derived from the fermentation of glucose
into pyruvic acid. Accordingly the biochemical reactions necessary for
the formation of citric acid from malic acid are well established possibil-
ities.

The data which lend a certain degree of probability to this hypothesis
of the fate of the malic acid in cultured tobacco leaves are shown in Figure
28. It is clear that little or no change took place in the citric acid content
of the leaves cultured in light. The LG series, the initial value of which
was unusually low, show an indication of a small synthesis at the start
of the experiment, but this may be only an expression of a sampling error
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in the fresh leaf samples; no significant change occurred after the first
day. The LN series suggest a slight loss early in the experiment but
constancy thereafter. The three sets of leaves cultured in the dark, how-
ever, give evidence of a prompt synthesis of citric acid which continued
throughout the experimental period. The quantities involved, expressed in
grams, are shown in Table 16.

If it be assumed that the citric acid is formed {from malic acid according
to the transformations implied in the equations of Knoop and Martius,
it is clear that 2 mols of malic acid yield 1 mol of citric acid, a theoretical
vield of 71.6 percent. The citric acid gain has been calculated on this
assumption (column 5), and the actual citric acid gain is compared in
the last column with the calculated. The agreement of the three experi-
ments is surprisingly good and the yield is suggestively close to the theoret-
ical requirement. This must not be understood as evidence in favor of
the hypothesis, however. In making the calculation, it is assumed that
both oxalacetic acid and pyruvic acid arose from transformations of the
malic acid. This is not at all necessary inasmuch as other possible sources
of pyruvic acid are well recognized.

TapLE 16. Rerarion BerweEn Maric anp Crtric Acips
(Figures not otherwise designated are grams per kilo of fresh leaf)

Citric acid Malic acid Ratio Citric acid Yield
gain loss citric : malic gain in
acids calculated percent

"That the citric acid formed can, in fact, exceed the quantity calculated
from the malic acid lost is evident from data of an earlier experiment on
water culture of tobacco leaves in the dark. This particular experiment
was carried out under essentially the same conditions and likewise showed
evidence of transformation of malic to citric acid. The data necessary for
comparison are shown in Table 17, the last two columns showing the
changes that occurred expressed in grams during the periods designated.

The theoretical yield of citric acid, calculated on the above assump-
tions from the decrease in malic acid at 159 hours, is 5.11 x 0.716 = 3.66
gm. which exactly agrees with the actual yield of citric acid. The calcu-
lated yield at 279 hours is 6.31 gm. which is materially less than the actual
yield of 7.58 gm. and implies that some source of pyruvic acid other than
malic acid must have been drawn upon, if the general outline of the series
i(')f reactions given above is to serve as an explanation of the experimental

acts.

TaBLeE 17. WaTeR CurLTuRE OF ToBACCO LEAVES IN THE DARK
(Figures are milliequivalents or grams per kilo of original fresh weight)

Fresh 159 hrs. 279 hra. A A

leaf 159 hrs. 279 hrs.

m.e. m.e. m.e. gm. gm.
Citric ‘acid 23.2 30 141.6 3.63 7.58
Malic acid 177.2 100.9 45.6 5.11 8.82
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Accordingly, although our results are strongly in favor of a transform-
ation of malic irto citric acid during culture of tobacco leaves in the dark,
and a mechanism to account logically for this transformation has been
suggested, the matter must still be regarded as a speculation which, how-
ever, conforms fairly closely with the experimental data.

Certain clear inferences may be drawn, however. Itis obvious that malic
acid loss and citric acid gain are connected in some way, direct or indirect.
There is no significant loss of malic acid in the light, and correspondingly
no gain of citric. Where there is a loss of malic, as in the dark experiments,
the ratio of citric acid gain is 0.582, 0.586, and 0.598 in the three experi-
ments at 143 hours. This constancy in the relationship between the
quantities of the two acids is an argument against the view that malic
acid is associated with amide synthesis. Tt will be recalled that different
proportions of the malic acid would be required in each case to account for
the asparagine formed, the third experiment in particular being quite
different from the other two. There covld hardly be a constant relation-
ship in all three experiments between malic and citric acids if a part of
the malic acid had keen utilized for asparagine synthesis, this part bemg
different in each case.

1t is of some interest to indicate the relationship between the gains of
citric acid in the dark cullures and the organic solids of the tissues. The
data in Table 18 show that citric acid occurs in moderate proportions in
fresh tobacco leaf tissue making up from 1 to over 4 percent of the organic
solids. After culture in the dark, however, the concentration of citric
acid in terms of organic solids increases very materially and this substance
assumes major importance as a constituent. The increase of 6 gm. of
citric acid in the DW experiment, associated with the loss of 15 gm. of organic
solids, gives rise to a condition in which citric acid alone ultimately ac-
counts for one-eighth of the organic solids. It will be recalled that the
malic acid, expressed in these same terms, diminished from 20 to 7 percent
of the organic solids, and it is clear that the conversions that the two acids
undergo are of great quantitative importance. The profound changes
that occur when the leaves are cultured in the dark suggest that these acids
are among the most reactive metabolites of the tissues under such conditions.

TaBLE 18. ReLraTioNn BETWEEN CItRic Acip AND ORGANIC SoLips
(Figures not otherwise designated are grams per kilo of fresh leaf)

Citric Citric Increase Organic Organic  Percentage Percentage
acid acid solids solids citric citric

in at in at acid in acid at
fresh 143 hrs. fresh 143 hrs. fresh 143 hrs.
leaf leaf leaf

The changes in the unknown acids plotted in Figure 29 indicate that,
in two of the three experiments, an increase took place both in light and
in dark, the increase in the dark being somewhat greater than that in the
light. The glucose culture experiment did not show evidence of any con-
sistent change. These data include the experimental errors of all the indi-
vidual determinations of the acids in addition to the sampling error and, in
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any case, the changes are small relative to the total organic acids, being
of the order of 5 to 10 percent of this, save in the DN experiment. In
this, the unknown acids increased from a level of 10 to 26 percent of the
total acidity and it is possible that this has significance.

In general, one might expect the curves for unknown organic acids
to indicate an increase. If the amino acids that result from the digestion
of the protein undergo deamination, as seems to be the case from the
evidence on amide synthesis, the residual carbon compounds should be
essentially acidic in nature and a portion of them at least should become
evident on the curve for unknown organic acids. The order of magnitude
of this effect can be deduced from the data for protein nitrogen. The effects
on the curves for unknown organic acids in the DW and DN cultures are
mainly within the 95-hour pericd. From Figure 5 it can be seen that 0.87
and 0.73 gm. of protein nitrogen were digested in this period in these two
experiments. The quantities of protein represented are therefore of the order
of 5.4 and 4.5 gm. Deducting the nitrogen leaves roughly 4.5 and 3.8 gm.
of organic solids to be accounted for in terms of unkrown organic acids.
There is no way to calculate the actual quantity of substance represented
by an increase in 30 milliequivalents of unknown organic acids, which is
the approximate value of the change that occurred in the unknown acidity
in the DW and DN experiments during 95 hours; but if it be assumed that
the acidic substances have a molecular weight of the order of that of malic
acid (134) and are monobasic, the factor is 0.13, whereas if they have half
this molecular weight, it is 0.06. Thus the quantity of acidic substances
represented by 30 milliequivalents may be estimated to be within the limits
3.9 gm. and half this amount, and it may be concluded that the increase
in unknown organic acids is of the same order of magnitude as the quantity
of acidic organic residues which might be expected to be derived from
protein decomposition. Such inferences are as yet, however, highly specu-
lative and only merit attention inasmuch as they represent a possibility
in certain cases.

Calculations of the distribution of the total acidity among the var-
ious organic acids serve to emphasize the relative constancy of the malie,
citric, and oxalic acids during culture in the light, and the magnitude
of the apparent interconversion of malic to citric acid during culture in
the dark. Table 19 gives the average and the minimal and maximal values.
The average values for malic and citric acid in the three dark experiments
have no significance on account of the magnitude of the changes that
occurred, but it is clear that the oxalic acid was substantially constant in
all experiments, and that the malic and citric acids were substantially
constant in the three light experiments.

Oxalic acid Malic acid [ Citric acid

Av. Jax. Min. Av. Max. Min. Av. Max. Min
15.7 17.5 12.7

(33.4) 52.6 16.3

12.4 16.7 4.9

| (24l5) 108 409

| 10.8 18.2 7.2

J (24.5) 39.8 14.1
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CARBOHYDRATE METABOLISM

The total soluble reducing carbohydrate calculated as glucose is shown
in Figure 30. The curves indicate a rapid synthesis of soluble carbohy-
drate in light at a constant rate in each case. The leaves in the LW ex-
periment synthesized approximately 16 gm. in 190 hours. The LG leaves,
which startled at a slightly higher initial value, synthesized 9.4 gm. in the
same period. Although the leaves in the LIN series were somewhat flaccid
throughout the period of study, they synthesized almost the same amount,
viz. 8.3 gm. '

It is an unfortunate chance that the leaves employed for culture on
glucose solution should have contained a high proportion of reducing car-
bohydrate at the start. Owing to this, it is not possible to demonstrate
an absorption of glucose from the culture solution, and, if any absorption
did take place, it is not evident from a compariscn of the slopes of the LW
and the LG curves. Nor is there any apparent lag in the rate of disappear-
ance of the carbohydrate in the dark experiments. The picture presented
is clearly one of photosynthesis in light, and decomposition of carbo-
hydrate in the dark, both reactions proceeding at relatively smooth rates.

The curves for fermentable sugar, in Figure 31, call forlittle additional
corrment. The greater part of the reducing carbohydrate is fermentable,
and the increase of sugar in light and decrease in the dark follow smooth
curves. There is no indication of an increased sugar metabolism on the
glucose medium—in fact the quantities involved in the changes that ocurred
are distinctly less than those in the leaves in water culture.

The curves for unfermentable carbohydrate in Figure 32 present a
phenomenon of considerable interest. The magnitude measured is the total
reducing carbohydrate less the fermentable sugar. There is an appreciable
amount of this type of material in normal tocbacco leaves, and the recent
observations of Schlenker (70) indicate it is also present in other species.
It is obvious that a prompt synthesis began in the leaves cultured in
light and continued for about 100 hours in both the LW and LG series;
subsequently very little more of this component accumulated. In the LN
series, possibly owing to the wilting of the leaves with consequent closure
of the stomata, the rate of synthesis was slower and the maximal amount
corresponding to that observed in the other two experiments was not
reached.

The three dark experiments show a slight diminution of the unfer-
mentable carbohydrate in the DW experiment, practically no change in
the DN experiment, but a slow and steady loss in the DG experiment.
This was the only specimen of leaves that contained more than traces of
this comporent, in the fresh condition and its behavior is precisely similar
to that noted in our earlier work (93).

Attention has already been directed in the section on organic solids
to the fact that the synthesis of total solids far exceeded the synthesis of
soluble carbohydrates. In view of the quantities of substance involved,
this probably means that carbohydrates entered into other reactions sub-
sequent to their formation. Thus, for example, in the LW series approxi-
mately 13 gm. of fermentable sugar and 3.5 gm. of unfermentable carbo-
hydrate were formed in 190 hours, but the total organic solids increased
about 36 gm.. suggesting that the total synthesis of sugar must have been
about twice that indicated by the determination of total reducing power.
The nature of the products of these later conversions is problematical.
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Determinations of hemi-celluloses, pectins, uronic acids, and other sub-
stances of this general nature were not made. It is obvious, however, that
a wide field for further investigation is revealed by these experiments.

The data for the starch content ot the leaves are shown in Figure 33.
Synthesis of approximately a gram of starch promptly occurred in both
the LW and LG experiments. Starch formation was hardly appreciable
in the wilted leaves ot the LN experiment, although several samples were
evidently able to lay down a small supply. In the dark, as would be
expected, the starch originally present was rapidly and completely meta-
bolized into other products. , The leaves of the LG series showed a good
deal of irregularity in their capacity to store starch. Although the starch
reached a high level in 73 hours, the later samples were lower in starch
than the initial fresh leaf sample. Starch is so reaclive a metabolite,
however, that the disappearance of a considerable proportion of it from
leaves subjected to 100 or more hours of culture is perhaps not surprising.
The behavior during the early stages of the culture period is more sig-
nificant, and it is evident that the leaves preserved the capacity to syn-
thesize starch for a considerable period.

SUMMARY

Approximately equal samples of fully developed leaves of the tobacco
plant were subjected to culture in water, in dilute glucose and in dilute
nutrient salt solution, both in continuous light and in the dark. Analyses
of samples removed from time to time show the progress of many of the
chemical changes that take place under these conditions. The analytical
data are expressed on a common basis of grams of each constituent per
kilo of original fresh weight of leaf tissue. The assumption involved in
this method of calculation is that each sample of leaves originally possessed
the same chemical composition. Although the results show that this was
probably not invariably the case, the departures from uniformity are
relatively small so that many of the major changes that occurred are
clearly revealed.

For the most part, the changes in each of the culture solutions are
closely analogous so that specific effects of the glucose or particularly of
the ammonium ion in the nutrient salt solution are difficult to distinguish.
But there are many far-reaching and fundamental differences due to the
influence of light, these being clearly shown in each experiment.

The main changes that occurred may be briefly stated. Synthesis of
organic solids in very considerable amounts occurred in light; decomposi-
tion of organic solids into volatile products (water and carbon dioxide
chiefly) occurred in the dark. The newly synthesized organic solids in the
light experiments appeared to be mainly watéer-soluble, there being little
change in the water-insoluble solids.

Inbibition of water occurred in each case except in the culture on
salt solution in the light. In several cases this resulted in guttation of
water from the lower surface of the leaves. The excess of water was re-
tained for approximately 100 hours, but subsequently, with the onset of
chlorophyll degeneration, the water holding capacity diminished and the
leaves rapidly lost weight.

Digestion of protein with the production of amino acids proceeded
rapidly “and at approximately the same rate for 72 hours in all experiments,
Later, the rate of digestion diminished in the leaves cultured in light, but
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was maintained in the leaves cultured in the dark. Corresponding with
the digestion of the protein, there was an increase in the quantity of
water-soluble nitrogen, and the composition of the water-soluble fraction
underwent material change. These changes have chiefly to do with the
amide metabolism of the leaves. Ammonia accumulated in notable
amounts towards the end of the experiment in the leaves cultured in
the dark, but there was only a moderate increase in free ammonia
in the leaves in the light. The synthesis of the two amides, asparagine
and glutamine, appears to be closely associated with this behavior. Very
considerable amounts of asparagine accummulated during dark culture, but
the amount of glutamine formed was small. On the other hand, both
amides were rapidly synthesized in the light, the quantity of glutamine
appreciably exceeding that of asparagine. The total amide synthesis at
any point in light was materially less than the total amide synthesis in
the dark.

The observations can be accounted for according to the detoxication
hypothesis of Prianischnikow by the assumption that amide synthesis is a
result of the liberation of ammonia in the tissues. The precursor necessary
for the formation of asparagine was already present in the tissues at the
beginning of the experiment and was drawn upon for the formation of
asparagine during culture in the dark. Nevertheless there was an inade-
quate supply of this hypothetical substance present to care for all of the
ammonia produced, and consequently, after 100 hours, the excess of am-
monia accumulated. There was little, if any, of the precursor necessary
for the synthesis of glutamine present and little of this amide was formed.
In the light, however, photosynthetic reactions provided a beuntiful sup-
ply of the precursor of glutamine with the result that this amide was syn-
thesized in rather greater amount than asparagine, and the total amide
metabolism was competent to care for all of the ammonia produced in the
tissues so that little accumulated.

With respect to the source of the ammonia, it is shown that the total
nitrogen of the two amides may have arisen from ammonia produced in
two ways. If it is assumed that oxidative deaminatlion of amino acids
occurred, and that reduction of nitrate to ammonia likewise took place,
the whole of the nitrogen of the amides, together with the excess of free
ammonia, can be accounted for from the disappearance of amino nitrogen
of amino acids derived originally from the protein by enzymatic digestion,
and from the disappearance of nitrate nitrogen. The sums of the two
respective quantities agree within the experimental error. The data, there-
fore, support the ammonia detoxication view of the origin of amides and
account with some accuracy for the actual quantities of amides produced.

No information with respect to the chemical nature of the non-nitro-
genous precursors of the amides has been obtained with the exception of
the demonstration that the precursor of glutamine is synthesized during
culture in the light, and is, therefore, probably a carbohydrate, or a meta-
bolite of a carbohydrate.

The total organic acidity of the tissues changed but little during
culture, there being evidence {or a slight increase in light and a slight de-
crease in the dark. The oxalic acid content also remained essentially con-
stant throughout. Although both malic and citric acids remained constant
during culture in light, the quantity of malic acid diminished very rapidly
in the dark, the change being one of the most extensive in terms of actual



824 Conneclicul Experiment Stalion Bulletin 399

quantity of substance involved that has been noted. Contemporaneously
with the rapid decrease of malic acid, there was an increase in citric acid
of equivalent significance. The evidenee points to a direct or indirect
conversion of malic to citric acid under these conditions, and certain
suggestions as to possible chemical mechanisms to account for the inter-
conversion have been advanced.

Both fermentable sugar and unfermentable carbohydrate were syn-
thesized throughout the period of culture in the light, although both dis-
appeared fairly completely from the tissues during culture in the dark.
The total quantity of carbohydrate synthesized accounts, however, for
considerably less than the total increase in organic solids, and it is inferred
that a substantial part of the newly synthesized products of photosynthesis
were converted into other and non-reducing metabolites. It is reasonable
10 assume that the total increase in organic substance is a measure of the
total photosynthesis, consequently the difference between this increase and
the measured increase in the reducing carbohydrate represents the extent
of metabolism of the carbohydrate subsequent to its synthesis.
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