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A. E. MURNEEK

Historical and theoretical retrospect

Asparagine, the amide of amino succinic acid, COOHR CHNH2 CH2
CONH2, seems to have been found in asparagus over one hundred years
ago (50) and so named soon thereafter. MOTHES (14) credits HARTIG
(1858) as having extracted this substance from seedlings and isolated it
for the first time in crystalline form. He thought that asparagine was a
translocation product of nitrogen in young plant tissues. BOUSSINGAULT
(2), however, assigned to it a different function by expressing the belief
that there is an analogy between asparagine and urea in nitrogen metab-
olism, both being amides and end products of protein degradation. But
urea is excreted from the animal organism, while asparagine is not elimi-
nated from plants. In presence of light, it is reutilized for the
synthesis of proteins. These hypotheses of HARTIG and BOUSSINGAULT are
still both supported and contended.

After extensive microchemical studies on the presence and absence of
asparagine in all parts of a large number of plants, PFEFFER (1872) at-
tempted to unite the two opposing views by concluding that: (1) Protein
degradation in plants, because of formation of asparagine, differs from
that in animals and from results obtained in vitro. (2) Asparagine is
the primary, not the end product of protein breakdown and should be
considered also a storage form of nitrogen. (3) Judging from its presence
and solubility, it is the main translocation product of nitrogenous sub-
stances. It moves to growing regions, where it combines with carbohy-
drates (glucose) to form proteins. (Of interest in this respect is the fact
that CHIBNALL (4) still seems to agree with PFEFFER that asparagine is
the chief form in which nitrogen is translocated in plants).

SCHULZE (36, 37, 38, 39, 42, 43, 44, 45) for 30 years studied many
phases of nitrogen metabolism in plants, with particular reference to aspara-
gine, by physiological and chemical means. While he was unsuccessful in
demonstrating an in vivo and in vitro parallelism of protein hydrolysis and
asparagine accumulation, he did show definitely that under normal condi-
tions asparagine is produced from proteins and not from inorganic nitrogen
sources. But through further studies, largely with seedlings of legumes,

1 Presented before the American Society of Plant Physiologists at the Symposium
on Nitrogen Metabolism of Plants, Boston, December 30, 1933.

Contribution from the Department of Horticulture, Missouri Agricultural Experi-
ment Station, Journal Series no. 401.
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SCHULZE and later his coworkers (primarily PRIANISCHNIKoV and associates)
supplied' -evidence in suppo6tlb-bf the hypothesis that asparagine may be
formed readily from ammonia and organic acids.

SCHULZE found that during early stages of germination and growth of
seedlings, cotyledons contain only primary products of protein hydrolysis,
the amino acids (leucine, tyrosine, etc.). During later development of the
plant, amino acids disappear from the cotyledons and asparagine accumu-
lates in large amounts in the shoots. Therefore asparagine does not seem
to be produced directly from proteins,2 but results from breaking down
of the amino acids.

Through his own extensive investigations and those of many coworkers,
PRIANISCHNIKOV (20-31) seems to have established the analogy between
asparagine and- urea in nitrogen metabolism. Moreover, he has demon-
strated that asparagine may be synthesized directly in seedlings from
substances within the plant and an external supply of ammonia or carbo-
hydrates or both.

As a result of the preceding and many other studies, the following
theoretical considerations seem to have become popular (27, 6, 14,):

When, in comparison with carbohydrates, there is an excess of
ammonia, or proteins are not required by the plant because of shortage
of carbohydrates, then through hydrolysis of proteins by means of
proteolytic enzymes amino acids are formed. Some of these (especially
mono-amino acids) are oxidized and amino (NH2) groups are released.
Asparagine, which contains two NH2 groups, is formed from two mole-
cules of amino acids. One of these is oxidized to aspartic acid, the other
much further with splitting off of ammonia. A union of aspartic acid
with ammonia forms ammonium aspartate, from which, through dehy-
dration, asparagine is produced in the same manner as in the animal
organism urea is formed from carbamate of ammonia. When a plant
is supplied with abundance of ammonia, asparagine may be formed from
one molecule of an amino acid or even from an organic acid (malic,
succinic, etc.). If there is need for nitrogen, asparagine will be broken
down, NH3 released, and the rest of the molecule may be oxidized to
CO2. Asparagine, therefore, has a dual function: removal of the
injurious NH3, and storage of N.

In some plants, or under some conditions in most plants, not only
asparagine but glutamine, the amide of amino-glutaric acid (41), argi-
2 There is the possibility, of course, that asparagine may exist as such in the protein

molecule, as is suggested by SCHULZE, OsBoRN, and BUTKEWITSCH. In acid hydrolysis
of proteins the amide group is saponified, giving aspartic or glutamic acids; but when
proteins are acted upon by proteolytic enzymes, the amides appear unaltered. In many
instances, however, the quantity obtained from seedlings is entirely too large to be
accounted for on this basis.
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nine, guanidine-amino-valerianic acid (39, 40), aUlantoin3 or allantoic
acid (1), urea, CO (NH2)2(10), and possibly other substances may serve
as receptors of NH,3. Organic acids (malic, succinic, oxalic) likewise
may take care of ammonia by forming ammonium salts, which seem to
be a characteristic feature of very acid plants.

When plants have an ample supply of carbohydrates (sugars) the
process is reversed. Ammonia is released from any of the receptors
and is used in the synthesis of amino acids, proteins, and other complex
nitrogenous products.

Experimental evidence
No attempt, of course, is made here to present all the important evidence

bearing on the subject under discussion. Only some of the typical results
of investigations on certain parts of the major phases of the problem will be
recounted. Those desiring to secure more complete information will
naturally turn to the extensive literature in this field.

1. NITROGEN METABOLISM OF SEEDLINGS
Changes in nitrogenous substances in the germinating seeds and seed-

lings have been thoroughly investigated by SCHULZE, PRIANISCHNIKov, and
others. This has involved a study of the breakdown of proteins in the
cotyledons and regeneration of nitrogen compounds in the developing stem
and leaves. A conspicuous feature, often emphasized in these studies, is
the abundance of asparagine in the seedlings of legumes, especially when
grown in darkness. It is evident from SCHULZE's and other work (4) that
with increased development of the plant there is a decrease in protein con-
centration and a concomitant increase in asparagine and mono-amino acids
(table I). But since the amino acid fraction decreases when the seedlings

TABLE I
NITROGEN METABOLISM IN LEGUME SEEDLINGS (SCHULZE)

AGE OF SEEDLINGS PROTEIN ASPARAGINE OTHER N (MOSTLY
IN DAYS MONO-AMINO ACIDS)

6 ...... 5.49 1.16 1.72

12 1.71 4.02 2.39

24 1.78 5.09 1.40

NH-CHNH.CONH2
3 Allantoin, CO , a diuride of glyoxalic acid.

NH-CO
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are of considerable age, while at the same time there is a proportional
increase in asparagine and no further decrease in proteins, it appears that
asparagine may have come from the amino acid fraction. These plants, of
course, had no external supply of nitrogen.

Similar results have been obtained not only with several legumes but
also with other seedlings by many workers. Asparagine accumulates like-
wise in onion bulbs, asparagus roots, and similar plant structures when they
are sprouted in darkness (54, 18, 32).

The converse of this process takes place when, for instance, seedlings
are grown in light and proteins are synthesized in presence of sufficient
amount of carbohydrates, or in case of development of bulbs, whose sugar
content is usually high (54, 56). In general, the higher the amount of
soluble carbohydrates in the seeds; bulbs, or roots, the less protein will be
broken down owing to respiration, when growth is resumed, and there will
be relatively little fluctuation in asparagine concentration.

Most oil-containing seeds produce upon germination glutamine (41)
instead of asparagine, but the general nitrogen transformations seem to be
the same. In some plant seedlings other substances than acid amides
appear to play a similar role, as will be noted further on.

2. NITROGEN METABOLISM IN LEAVES

Several investigators have demonstrated that asparagine and its homo-
logue, glutamine, perform the same function-in nitrogen metabolism of
leaves as in developing seedlings. In young rapidly growing leaves, both
amides may be used in synthesis of proteins (44). In fully developed leaves
proteins are formed during the day and may be broken down and removed
in soluble forms of N to other parts of the plant. CHIBNALL (4, 5), for
example, has demonstrated that asparagine disappears from the leaves of
the bean plant at night and that it comes largely from hydrolysis of pro-
teins. In fruit-bearing plants nitrogen may be translocated in this form
to the fruit or seed pods whence eventually it will go into the seeds (44,
45, 53).

Alterations in nitrogen content of starved or senescent leaves supply
additional evidence of the role of acid amides in plant metabolism. The
results secured by MIYACHI are presented here (table II). They show that
when leaves are starved there is a rapid breakdown of proteins and a strik-
ing increase in asparagine and other amides. Similarly, VICKERY (52) has
found that during the curing of tobacco leaves, with increasing loss of
amino-N there is a more or less corresponding gain in amide-N (table III).
He thinks that such change may be due to the oxidation of amino acids,
the formation of ammonia, and subsequent synthesis of amides. As a
result of these changes, ammonia was maintained at a relatively low level.
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TABLE II
AMIDE PRODUCTION IN STARVED LEAVES OF PEONY (MIYACHI)

LEAVES STARVEDNITROUEN FRESH LEAVES 15 DAYS

Total ... 1.364 1.462
Protein.1.312 0.801
Asparagine 0.037 0.206
Other amides 0.015 0.455

PERCENTAGE OF TOTAL N

Protein.96.19 54.79
Asparagine 2.71 14.09
Other amides 1.10 31.12

The formation of amides, therefore, should be considered as a "defensive
mechanism" for the detoxication of NH3, which comes into operation when
there is a rapid destruction of proteins and accumulation of NH,3, or when
there is an excessive reduction of NO1 to NH1.

Probably the most extensive and complete studies of nitrogen changes
in leaves have been conducted by MOTHES (14, 15). After investigating a

series of plants that had been subjected to various environments and experi-
mental treatments, he draws the following conclusion: When leaves are

exposed to light or are fed with glucose in darkness, no amides are formed
and even the original amount disappears by being used in synthesis of
proteins. But when the carbohydrate content of the leaves is reduced to
a low point, as a result of long exposure to darkness, then amides are pro-

duced promptly and eventually ammonia appears. Oxygen seems to be a

CHANGES IN AMINO ACIDS AND

TABLE III
AMIDES IN CURING TOBACCO LEAVES (VICKERY)

TIME AMINO-N LOSS AMIDE-N GAIN

hr. gm. gm.
41 .. ... 0.020 - 0.005
64 0.015 - 0.017
87 .. . 0.370 0.019

111 ... 0.007 0.018
159 0.110 0.278
183 0.395 0.318
207 0.290 0.449
231 .. ...... 0.515 0.546
279 ... .. 0.820 0.835
303 .. . 0.290 0.446
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limiting factor in amide formation. Without its presence, neither amides
nor ammonia will be produced even in leaves of a low carbohydrate content,
but there will be an increase of amino, basic, and other ("rest-N") nitrogen
fractions.

Oxidation of the products of hydrolysis of proteins takes place in leaves
when there is a shortage of carbohydrates, the final end product being
ammonia. In presence of some carbohydrates, ammonia is "neutralized"
by being used for the formation of asparagine, in which form NH3 is
"stored." Whether produced within the plant or supplied from an ex-
ternal source, asparagine will remain as such unless carbohydrates become
available, when it enters promptly into synthesis of proteins. So, too,
when ammonium salts are fed to leaves high in carbohydrates, proteins
will be formed quickly; when carbohydrates are short, asparagine will be
produced; and when carbohydrates are absent, ammonia will accumulate
in the cells until poisoning of the leaves occurs. In this respect, ammonia
supplied from without behaves physiologically the same as NH3 released
within the plant. When leaves with ample carbohydrate supply are
exposed to narcotics, no amides and often no ammonia will be produced.

These conclusions are in striking agreement with the results of other
investigators, as the succeeding discussion will show. MOTHES seems to
have verified with mature plants most of the evidence obtained with
seedlings.

3. SOME FACTORS AFFECTING ASPARAGINE FORMATION

While the procedure and mechanism of accumulation and disappearance
of asparagine and related substances in plant metabolism are not yet under-
stood in all their details, we know that several factors seem to affect them.
Some of these will be discussed briefly.

a. IMPORTANCE OF OXIDATION.-Proteins may be decomposed in plants
with or without the presence of oxygen, the usual hydrolysis products
being the amino acids (19). In the presence of oxygen, however, aspara-
gine (or glutamine) often appears as the main soluble N substance. With
further oxidation it is broken down to NH3. That oxidation is really
essential for the production of amides and ammonia has been demonstrated,
among others, by SUSUKI (49) with barley (table IV) and soy beans, and
by BUTKEWITSCH (3) with lupine (table V). SUSUKI found not only an
increase in asparagine when seedlings were developed in darkness in pres-
ence of oxygen, but also a marked decrease of amino acids. This has been
corroborated by WASSILIEFF (53). Without a supply of oxygen, amides
are not formed and amino acids accumulate. With further oxidation and
absence of carbohydrates, ammonia is produced in large quantities owing
to the breakdown (oxidation) of asparagine (table V). SURE and TOTTING-
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TABLE IV
EFFECT OF 02 ON ASPARAGINE FORMATION IN BARLEY SEEDLINGS (SUSUKI)

PER 100DRY MATTER SEEDLINGS

%t gm.
At beginning of experiment ................................................ 6.59 0.1427
After 45 hours in darkness with 0. 8.85 0.1818
After 45 hours in darkness without 02 7.16 0.1336

TABLE V
EFFECT OF 02 ON FORMATION OF AMMONIA AND AMIDE-N IN GERMINATING SEEDS OF

LUPINE (BUTKEWITSCH)

PER 100 SEEDLINGS
NITROGEN

WITHOUT 02 WITH 02

mg. mg.
Ammonia ................ ............ 19.38 170.60
Amide .............. .... ..... ...... 171.36 139.48
Ammonia and amide ............... 190.74 310.08

HAM (47) have shown also that in the shoots of pea seedlings there is a
simultaneous decrease of a-amino acids and ammonia, which indicates that
"a-amino acids serve for amide production in the nitrogen metabolism of
the etiolated pea plant."

b. EFFECTS OF ANAESTHETICS.-Since the time when CLAUDE BERNARD
(1878) demonstrated that anaesthetics inhibit anabolism but permit cata-
bolism, various experiments have been performed to show their effects on
N metabolism in plants. BUTKEWITSCH (3), for example, exposed seedlings
to fumes of toluol with the result that no asparagine was formed but instead
large amounts of NH3 accumulated, up to 14 per cent. of total N. This
suggests that asparagine arises not as a result of tearing down but through
a building up or synthetic process.

c. EFFECTS OF PRESENCE OF CARBOHYDRATES.-It has already been noted
that with extreme carbohydrate deficiency the carbon structure of the
asparagine molecule is broken down (oxidized) and Nil3 accumulates.
Synthesis of asparagine may be effected by means of an external supply
of glucose, as table VI shows. An artificial supply of sugar will not only
diminish the accumulation of NH3 but will result in a marked increase of
amides (asparagine) (3, 46), which eventually will lead to the formation
of proteins (49, 46). Several investigators have found that asparagine
disappears when seedlings, grown in darkness, are supplied with sugar
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TABLE VI
EFFECT OF GLUCOSE ON AMMONIA AND AMIDE-N CONCENTRATION IN SEEDLINGS OF

LUPINE (BUTKEWITSCH)

NITROGEN WITHOUT GLUCOSE WITH GLUCOSE

Ammonia 18.57 9.37
Amide ............. 15.17 23.10

(48, 46). Contrariwise, an abundance of sugar prevents asparagine forma-
tion from proteins, but under the right conditions it does not interfere
with and may even stimulate the synthesis of this amide.

One may conclude with PRIANISCHNIKOV (26), therefore, that with car-
bohydrate shortage, proteins will be hydrolyzed and there will be formed
amino acids of the general formula R (NH2) COOH, which, through
oxidation and secondary synthesis, produce acid amides of the general
formula R (NH2)CONH2 (asparagine and glutamine), and, in case of
carbohydrate starvation, give, through further oxidation, NH,,. But when
the carbohydrate supply is abundant, whatever its source, then the reverse
process takes place. From NH, to acid amides (R (NH2) CONH2), which,
with additional supply of carbohydrates, give rise to amino acids (R(NH2)-
COOH), and these in turn synthesize proteins.

The frequently observed results of formation of asparagine in light
and not in darkness are due not to the direct effect of light but to the
presence of carbohydrates in light, as was demonstrated by PRIANISCHNIKOV
(28), who gives the schematic summary shown in table VII.

d. SYNTHESIS OF ASPARAGINE FROM AMMONIUM SALTS.-One of the crucial
experiments in the determination whether asparagine originates directly
from breakdown of proteins or comes from the synthesis of NH, with other
oxidation products of proteins, is through feeding plants in various states
of carbohydrate deficiency with ammonium salts.

TABLE VII
CARBOHYDRATE AND LIGHT RELATIONSHIPS IN THE FORMATION OF ASPARAGINE AND

AMMONIA (PRIANISCHNIKOV)

EXPERIMENTAL CONDITIONS RESULTS

CARBOHYDRATES LIGHT ASPARAYINE INJURY

+ +~~~~~~~YTESSIJR
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Ever since SUSUKI (48), HANSTEEN (7), and ZALESKI (55) demonstrated
that proteins may be formed from various nitrogenous substances supplied
to the plants, much work has been done with the object of determining
to what extent and under what circumstances asparagine is synthesized
from N constituents of nutrient solutions. Thus PRIANISCHNIKOV (24, 25,
26, 29) and others (48, 46) have shown that by supplying salts of nitrogen
to certain seedlings their asparagine content is markedly increased. For
this purpose ammonia is a better source of N than the nitrates, when the
physiological acidity of ammonium salts is neutralized by a base (CaCO3,
etc.) (48, 25). The legumes in particular seem to require Ca to neutralize
the acid reaction of NH4C1 and (NHi4)2SO4, which appear to inhibit the
formation of asparagine (table VIII). Barley and corn seedlings, high

TABLE VIII
RESULTS OF FEEDING VETCH SEEDLINGS WITH AMMONIUM SALTS WITH AND WITHOUT

CALCIUM (PRIANISCHNIKOV)

SEEDLINGS10 DISTILLED H,O NH4Cl NH4C1 + CaCO3

mg. mg. mg.
Protein N.85 109 90
Asparagine N 75.9 73.9 118.2
Ammonia N 0.9 0.9 1.0

in carbohydrates, will absorb NH3 from these salts equally well either
with or without the presence of calcium. But when carbohydrates are
exhausted (darkness) in corn or barley seedlings, they will behave like
legumes. And legumes can be put, by various methods, into a physiological
state similar to that of cereal seedlings (table IX.)

TABLE IX
RELATION OF NITROGEN TO CARBOHYDRATES IN VARIOUS TYPES OF SEEDLINGS

(PRIANISCHNIKOV)

GRAMINEAE STARCH CONTAINING LUPINELEGUMES

1:6... 1: 2.0-2.5 1: 0.6

The importance of Ca ions in this respect is not clearly understood,
for this ion increases even the utilization of N from nitrates (25). Very
likely calcium has something to do with the carbohydrate metabolism. It
of course neutralizes to some extent the acidity of the nutrient medium,
since cations (NHil) are absorbed faster than anions. PRIANISCHNIKOV
thinks that Ca ions increase respiration and hydrolysis of proteins.
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Lupine seedlings with very small carbohydrate reserves are unable to
assimilate N from either NH4Cl or (NH4)2SO4, even in presence of Ca
salts. But when exposed to light or fed glucose, they will utilize N under
the above conditions. Similarly barley seedlings, after prolonged growth
in darkness and loss of all starch reserves, are incapable of assimilating
nitrogen. When in this state they behave like lupine seedlings. Carbo-
hydrates and the essential internal environmental factors, therefore, are
necessary for the synthesis of asparagine from inorganic nitrogen.

e. SYNTHESIS OF ASPARAGINE FROM NH3 AND ORGANIC ACIDs.-Because of
the similarity in chemical structure between some of the organic acids and
acid amides, it has long been suspected that they may be interrelated.
Moreover, evidence has accumulated in support of the view that organic
acids are produced when proteins are broken down (12, 34, 35), although
very likely they may be formed also from sugars (14). Malic and succinic
acids seem to be the two that, in presence of ammonia, participate readily
in the synthesis of asparagine. By feeding corn seedlings ammonium sul-
phate and ammonium salts of organic acids, SMIRNOV (46) was able to
demonstrate that both malic and succinic acids enter into the synthesis of
asparagine (table X), and that, in presence of glucose, eventually proteins
accumulate (table XI).

TABLE X
RESULTS OF FEEDING CORN SEEDLINGS AMMONIA WITH AND WITHOUT ORGANIC ACIDS

(SMIRNOV)

PERCENTAGE OF TOTAL N
FORm OF AMMONIA

PROTEIN N AMMONIA N ASPARAGINE N AM1INO ACID N

(NH4)2 S04 ............ 66.62 4.19 13.34 15.85
Ammonium malate ............... 58.42 3.87 19.30 18.41
Ammonium suceinate ......... 63.57 3.33 16.16 16.94

TABLE XI
PROTEIN SYNTHESIS IN CORN FROM ASPARAGINE IN PRESENCE OF GLUCOSE (SMIRNOV)

PERCENTAGE OF TOTAL N
SOURCE OF AMMONIA

PROTEIN N AmMONIA N ASPARAGINE N

(NH4)2S04 ........... .......... 66.79 4.4 15.10
Ammonium suceinate ............... 67.75 4.2 19.52
Ammonium aspartate ............ 70.25 4.5 17.6

A5
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Many investigators (PRIANISCHNIKov etc.) conceive the path of forma-
tion of asparagine from malic acid through aspartic acid and ammonium
aspartate (table XII).

TABLE XII
ANALOGY BETWEEN ASPARAGINE AND UREA

Probable formation of asparagine in plants:
COOH COOH COOH

CHOH CHNH2 CHNH2
I ~~~~~~~I

CR'2 CR2 CRt2
H2 H2
COOH COOH COONH

COOH

CHNH2
3
CH2

[4 CONH2
malic acid aspartic acid ammonium aspartate asparagine

In animals:
HOCOOH - NH2COOR - NH2COONH4-> NH2CONH2

carbonic acid form-amino acid ammonium urea
carbamate

Based on ROBINSON 'S (33) ideas, VICKERY and PUCHER (52) present
an additional plan, which shows the connection between asparagine and
a-keto and hydroxy acids (table XIII).. They state that "this purely hypo-
thetical scheme involves, however, only reactions of known biological sig-
nificance."

TABLE XIII
ROBINSON'S SCHEME SHOWING CONNECTION BETWEEN ASPARAGINE AND a-KETO AND

HYDROXY ACIDS (VICKERY AND PUCHER)

CH2COOI

CROHCOOH
malic

I,
CHCOOH
11
CHCOOH

CR2COOH fumaric
COCOOER TCH2C C2COO
oxalaeetic CHICO

CR2COOH
succinic

I CH2COOH CH2CONH2

CHNH2COOH I CHNH2COOH

aspartic asparagine
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Another more direct proof that ammonium salts of organic acids,
although participating in the synthesis of proteins, are not so easily assimi-
lated as asparagine, comes from experiments of feeding plants with these
substances. NAKAMURA (16, 17), for instance, found that both phanero-
gams and fungi utilize more readily asparagine than ammonium succinate
from a weak nuatrient solution. By feeding asparagine to leaves of high
carbohydrate content, PRIANISCHNIKOV and SMIRNOV were able to demon-
strate protein synthesis. When carbohydrates were absent, asparagine
remained intact in the leaves. This has been corroborated by NAKAMURA
with barley seedlings. Hence there seems to be considerable proof in
support of the above path of utilization of asparagine in protein formation.

f. ORGANIC ACIDS AS DIRECT RECEPTORS OF AMMONIA.-Recently RUHLAND
and WETZEL (34, 35) have shown that in some higlhly acid plants (Oxalis,
Begonia, Rheum) oxalic acid takes care of ammonia by forming ammonium
oxalate and possibly ammonium salts of other acids. Amides are not
present in any appreciable quantities in these plants, excepting in the
older leaves, which are less acid. In Rheum both amides anid organic am-
monium salts may serve as receptors of NH3 in various organs of the same
plant, depending on their relative acidity. They conclude, therefore, that
amides are formed in less acid plants (or tissues) and organic salts of
ammonia in more acid ones.

There is much information on record showing a connection between
organic acids and protein transformation. Malic, tartaric, citric, and other
acids may come either from amino acids or from intermediary products
of protein disintegration. But a strongly oxidized acid, like oxalic, can
be derived from sugars as well as proteins.

Continuing RUHLAND and WETZEL 'S investigations, KULTZSCHER (13)
found that very acid plants (pH<5.00) are able to store large quantities
of excess nitrogen in the form of ammonium salts of organic acids. Their
function is not merely a case of neutralization of NH3 but also of storage
of N. In deamination of amino acids not only NH3 is released but also
acids are formed, which then more or less automatically take care of each
other by forming ammonium salts.

According to KULTZSCHER, it would seem that an equilibrium exists
between amides and ammonia. In plants relatively high in actual (pH)
and potential acidity, the equilibrium is shifted to the NH3 side and am-
monium salts are formed through the union of NH3 with organic acids.
The fact is emphasized by KULTZSCHER that highly acid plants are char-
acterized by an active deamination process.

Ammonium salts of oxalic and other organic acids will take care of
proportionally larger quantities of NH3 than asparagine does, but urea of
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H2N

still more, and guanidine, C-Nil2, most of all the compounds so far

H N
found in plants. The ratios of carbon to nitrogen in various substances
that may act as receptors of nitrogen are presented in table XIV.

TABLE XIV
RATIO OF CARBON TO NITROGEN IN VARIOUS ORGANIC SUJBSTANCES WHICH MAY ACT AS

NITROGEN RECEPTORS IN PLANTS

C:N

Glutamine.2.5: 1
Asparagine.2 :1
Ammonium malate or tartrate or suceinate or citrate 2 : 1
Arginine.1.51
Ammonium oxalate .................................................... 1 1
Allantoin .....................................................1 1
Urea .....................................................1 :2
Guanidine .....................................................1 3

g. FORMATION OF UREA AND OTHER MEANS OF REMOVING NH3.-Many
fungi are capable of forming and even absorbing from without large quan-
tities of urea, CO(NH2)2, but as a rule do not excrete it. According to
IWANOV (8) some fungi (Lycoperdon, Bovista) may accumulate half of
the total N as urea (up to 11 per cent. of dry weight). Fungi will absorb
urea and thiourea from weak solutions of these substances and store it up
to 15 per cent. of their dry weight (9).

Urea in plants may come also from the breaking down of arginine,
H2N NH2

\H /
C - N- CH2 CH2 CH2 CH COOH which itself may act as an NH3

RN
receptor. Ammonia is split off easily from arginine by the enzvme arginase
(11). Arginine is supposed to have the same function in conifers as aspara-
gine in other plants.

Whatever its source, urea seems to accumulate in some plants in absence
of carbohydrates (10), and since it is used up in certain stages of the
development of the organism, it should be considered as a storage form
of N, and therefore analogous to asparagine and glutamine in its physio-
logical function. Moreover, urea may be changed to asparagine. Accord-
ing to SUSUKI (48) and PRIANISCHNIKOV (25), it is frequently a better
nutrient form of N than ammonium salts for the formation of asparagine.
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From the preceding discussion it is apparent that there are at the
disposal of plants various means of removing and neutralizing NH,3. The
mechanism set into operation in each instance may possibly depend upon
several factors, of which the most important seems to be the carbohydrate
content of the plant as a whole or of specific organs, the hydrogen ion
concentration and the source (meaning the rest of the molecule) from
which NH,3 comes. Doubtless many environmental factors also play a role
in this respect. Still one must be mindful of the fact that under extreme
conditions of carbohydrate depletion, nitrogen may be excreted from the
plant through the roots in the form of ammonia (30, 31).
A generalized scheme of nitrogen metabolism in plants, modified after

ENGEL (6), is presented in table XV.

TABLE XV
SCHEME OF N METABOLISM IN HIGHER PLANTS (MODIFIED AFTER ENGEL)

proteins

aminto ids

asparagine --

%.w gsamuammon salts (organic)

ammonia, J II

organic acids
inorganic N l

carbohydrates

CO and H20g=- -1-l

4. ANALOGY BETWEEN ASPARAGINE IN PLANTS AND UREA
IN PLANTS AND ANIMALS

Both amides, asparagine and urea, do not seem to be the direct products
of protein hydrolysis but arise from secondary synthesis with NH.3 as the
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key ion, which most often comes from oxidation of amino acids. Both
amides may be synthesized in plants when NH3 is introduced into the
organism, with this difference between the two, that for synthesis of aspara-
gine a part of the unoxidized carbohydrate molecule is necessary while for
formation of urea NH3 and CO2 are sufficient (table XII). The physio-
logical function of both processes appears to be the neutralization and
storage of NH3, which seems to be toxic to living organisms.

The analogy between plants and animals in this respect is that neither
of them can synthesize the respective amides from ammonium salts of
strong acids, but more neutral salts of ammonia will lead to such synthesis.

There is a great difference, however, in respect to the further metabolic
role of the two amides. Urea is excreted from animals. They do not need
to be so economical with N, for its intake through feeds is more or less
assured and there is no caloric value in CO2, the carbon part of the mole-
cule. Asparagine, on the other hand, remains in the cells of plants as a
reserve substance of N, which, with renewed supply of carbohydrates, can
be used again for the production of amino acids and other components of
proteins.
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