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Abstract—Approximately 30-45% of plant organic matter is derived from L-phenylalanine, and to a lesser extent
from L-tyrosine, through the cinnamate pathway. In the initial step, mediated by phenylalanine ammonia lyase,
cinnamic acid and an equimolar amount of ammonium ion is generated. To determine the metabolic fate of the
ammonia formed, [1*N]-L-phenylalanine was administered to potato discs in the light under aseptic conditions. It
was found, using !N NMR spectroscopic analyses, that this nitrogen is first incorporated into the amide nitrogen of
glutamine and then into glutamate. When incubations were repeated in the presence of methionine-S-sulphoximine,
a known inhibitor of glutamine synthetase, only resonances corresponding to '>NH4 and [!*N7J-L-Phe accumulated.
It is proposed that during active phenylpropanoid metabolism, the ammonia released by phenylalanine ammonia
lyase/tyrosine ammonia lyase is efficiently recycled back to Phe/Tyr with glutamate serving as aminoreceptor and
donor. This is the first evidence for a novel nitrogen cycle in plants.

INTRODUCTION and the de novo synthesis of phenylalanine ammonia

Phenylpropanoid and phenylpropanoid-acetate path- lyase in light [10] and ability to form suberin [11].

ways are major metabolic sinks for assimilated carbon in
plants, e.g. affording the ubiquitous lignins, lignans,
flavonoids, suberins and coumarins [1, 2]. Phenyl-
propanoid-derived constituents are primarily formed In the pre-aromatic pathway leading to Phe and Tyr,
from phenylalanine, although small amounts of tyrosine  prephenate (Pph) is transaminated via glutamate to yield
may also be used in some species. Elaboration of this arogenate [12]. The latter is subsequently dehydrated
cinnamate or phenylpropanoid pathway distinguishes and decarboxylated in the chloroplast to afford Phe or
vascular plants from all other types of living organisms. If  decarboxylated and/or oxidized to yield Tyr [12-14].
efficient ammonium ion recycling did not occur during  Phe and Tyr usually accumulate in low concentrations in
active phenylpropanoid metabolism, then effects of nitro-  plant cells as they are readily metabolized via three types
gen deficiencies would quickly be evident [3]. There is  of reactions: (a) incorporation into proteins (b) conver-
some evidence to suggest that the carbon:nitrogen bal-  sion into cinnamate/p-coumarate with concomitant re-
ance of plants can be regulated or controlled by modula-  lease of ammonium ion; and (c) in some instances, used as
ting activity of the pathway. For example, increasing the  precursors of aromatic alkaloids.

C:N ratio by addition of an exogenously provided car- Ammonia is assimilated by plants via glutamine syn-
bon source, such as sucrose, or by lowering nitrogen thetase (GS) and glutamine-2-oxoglutarate amidotran-
availability, results in a general increase in phenyl- sferase (GOGAT). In the GS reaction, ammonium ion is
propanoid metabolic activity [3-8]. In conjunction with  transferred to form the amide group of L-glutamine (L-
our ongoing intensive efforts in defining the pathways to, GlIn). GOGAT subsequently catalyses transfer of this
and the regulation of lignan, lignin and suberin biosyn- amide nitrogen to a-ketoglutarate, thereby generating
theses, it was important to ascertain the metabolic fate of  two molecules of L-glutamate (L-Glu). Both conversions
the ammonium ion liberated in the first step of the process.  occur within the chloroplast, although GS activity has
Potato discs (Solanum tuberosum) were selected for study  also been detected in the cytosol. The plastidic and
because of the active synthesis of chlorogenic acid [9] cytosolic isozymes appear to have distinct metabolic
functions [15]. Nevertheless, the L-Glu serves as amino
acid donor for arogenate formation, a process which is
}Authors to whom correspondence should be addressed. considered to occur in the chloroplast [16].

RESULTS AND DISCUSSION
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Fig. 1. "N NMR spectra of extracts prepared from potato discs fed for 24 hr with (A) [**N]-L-Phe and (B)
[**N]-L-Phe in presence of MSO.

In this investigation, incubation of potato discs with 25
mM ['3N]-L-Phe for a 24-hr period revealed that active
assimilation of the ammonium ion released during
deamination had occurred. This was evidenced by a new
resonance at 6 90.8 ppm, corresponding to the amide
functionality of L-Gln, thus demonstrating participation
of GS (Fig. 1A). This pathway was further verified by
incubating discs with 25 mM [*3N]-Phe, but now in the
presence of 5 mM methionine-S-sulphoximine (MSO),
a known GS inhibitor [17]). As can be seen in Fig. 1B,
only resonances due to L-Phe (6 18.4 ppm) and am-
monium ion (6 0.14 ppm) were observed. Interestingly,
administration of [**N7]-L-Tyr did not yield similar find-
ings, ie. no conversion into L-Gln was observed under
the conditions employed.

When potato discs were next incubated with 25 mM
[*SN]-L-Phe for extended intervals of time (48 hr), meta-
bolism into both L-Gin (490.8 ppm) and L-Glu

(618.5 ppm) was noted. Thus, the GS/GOGAT system
effectively provides a mechanism whereby released am-
monium ion is rapidly assimilated instead of rising to
toxic levels within the cells. As expected, no evidence for
accumulation of arogenic acid was observed. This is in
agreement with previous observations that arogenate
levels in plants are normally too low to be detected even
at the picogram level [18].

Comparable results were obtained when potato discs
were incubated with 20 mM [!*N]-NH,Cl. Following
a 24 hr period incubation, active assimilation of ammo-
nia via GS was also observed as shown by the new
resonance at § 90.8 ppm [L-GIn, amide] (Fig. 2A). As
before, addition of S mM MSO inhibited this conversion
(Fig. 2B). Taken together, these experiments indicate that
only ammonium ion assimilation via GS is operative,
and not glutamate dehydrogenase (GDH) activity since it
is not inhibited by MSO. (There is some controversy over
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Fig. 2. **N NMR spectra of extracts prepared from potato discs fed for 24 hr with (A) :>NH,Cl and (B) *SNH,CI
in presence of MSO.

the role of GDH which for the most part is believed to be
catabolic [19], although an anabolic function has been
demonstrated in the green alga, Chlorella fusca [20].
Nevertheless, the absence of any [!*N]-L-Gln resonance
in the MSO experiments suggests that GDH is not an
important factor and that the primary assimilation route
for PAL-generated ammonium ion is via GS.)

In summary, our findings with potato discs demon-
strate the metabolic fate of ammonium ions released
during active phenylpropanoid biosynthesis. It helps to
explain why lignifying cells or tissues, which are undergo-
ing massive phenolic synthesis, do not manifest meta-
bolic stress due to nitrogen deficiency, i.e. because the
active GS/GOGAT system rapidly assimilates the am-
monium ion generated, thereby providing L-Glu as nitro-
gen donor for aromatic amino acid biosynthesis, leading
to arogenate, phenylalanine and tyrosine. A proposed
mechanism for recycling the liberated ammonium ion
back to L-Phe for further phenylpropanoid metabolism is
shown in Fig. 3.

Interestingly, these results indicate that the active am-
monium ion assimilation process (i.e. GS/GOGAT) s the
same as that observed for non-lignifying tissues from
maize (Zea mays) seedling roots [21] and white spruce
(Picea glauca) buds [22].

EXPERIMENTAL

Plant material. Tubers of S. tuberosum (var. Russet)
were obtained from a local produce store.

Reagents. CHCl;, HCI (Fisher Scientific, Chicago, IL,
USA), EtOH (Commercial Alcohols, Mississauga, Cana-
da) were reagent grade. [!3N]-L-Phenylalanine (98%
15N), 'SNH,Cl (98% !°N), [!°N]-L-glutamic acid
(95-99% '>N), and [!*N]-L-glutamine (amide '°N) (99%
15N) were purchased from Cambridge Isotope Laborat-
ories (Andover, MA, USA). MSO was purchased from
Sigma.

Incubation of potato discs with ‘>N-labelled precur-
sors. Potato tubers were scrubbed, thoroughly washed
with tap water, peeled and soaked in 30% bleach solu-
tion (with 0.1% Tween-20) for 20 min under sterile condi-
tions and then rinsed with sterile distilled water (8 x).
Potato discs (1.2 cm diameter and ca 1 mm thick) were
cut from cylinders obtained with a sterile cork borer (no.
6). The discs were rinsed in sterile distilled water
(3 x 50 ml), and blotted on sterile filter paper; 5 g (21
discs) of potato were incubated with !SN-labelled
precursors (dissolved in 5 ml 10 mM HEPES buffer,
pH 7.2) in prepn dishes (150 x 60 mm). 'SN-labelled
precursors were used either separately or in combination
with MSO (5mM) in the following concns: 25 mM
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[**N]-L-phenylalanine, 25 mM ['’N]J-L-glutamine,
25mM ['3N]-L-glutamic acid and 20 mM !’NH,CL
The prepn dishes were sealed with parafilm and transfer-
red to a shaker in a growth chamber. Incubation was at
25°, under fluorescent and incandescent light with shak-
ing at 100 oscillations min~! for 24 or 48 hr.

Extraction of amino acids of the soluble pool from the
potato discs. Following each incubation, the precursor
soln was aseptically removed and an aliquot plated onto
Meuller-Hinton agar medium to test for microbial con-
tamination. The discs were washed with cold distilled
H,O (4x50 ml), wrapped in aluminium foil, frozen
(liquid N;), and stored at — 70° until needed.

The frozen potato discs were ground in a chilled mor-
tar in 5 ml 95% EtOH and the resulting slurry transfer-
red, with 2 rinses (2.5 ml 95% EtOH each) to a stainless
steel Sorvall Omnimixer canister. The mixture was
blended (100 sec) and the resulting suspension centri-
fuged for 10 min (9000 rpm, 4°) in a Sorval Superspeed
RC2-B Centrifuge. The supernatant so obtained was
decanted, the pellet collected and resuspended in 2 ml
95% EtOH and centrifuged for 10 min as before (2 x).
The supernatants were combined and dried under re-
duced pressure.

Prepn of amino acid extract for >N NMR. Distilled
deionized water (2.5 ml) was added to each dried EtOH
extract. The resulting suspension was transferred to
a separatory funnel (25 ml). The flask was rinsed with 2.5
ml distilled water, and washings (2.5 ml) were combined
and extracted with CHCl; (5 ml). The resulting aq. fr.
was removed, centrifuged for 10 min (9000 rpm, 4°) and
the supernatant containing the amino acids, frozen
(liquid N}, lyophilized and dissolved in 0.1 M HCI (1 ml).
D,O (50 ul) was added as int. standard and the soln
filtered into a NMR (5 mm) tube and subjected to NMR
analysis.

ISN NMR spectroscopy. >N NMR spectroscopic
measurements were performed on a Bruker AMX 500
spectrometer operating at 50.68 MHz at 298 K, with
broad band coupling, employing a Waltz-16 composite
pulse sequence. Chemical shifts are relative to the !>NH;
resonance at 0 ppm obtained using 'SNH,Cl (250 mM)
as ext. standard. Assignment of resonances in each
sample was made by comparison with authentic '’N-
labelled amino acids. Spectra were also re-run using
[*SN]-L-Phe and ['’N]-L-Glu as int. standards.

Acknowledgements—We thank the U.S. Department of
Energy (DE-FG-0691ER20022) and the Natural Science
and Engineering Research Council of Canada for finan-
cial support of this research. We also thank Liane Darge
of the Department of Chemistry at the University of
British Columbia for >N NMR spectral acquisitions.

10.

1.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21

22.

REFERENCES

Davin, L. B. and Lewis, N. G. (1992) in Recent
Advances in Phytochemistry (Stafford, H. A. and
Ibrahim, R. K., eds), Vol. 26, pp. 325-375. Plenum
Press, New York.

. Davin, L. B. and Lewis, N. G. (1994) in ACS Sympo-

sium Series 562, 202.

Lewis, N. G. and Yamamoto, E. (1989) in Chemistry
and Significance of Condensed Tannins (Hemingway,
R. W. and Karchesy, J. J., eds), pp. 23-47. Plenum
Press, New York.

Camm, E. L. and Towers, G. H. N. (1973)
Phytochemistry 12, 1961.

. Amrhein, N. and Zenk, M. H. (1971) Z. Pflanzen-

physiol. 64, 145.

. Pirie, A. and Mullins, M. G. (1976) Plant Physiol. 58,

468.

. Graham, R. D. (1983) in Advances in Botanical Re-

search (Woolhouse, H. W. ed.), Vol. 10, pp. 221-276.

. Pankhurst, C. E. and Jones, W. T. (1979) J. Exp.

Botany 30, 1109.

. Levy, C. C. and Zucker, M. (1960) J. Biol. Chem. 235,

2418.

Sacher, J. A., Towers, G. H. N. and Davies, D. D.
(1972) Phytochemistry 11, 2883.

Bernards, M. A., Lopez, M., Zajicek, J. and Lewis, N.
G. (1995) J. Biol. Chem. 270, 7382.

Jung, E., Zamir, L. O. and Jensen, R. A. (1986) Proc.
Natl Acad. Sci. U.S.A. 83, 7231.

Bonner, C. A. and Jensen, R. A. (1991) Plant Sci. 74,
229.

Jensen, R. A. (1985) Recent Adv. Phytochem. 20, 57.
Edwards, J. W., Walker, E. L. and Coruzzi, G. M.
(1990) Proc. Natl Acad. Sci. U.S.A. 87, 3459.

Siehl, D. L., Singh, B. K. and Conn, E. E. (1986) Plant
Physiol. 81, 711.

Lea, R. J. and Ridley, A. M. (1989) in Herbicides
and Plant Metabolism (Dodge, A. D. ed),
pp. 137-170. Cambridge University Press, Cam-
bridge, U.K.

Razal, R., Lewis, N. G. and Towers, G. H. N. (1994)
Anal. Phytochem. §, 98.

Robinson, S. A, Slade, A. P., Fox, G. G,, Phillips, R.,
Ratcliffe, R. G. and Stewart, G. R. (1991) Plant
Physiol. 95, 509.

Callies, R., Altenburger, R., Abarzua, S., Mayer, A.,
Grimme, L. H. and Leibfritz, D. (1992) Plant Physiol.
100, 1584.

Amancio, S. and Santos, H. (1992) J. Exp. Botany 43,
633.

Thorpe, T. A., Bagh, K., Cutler, A. J., Dunstan, D. L.,
Mclntyre, D. D. and Vogel, H. J. (1989) Plant
Physiol. 91, 193.



