
794 

132 Toyo-Oka, T.,, Shimizu, T., and Masaki, T., Inhibition of proteo- 
lytic activity of calcium-activated protease by leupeptin and anti- 
pain. Biochem. biophys. Res. Commun. 82 (1978) 484-491, 

133 Trukenmiller, M.E., Angel, I., Paul, S.M,, and Neale, J.H., Anti- 
bodies against blood platelets influence 5-HT uptake and imip- 
ramine binding in synaptosomes. Soc. Neurosci. Abstr. 9 (1983) 
568. 

134 Tukianen, E., Tuomisto, J., Westermarck, T., and Kupianen, H., 
Nature of lowered 5-hydroxytryptamine uptake by blood platetets 
of patients with Down's syndrome. Acta pharmac. Toxic. 47 
(1980) 365-370. 

135 Tuomisto, J., A new modification for studying 5-HT uptake by 
blood platelets: a re-evaluation of tricyclic antidepressants as up- 
take inhibitors. J. Pharm. Pharmac. 26 (1974) 92-100. 

136 Tuomisto, J., and Tukianen, E., Decreased uptake of 5-hydroxy- 
tryptamine in blood platelets from depressed patients. Nature 262 
(]976) 596-598. 

137 Tuomisto, J., Tukianen, E., and Ahlfors, V.G., Decreased uptake 
of 5-hydroxytryptamine in blood platelets from patients with en- 
dogenous depression. Psychopbarmacology 65 (1979) 14i-147. 

138 Vauquelin, G., Bottafi, S., and Strosberg, A.D., Inactivation of 
fl-adrenergic receptors by N-ethylmaleimide: Pe~ssive role of fl- 
adrenergic agents in relation to adenytate cyclase activation. 
Molec. Pbarmac. 17 (1980) 163-171. 

139 Weiland, G.A., Minneman, K.P., and Molinoff, P.B., Funda- 
mental differences between the molecular interactions of agonists 
and antagonists with the fl-adrenergic receptor. Nature 281 (1979) 
114-117. 

140 Weiland, G.A., Minneman, K.P., and Molinoff, P. B., Thermody- 
namics of agonist and antagonist interactions with mammalian 
fl-adrenergic ~eeeptors. Molec. Pharmac. 18 (1980) 341-347. 

141 Weiland, G.A., and Molinoff, P.B., Quantitative analysis of 
drug-receptor interactions: t. Determination of kinetic and equili- 
brium properties. Life Sci. 19098]) 313-330. 

Experientia 40 (1984), Birkh/iuser Verlag, CH-4010 Basel/Switzerland 

142 Weitkamp, L.R., Stancer, H. C, Persad, E., Flood, C., and Gut- 
tormsen, G., Depressive disorders and HLA: A gene on chromo- 
some 6 that can affect behaviour. New Engl. L Med 305 (1981) 
1301 1306. 

143 Wennogle, P ,  Beer, B., and Meyerson, L.R., Human platetet 
imipramine recognition sites: Biochemical and pharmacological 
characterization. Pharmac. Biochem. Behaw 15 (1981) 975-982. 

144 Wennogle, L.P., and Meyerson, L.R., Serotonin modulates the 
dissociation of [3~ imipramine from human platelet recognition 
sites. Eur. J. Pharmac. 86 (1'983) 303007. 

145 Wennogle, L.P., Ashton, R.A., and Meyerson, L.R., Photo- 
affinity labelling of the imipramine binding site in human platelet 
membranes with [3H] 2-nitroimipramine. Soc. Neurosci. Abstr. 9 
(3983) 229. 

146 Wielosz, M., Salmona, M., deGaetano, G., and Garratini, S., Up- 
take of 14C-5-hydroxytryptamine by human and rat platelets and 
its pharmacological inhibition. Naunyn-Schmiedebergs Arch. 
Pharmac. 296 (1'976) 59-65. 

147 Wood, M.D., and Wytlie, M.G., The inibitory action of imip- 
ramine on monoamine transport. Br. J. Pharmac. 74 (1981) 890P. 

148 Wood, P.L., Suranyi-Cadotte, B.E., Nair, N.P.V., LaFaille, F., 
and Schwartz, G., Lack of association of Natelet [3It] imipramine 
binding sites and serotonin uptake in control, depressed and schi- 
zophrenic patients. Psychophannacology (1983) in press. 

149 Yuwiler, A., Ritvo, E., Geller, E., Glousman, R., and Matsuno, 
D,  Uptake and effect of serotonin from platelets of autistic and 
nonautistic children. J. Autism Childhood Schizophrenia 5 (1975) 
83-98. 

0014-4754/84/080782-1351.50 + 0.20/0 
�9 Verlag Basel, 1984 

Nicotianamine, the 'normalizing factor' for the auxotroph tomato mutant 
Chloronerva; :a representative of a new :class of plant effectors 

Z. Proehfizka and  G.  Scholz  

Institute of Organic Chemistry and Biochemistry, Czechoslovak Academy of  Sciences, 16610 Prague (Czechoslova- 
kia) and Central Institute for Genetics and Crop Plant Research, Academy of Sciences of the GDR, 
DDR-4325 Gatersleben (German Democratic Republic) 

Summary. The art icle  surveys our  knowledge  o f  the ' no rma l i z ing  factor ' ,  gained f rom its discovery a quar ter  o f  a 
cen tu ry  ago u p  to the  presen t  t ime, u n d e r  the fo l lowing headings :  Discovery;  Physiological  propert ies;  I so la t ion  
a n d  charac ter iza t ion;  S t ruc ture  d e t e r m i n a t i o n  Oden t i ty  o f  the ' no rmal i z ing  factor '  wi th  n ico t i anamine) ;  Chemical  
proper t ies ;  Analys is ;  Synthesis;  Occurrence and  physiological  role;  Rela ted c o m p o u n d s ;  Prospects.  

Discovery 

Mo~e t h a n  25 years  ago genetic a n d  p lan t -phys io logica l  
exper iments  were co n d u c t ed  a t  the  Cen t r a l  Ins t i tu te  for  
Genet ics  a n d  C r o p  P l an t  Research a t  Ga te rs leben  
( G D R )  i n  the  course  o f  which  t oma to  p lan t s  (Lycoper- 
sieon esculentum Milk,  var. ' B o n n e t  Beste') were graf ted  
on  to  tobacco  (Nicotiana tabacum L.) roots tocks  1. 
A m o n g  the ~ u i t s  ob ta ined ,  1 co n t a i n ed  s e ~ s  which 
gave 67 n o r m a l  a n d  22 mu t a t ed  plants .  The m u t a n t  was 
spon t aneous ,  recessive and  monogen ic ,  character ized b y  
severely re tarded growth  a n d  distorted leaves o f  a b n o r -  
m a l  shape ,  a n d  exh ib i ted  a pa le  yellowish chlorosis o f  
in te rcos ta l  areas  o f  the  leaves, which  was m o s t  d is t inct ly  

expressed in  young  leaves a n d  more  or less s u b d u e d  in  
older ones .  F lower  buds  very rarely developed, did n o t  
tmfold and  even tua l ly  d ied  off. The m u t a n t  was g iven 
the  n a m e  chloronerva 2. 

Physiological properties 

N o r m a l  g r o ~ h  and  deve lopment  could,  however,  be  
completely  restored by  grafts,  in  which it was i r relevant  
whether  the m u t a n t  was used as sc ion  or as roo ts tock  2 
(fig. 1). This  no rm a l i za t i on  o f  the  pheno type  also oc- 
curred in  graf ts  be tween the m u t a n t  and  o ther  species 3. 
Scholz and  B 6hm e  showed  .that graff ing cou ld  be re- 
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placed by sprays or infiltrations with extracts from the 
wild type, as well as from other species 3. When the mu- 
tant was cultivated on a medium containing an excess 
of iron, chlorosis was relieved but the plants were still 
unable to produce flowers; organic iron chelate 
(FeEDTA) was more effective than inorganic iron. This 
indicated the possibility that the effect of iron in these 
experiments was secondary and that iron was unable to 
compensate for the defect caused by the mutation. The 
mutant took up much more iron from the medium than 
the wild type, irrespective of whether iron sulfate or 
iron chelate were used. The mutant leaves contained 
much more iron than the wild type. The accumulation 
of iron in the mutant reached a maximum in the cotyle- 
dons (about 10-fold) and a minimum in the roots, axis 
and young leaves where iron appeared to be immobi- 
lized in the veins 4' 5. 
The above-mentioned property, i.e. the 'phenotypical 
normalization' of chloronerva by various methods of 
administration of extracts from different plant species 
containing an unknown 'normalizing factor', was used 
as a basis for a biological test, where sample solutions 
were 'painted' on to young leaves of mutant seedlings. 
Normalization is recorded as regreening of the chlorotic 
leaflets after a few days. Thus, by stepwise dilution of 
samples and their application on the leaves a semi- 
quantitative test for the 'normalizing factor' was elabo- 
rated. Plant extracts are also effective with respect to 
the growth of isolated roots and to the formation of 
adventitious roots by isolated leaves 6. Photosynthesis of 
the mutant appears to be unimpaired, but the quantita- 
tive relation between soluble carbohydrates and starch 
in the leaves is shifted in favor of the latter. Protein 
synthesis in the leaves is retarded and soluble amino 
acids accumulate. Aspartic acid, glutamic acid and ar- 
ginine are heavily accumulated in leaves, but not in 
roots, where the most prominent change is the sharp 
reduction in alanine. Other characteristics are the low 
amounts of serine, tyrosine and phenylalanine in mu- 
tant leaves, while the concentration of the latter is 
doubled in r o o t s  6'7. 
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Isolation and characterization of the 'normalizing factor' 

When a semiquantitative bioassay for the 'normalizing 
factor' had been developed, Scholz and Rudolph 8 un- 
dertook the isolation of the substance in a pure state 
from dried alfalfa (Medicago sativa L.). Their isolation 
scheme is given in figure 2. The yield was 0.002 % per 
dry weight. Preliminary experiments showed that the 
substance was soluble in water, but not in organic 
solvents. Its ninhydrin-positive reaction and loss of bio- 
logical activity after treatment with nitrite or acid hy- 
drolysis were indicative of an amino acid or peptide. 
The pure substance had the following properties: white 
amorphous powder decomposing above 290~ [a]D 
--46 ~ (C, 0.28 in water), elemental analysis 44.5% C, 
6.87% H, 12.77% N, 350-500 mol.wt (determined by 
gel chromatography). Sulphur and phosphorus could 
not be detected. On acid hydrolysis (6 M HC1, 24 h, 
100 ~ the substance was converted to a mixture of  nin- 
hydrin-positive components. However, none of them 
could be identified by finger-print paper chromatog- 
raphy or with an amino acid analyzer as any common 
(coded) amino acid. In addition, the intensity of the 
color reaction with ninhydrin decreased during hydro- 
lysis in contrast to common peptides or proteins which 
display the opposite behavior (fig. 3). Since the sub- 
stance could not be cleaved with trypsin, chymotrypsin 
and subtilisin it was evident that the 'normalizing fac- 
tor' is not a normal peptide, but that it could be a pep- 
tide-like substance, containing uncommon amino acids 
or amines, which when liberated by hydrolysis would 
undergo further reactions with other components (con- 
densation, oxidation, etc.). Spectral measurements were 
impaired by the non-volatility and insolubility of the 
substance in organic solvents. Nevertheless, the UV 
spectrum clearly indicated the absence of any aromatic 
nucleus or conjugated unsaturated system. The 1R spec- 
trum of the substance in KBr indicated the presence of 
1 or more carboxyl anions, but no keto or aldehyde 
group. The peptide bond could not be detected unam- 
biguously. The substance reacted with diazomethane, 

Figure 1. Restoration of the phenotype 
of the 'chloronerva' mutant of tomato 
after mutual grafting with the wild type 
'Bonner Beste'. (chln = chloronerva, 
BB = Bonner Beste), according to 
Scholz and B6hme 7. 
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Dried alfalfa 1000 g 
,~ water extraction, heating, filtration 

crude extract 250 g 
decolorization, purification, Wofatit EZ 

extract 140 g 
$ ion exchange chromatography, Dowex 50 x 4, buffer pH 3-5 

amino fraction 26 g 
~. gel filtration, Sephadex G-25, 0.25 N acetic acid 

active fraction I 
~. ion exchange chromatography, Dowex 50 x 2, pH gradient 3-4 

active fraction II 90 mg 
,L gel filtration, Sephadex G-10, 0.05 N acetic acid 

'normalizing factor' 20 mg 
Figure 2. Isolation of the 'normalizing factor' from 
dried alfalfa shoots, according to Scholz and Rudolph 8. 

methanoiic hydrogen chloride and acetic anhydride, but 
no pure crystalline derivative could be isolated for fur- 
ther investigation. 
For further work much larger amounts of substance 
were needed. Therefore collaboration was organized be- 
tween the Central Institute for Genetics and Crop Plant 
Research, Gatersleben, the Institute of Plant Biochem- 
istry, Halle, both of the same Academy of Sciences of 
the GDR,  and the Institute of Organic Chemistry and 
Biochemistry, Prague, of the Czechoslovak Academy of 
Sciences. At the latter institute a slightly modified large 
scale isolation scheme was elaborated 9'~~ and in the 
course of the collaboration several tons of fresh alfalfa 
were worked up and eventually about 6 g of the 'nor- 
malizing factor' were isolated. When crystallized from 
hot water the product contained water of crystallization 
which coUld only be removed by thorough drying at 
elevated temperatures. 
During the isolation the purity was also checked by 
thin-layer chromatography on Silufol plates (Kavalier, 
Votice, Czechoslovakia), using an n-propanol-water 
mixture (6:7). On Silufol 254 even the purest samples 
gave 2 spots. Apart  from the main spot at Rr 0.26, 
reacting violet with ninhydrin, a second one, orange-red 
colored, appeared with considerable tailing at Rr about 
0.65. This behavior was very typical and could be used 
as a rather specific means of identification. It may be 
tentatively explained by the binding of silicate ions from 
the fluorescent indicator (consisting of Zn, Mn, etc. sili- 
cates) to the 'normalizing factor' molecule. This view is 
supported by the observation that the orange-red spot 
did not appear on silica gel G layers where free silicate 
ions might be insolubilized by precipitation with cal- 

ext 0'8 0.7 ~ 1 
0.6 2 0.5 
0.4' 
0.5 
0.2, 
0.1' 

Figure 3. Colour intensity with ninhydrin-hydrindantin of 2 oligopep- 
tides and the 'normalizing factor' after different times of hydrolysis, 
according to Scholz and Rudolph 8. Hydrolysis with 6 N HC1, 100~ 1, 
penta-glycine: 2, leucylglycylglycine: 3, 'normalizing factor'. 

cium sulphate". The large scale isolation procedure was 
applied to Cardaria draba L. (0.00005% yield) 9, Beta 
vulgaria L. (sugar best leaves; 0.00025 % yield), Conval- 
laria majalis L. 3~ and Equisetum sylvaticum 3~ In all in- 
stances the isolated substances were identical. 

Structure determination l~ lz 

The availability of sufficient amounts of pure 'normaliz- 
ing factor' permitted resumption of the studies of its 
structure along several lines; chemical degradation, 
preparation of derivatives and spectral studies. Treat- 
ment with 6 N HC1 under the conditions of total hydro- 
lysis, mentioned above, seemed to show that the struc- 
ture of the 'normalizing factor' is of peptidic character; 
however, this assumption proved later to be wrong (see 
below). Oxidation with performic acid gave aspartic 
acid and other, so far unidentified, compounds. 
The high resolution mass spectrum of the tetra- 
(trimethylsilyl) derivative of the 'normalizing factor' 
showed the molecular peak at M + 591 and the composi- 
tion C24H63N306Si4, which led - after subtraction of the 
functional groups - to the composition CI2H21N306 for 
the 'normalizing factor' itself. This result was in com- 
plete agreement with the elemental analysis of a pure 
and well-dried sample (at 180~ of the 'normalizing 
factor', indicating the same composition. This was cor- 
roborated by potentiometric titrations, which indicated 
a molecular weight of 307-310 and also 1 primary 
amino group in the molecule (on titration in the pres- 
ence of formaldehyde) and at least 2 carboxyl groups. 
Both 4-bromo-benzoylation and acetylation of the 'nor- 
malizing factor' and subsequent esterification with di- 
azomethane gave mixtures of compounds the isolation 
and mass spectrographic analysis of which were diffi- 
cult; nonetheless, they corroborated the proposed com- 
position and later the structure for the 'normalizing fac- 
tor'. 
However, the most important and interesting results 
were obtained with N M R  spectroscopy 1~ The x3C- 
N M R  spectrum elucidated the nature of the carbon 
atoms in the 'normalizing factor'. It indicated 6 CH2 
groups, 3 CH groups, and 3 COOH groups. Hence, the 
substance does not contain methyl groups. The 1H 
N M R  spectrum in D20 indicated the presence of 15 hy- 
drogen atoms. Since the substance contains 21 hydro- 
gen atoms in the molecule, it must contain 6 exchange- 
able hydrogens. I f  3 of them are carboxylic hydrogens 
and 2 belong to the primary amino group, then the last 
exchangeable hydrogen must be that of a secondary 
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amino group. A more detailed analysis of the IH N M R  
spectrum showed that the substance also contains 3 
CH2-CH2-CH groupings, mutually isolated by hetero 
atoms, evidently nitrogen atoms. The proton signals of 
1 of these groupings were shifted to a relatively lower 
field, so that it could be considered to be a part of a 
cycle in the substance. Therefore the hypothesis had to 
be envisaged that the compound contains a 4-mem- 
bered, azetidine ring. Thus, on the basis of the composi- 
tion, the presence of an azetidine cycle, the aspartic acid 
fragment, 3 CH2CH2CH fragments, the presence of a 
primary amino group, 3 carboxyls, etc, partial and then 
the total structural formulae for the 'normalizing factor' 

, ~ ~ O  O H 

NH2 

III II a R=H 

b R = CH 3 

 oo ooH 
<" N ~ "N OH 

HO 4 "'H H 
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could be proposed. The structure of N-[N-(3-amino-3- 
carboxypropyl)-3-amino-3-carboxypropyl]-azetidine-2- 
carboxylic acid (I) seemed the most probable. The de- 
termination of the probable structure by Bud6~insk~, et 
al.~0.~2 and a literature search led to the conclusion that 
the amino acid nicotianamine, isolated from natural ma- 
terial for the first time in 1971, was probably identical 
with the 'normalizing factor', since they had identical 
physical and chemical properties. (See Noma et al.~3; 
Kristensen and Larsenl4; Noma and Noguchi~5). A di- 
rect comparison of the 'normalizing factor' with an au- 
thentic sample of nicotianamine showed that the two 
were identical. 
Nicotianamine was isolated by Noma et al. ~3 from the 
tobacco plant (Nicotiana tabacum); hence the name. 
The same authors also proposed a structure for it, 
which, however, was not quite correct, i.e. with a car- 
boxyI group in a wrong position. Their structure was 
based mainly on the N M R  and the mass spectra of 
nicotianamine itself and of its trimethyl ester, respec- 
tively. Oxidative degradation of nicotianamine with 
permanganate gave aspartic acid. In 1974 Kristensen 
and Larsen ~4 isolated nicotianamine from beechnuts 
and assigned it the correct structure, (I), including ste- 
reostructure mainly on the basis of spectral evidence 
(NMR, MS). From the formula of nicotianamine it is 
evident that it is a derivative of 2-azetidine carboxylic 
acid and 2, 4-diaminobutyric acid. They also managed 
to synthesize nicotianamine from L-azetidine-2-carbox- 
ylic acid in 1 step. Probably assuming that nicotia- 
namine was formed in plant tissue from azetidine-2-car- 
boxylic acid (IIa) by trimerization, they condensed it by 
boiling in a 0.1 M NaOH solution (with half an equiva- 
lent of the base) for 24 h and isolated 6% of nicotia- 
namine and 20% of a dimer of structure (III) from the 
reaction mixture, proving thus the structure of nicotia- 
namine by synthesis. Hence, the full chemical name of 
nicotianamine is: (2S:3'S:3"S)-N-[N-(3-amino-3-car- 
boxypropyl)-3-amino-3-carboxypropyl]-azetidine-2-car- 
boxylic acid. 
Recently, the azetidine ring was also detected and 
proved in mugineic acid (IV) and related substances 
(Nomoto et al. ~6, Fushiya et al. ~7,18) which may be con- 
sidered derivatives of nicotianamine. The structure of 
nicotianamine has been further corroborated by total 
synthesi# 9. 
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Chemical properties 

The majority of the chemical properties of nicotia- 
namine have already been mentioned in the preceding 
sections. There is, however, a very important property 
which has not yet been mentioned; i.e. its ability to 
form complexes with metal ions. Scholz 2~ proved the 
complex formation between iron and nicotianamine and 
copper and nicotianamine by ORD spectroscopy. In the 
case of iron it seemed to be limited to its trivalent state. 
The complex formation can be prevented with citric 
acid. The complexes are formed in a 1:1 ratio, but not 
very readily. The copper-nicotianamine complex could 
be chromatographed on silica gel G plates in phenol 
-water 3 : 1 without decomposition. 
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In aqueous solution the UV spectrum of nicotianamine 
displays a hardly-discernible maximum at 260 nm. On 
addition of FeNH4(SO4)2-I2H20 the maximum in- 
creases above the value expected for an additive effect 2~ 
It was shown by ORD measurements that this was due 
to complex formation, A fresh solution of nicotia- 
narnine (3 rag) and FeSO4 (12 ~tmol) in 3 ml of 0.t M 
acetate buffer of pH 4.5 gave no absorption maximum 
in the UV region. The extremes of the ORD curve were 
very weak, probably owing to traces of Fe 3§ After 24 h 
standing the solution gave a UV-spectrum where a clear 
shoulder could be observed. The maximum formed was 
optically active and produced a distinct Cotton effect. 
This shows that iron was bound to an asymmetric cen- 
tre. The Cotton effect can also be detected immediately 
after the mixing of the components if Fe2(SO4) 3 is used. 
Hydroxylamine prevents the complex formation com- 
pletely, showing that the complex is formed with Fe 3+ 
only. Since the addition of an equimolar amount of cit- 
ric acid to the iron solution prevents the formation of a 
complex with nicotianamine, it may be assumed that 
citric acid gives stronger complexes. 
A solution of CuSO4 turns darker blue on addition of 
nicotianamine. The absorption spectrum of the complex 
has a maximum at 290 nm and the ORD curve displays 
a strong Cotton effect. Ripperger l~ demonstrated that 
the molar ratio of the components in the complex is 1 : 1. 
These data were completed recently by the investigation 
of the complexing ability of nicotianamine with bivalent 
cations of Fe, Cu, Co, Ni, Mn, and Mg, as well as "with 
Fe (Ill) carried out by Beneg et al. 24. Their results show 
that bivalent cations form complexes with nicotia- 
namine but a significant complex formation between Fe 
(III) and nicotianamine could not be detected. Thus, 
their results are to a certain extent contradictory to the 
preceding results. Figure 4 shows the Dreiding model of 
an iron complex with nicotianamine ~~ Nicotianamine is 
soluble in water. Its solubility in cold water is poor, in 
boiling water it is in the 1:10 range, It is insoluble in 
organic solvents, However, the addition of small 
amounts of inorganic acids, for example HC1, increases 
its solubility in methanol or ethanol enormously, since 
nicotianamine is converted to a positively charged spe- 
cies, The peculiar behavior of nicotianamine in hot 6 M 
HC1 (fig. 3), which simulated the behavior of a peptide 
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on the one hand, but contradicted it on the other, can 
now be explained by the cleavage of the azetidine ring 
with HC1 (addition) and condensation of the chloro de- 
rivatives formed with the amino groups of nicotia-. 
namine and its degradation products. 

Analysis 
Paper chromatographic and thin-layer chromatographic 
analyses have already been mentioned above. Rudolph 
and Scholz 2~ have elaborated a sensitive method of 
analysis of the 'normalizing factor' (nicotianamine)in 
plants, using amino acid analyzer. The peak of nicotia- 
namine could be resolved from the peaks of serine and 
homoserine, if the pH of the buffer was kept strictly at 
pH 3.16. Noma and Noguchi 15 also determined nicotia- 
namine in plants using an amino acid analyzer. The 
conditions of analysis were strikingly similar to those 
of Rudolph and Scholz2L Preliminary experiments with 
HPLC on silica gel or hydrophobic phases show that 
this method is also feasible. However, so far no other 
method of detection as sensitive as that with ninhydrin 
has been found or devised for amino acid analyzer or 
HPLC assays. The newest, so far unpublished, results 34 
show that carefully selected conditions of amino acid 
analysis permit the separation of nicotianamine even 
from very complicated natural mixtures and its discrim- 
ination from heavily interfering natural amino acids. 

Synthesis 

In addition to the 'trimerization' synthesis of Kristensen 
and Larsen 14, Fushiya et al. 19 have published a synthesis 
based on the condensation of the methyl ester of L-aze- 
tidine-2-carboxylic acid (IIb) with the ethyl ester of L- 
aspartic acid #-semialdehyde derivative (N-acylated 
with a COOCH2C6H 5 group = Z, for example) in the 
presence of NaBH3CN, hydrogenolysis on palladium, 
and the repetition of the sequence with tert-butyl ester 
of L-aspartic acid #-semialdehyde, followed by final 
saponification of the protecting ester groups 37 (scheme). 
Using similar synthons and procedures the Japanese au- 
thor# 9 also synthesized the related mugineic acid (IV) 
and avenic acids A (V) and B (VI). Recently, Ripperger 
et al. published 22 a synthesis of the optical antipode of 

H,, pCOOE t II b+ OHC\,, / ' ~ " \  - -  NaBH3CN. pH 6 

v "NHZ NHZ 
H2/Pd-C 

HCI 

OHC~ ~ O O t B u  
~ N H Z  NaBH3CN pH 6 

1. H2/Pd-C 
2. CH3COOH 
3. OH- 
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the 'normalizing factor', i.e. (+)- or (R, R, R)-nicotia- 
namine, making use of (R)-azetidine-2-carboxylic acid 
and the trimerization procedure of Kristensen and Lar- 
sen 14, and a synthesis of the proline analogue of nicotia- 
namine 35. 

O c c u r r e n c e  a n d  p h y s i o l o g i c a l  ro le  

Nicotianamine has been quantitatively determined or 
biologically assayed in a number  of different 

Occurrence of nicotianamine ('normalizing factor') in plants 

Family Species Organ ~tmol/g Normal- Ref. 
dry wt a izing effect 

Spermatophyta 
Solanaceae 

Fabaceae 

Brassicaceae 

Chenopodiaceae 
Cuscutaceae 
Rutaceae 

Convallariaceae 

Fagaceae 
Poaceae 

Datura metel leaves 1.20 
Lycium chinense leaves 6.90 
L ycopersicon 

esculentum leaves 0.63 
L. esculentum leaves 0.50 
L. esculentum fruits 0.14 
L. esculentum seeds trace 
L. esulentum, mut. 

chloronerva leaves 0.00 
L. eseulentum, rout. chlorotic 
xantha3 leaves 
Nicotiana tabacum 
cv. Bright Yellow leaves 0.50 
N. tabacum 
cv. Xanthi leaves 1.90 
N. glutinosa leaves 0.70 
N. rustica leaves 1.90 
N. arentsii leaves 1.20 
N. alata leaves 0.3 
N. debney leaves 1.3 
Solanum melongena leaves 0.50 
S. tuberosum pealed 

tubers 0.10 
shoots 0.40 
seeds 0,04 
shoots 0,12 
leaves b 0.0t 

Medicago sativa 
M. saliva 
Pisum sativum 
Cardaria draba 
Arabidopsis 
thaliana 
Beta vulgaris 
Cuscuta europaea 
Citrus sinensis 

Rhode a japonica 
Convallaria majalis 
Fagus sylvatica 
Zea mays 
Hordeum vulgare 

Aspidiaceae Dryopteris filix-mas 
Hipolepidaceae Pteridium aquilinum 
Equisetaceae Equisetum 

sylvaticum 

+ 

15 
15 

21 
15 
21 
21 

21 

21 

15 

15 
15 
15 
15 
15 
15 
15 

+ 21 
+ 21 

21 
21 

+ 9 

shoots 0.43 21 
leaves u 0.08 + 10 
shoots c + 21 
fruits 
(juice) 0.00 30 
leaves trace 15 
leaves 0.02 + 30 
seeds 5.00 14 
leaves 0.20 15 
leaves 
(etiolated) + 21 
leaves 0.05 + 21 
leaves 0.00 - 30 

leaves + 30 

Sporophyta 
Polytrichaceae Polytrichum gameto- 

commune phyte 0.00 - 21 
Sphagnaceae Sphagnum sp. gameto- 

phyte 0.00 - 21 
Colestraceae Scenedesmus sp. 0.00 - 21 
Tricholo- 
mataceae Cylocybe georgii 0.00 - 21 
Saccharo- Saccharomyces 
mycetaceae cerevisiae 0.00 - 21 

a In ref. 21 calculated from mg per 100 g dry weight, in ref. 15 calculated 
fi'om gmol per g fresh weight, under assumption that 10 g fresh weight 
of leaves corresponds to 1 g of dry weight; u The quantity calculated 
according to the amount of the material isolated from fresh juice; 
c Sponging upon Euphorbia eyparissias. 

plants 9,10,14,15,21,30 (table 1). These data demons t r a t ed  
that all spermatophyta hitherto investigated gave posi- 
tive, and all sporophyta (mosses, fungi, algae) negative 
results. However, newer results indicate the presence of 
nicotianamine even in lower plants 34. The highest con- 
centrations were observed in young leaves, the lowest in 
seeds. Its presence was independent of the chlorophyll 
content;  chlorophyll-less organs and tissues, chloro- 
phyll-deficient mutants  and etiolated leaves revealed 
normal  amounts  of nicotianamine. Since the mutan t  
c h l o r o n e r v a ,  the only vascular plant  where no trace of 
nicotianamine has been detected, exhibits severe defects 
of growth and development as well as its specific type of 
chlorosis, this substance obviously represents a newly- 
discovered type of effector, essential for the growth and 
development of higher plants. It increases root elonga- 
t ion after application to the leaves or to the roots of 
mutan t  seedlings 32. Furthermore,  since the biological ac- 
tivity of nicotianamine is very high (re-greening of 
leaves at 10 6M concentrat ion;  10 9 moles per seedling) 7, 
its activity approaches that of phytohormones.  
The assumption that nicotianamine plays a role in the 
iron metabolism of higher plants is supported by a 
number  of observations. In addition to those already 
described it should be mentioned that according to the 
Dreiding model in figure 4 nicotianamine fulfils the ste- 
ric requirements for hexadentate chelate formation with 
iron. Azetidine-2-carboxylic acid (IIa) and N-(3-amino- 
3-carboxypropyl)-azetidine-2-carboxylic acid (III), al- 
though components  of the nicotianamine molecule, are 
biologically inactive 7' ~0. Biological activity is not  only 
exerted by the natural  ( - )-nicotianamine, but  also by 
the synthetic antipode, (+)-nicotianamine 22, which has 
the same complexing capacity with iron as the natural  
isomer, but  should behave differently if it is assumed 
that it might possibly be bound to a macromolecule, 
e.g. at cell surface. The proline analogue of Faust  et al. 3~ 
was also found to be active. 
Summarizing these observations, nicotianamine was 
tentatively designated a ,phytosiderophore,10,~2, in 
analogy to the siderophores of microbial origin 23 
(cf. Scholz36). Whereas microbial siderophores are pow- 
erful chelators of Fe 3+, which are produced and excreted 
under the influence of iron deficiency and are reab- 
sorbed as Fe3+-chelate by specific sites of the cell mem- 
brane, this property or similar functions still have to be 

H 

Figure 4. The Dreiding model of the nicotianamine-iron complex I~ 
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demonstrated in the case of nicotianamine and related 
compounds. There are arguments that Fe z+ rather than 
Fe 3+ is complexed by nicotianamine 24. Thus, nicotia- 
namine may be involved in Fe 2+ transport within the 
plant tissues or cell. It cannot be excluded that nicotia- 
namine influences iron metabolism indirectly after con- 
version to mugineic acid or that the interrelations with 
iron are side-effects of some more important pheno- 
mena. Although for some time the nicotianamine prob- 
lem seemed to be without parallel in studies of the phy- 
siology of higher plants, recent observations by Ja- 
panese authors, reported below, gave new support to 
our original ideas. 

Related compounds 

Mugineic acid and related substances: The marked sus- 
ceptibility of rice to iron chlorosis led to the discovery 
(Takagi 25) that root-washings of water-cultured oat and 
rice contained several amphoteric iron-chelating sub- 
stances, and that the release of the chelators into the 
washings increased greatly under iron-stress conditions. 
A group of Japanese authors managed to isolate and to 
determine the structures of these chelators, which were 
shown to be new amino acids; mugineic acid (IV), iso- 
mugineic acid (configuration unknown), 3-hydroxymu- 
gineic acid (VII) and 2'-dehydroxymugineic acid (VIII). 
All of them may be considered to be derivatives of nico- 
tianamine. The statement that 'mugineic acid is the first 
compound participating in the iron uptake and trans- 
port in higher plants' is exaggerated, since it has been 
known for some time that nicotianamine (or more cor- 
rectly: the 'normalizing factor') participates in the iron 
uptake and transport. Therefore a tentative hypothesis 
can be expressed, i.e. that nicotianamine is the parent 
substance of a group of chelators containing an aze- 
tidine ring in the molecule. These chelators are prob- 
ably of great importance for the plants, since some of 
them, when added to nutrient solutions of water-cul- 
tured rice at pH 7, increase the content of chlorophyll 33. 
Mino et al? 3 have shown that in contrast to mugineic 
acid and 2'-dehydroxymugineic acid nicotianamine 
practically did not increase the chlorophyll content or 
the 59 iron uptake in the water-cultured rice plant. 
Among other chelators tested by them HEDTA was 
also rather active, while EDTA, desferrioxamine and 
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citric acid were only weakly active. They also proved by 
X-ray diffraction studies that the mugineic acid-iron 
complex and also the mugineic acid-cobalt complex 
have approximately the same structure as the tentative 
Dreiding model of the nicotianamine-iron complex 
shown on figure 4, with the difference that the primary 
amino group nitrogen-ligand in nicotianamine is substi- 
tuted in mugineic acid by the hydroxyl group oxygen-li- 
gand which evidently imparts to the complex a much 
greater stability and thus, probably, its activity in tests 
with Gramineae. Recently, a group of Japanese authors 
isolated 2 other substances of similar type from oats, 
i.e. avenic acid A (V) and avenic acid B '7,18 (VI). Hence, 
on purely structural evidence one may speculate that all 
these substances belong to a new class of important, 
physiologically active chelators in plants, derived from 
2-azetidinecarboxylic acid. This amino acid (IIa) was 
discovered simultaneously by Fowden 26 and Virtanen 27 
in Convallaria majalis and Polygonatum officinale and 
some other plants. It may be assumed that it is bioge- 
netically linked with nicotianamine and other chelators 
just mentioned, though in which ways is not yet known. 
It belongs among the amino acids and represents the 
lower homologue of proline. 

Prospects 

The fact that nicotiauamine seems to be linked with the 
iron transport and thus with the metabolism of chloro- 
phyll is sufficiently important to warrant a thorough 
study of the role of this and related substances in the 
physiology of plants. The importance of such a study is 
stressed by the fact that the tomato mutant chloronerva 
without an exogenous supply of nicotianamine is inca- 
pable of reproduction. Therefore the problems, such as 
the determiantion of the normalizing effect of mugineic 
acid and its derivatives, biogenesis of nicotianamine and 
related substance, a more thorough study of the chloro- 
sis elicited by nicotinamine deficiency, appearance of 
nicotianamine in phylogeny, etc. are of the utmost im- 
portance. 
The synthesis of nicotianamine and its derivatives and 
analogues, the study of the complexes of these com- 
pounds with metals ~4,2s,29,33,35, as well as the comparisons 
of their biological activities in various tests will open 
the way for further study of its function in plants. 
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The regulatory peptide system of the large bowel in equine grass sickness I 

A.E. Bishop, N.P. Hodson, J.H. Major, L. Probert, J. Yeats, G.B. Edwards, J.A. Wright, S.R. Bloom and 
J.M. Polak 

Depts of Histochemistry and Medicine, Hammersmith Hospital, London W12 OHS (England), and Depts oJ" Anat- 
omy, Pathology and Surgery, Royal Veterinary College, London (England), 8 September 1983 

Summary. In recent years, distinct changes in regulatory peptides have been found in a number of gastrointestinal 
diseases. Grass sickness is a fatal disease of horses for which the etiology has yet to be fully ascertained. 
In this study, the peptide-containing nerves and ganglionic and mucosal endocrine cells of the ileum, colon and 
rectum were investigated in horses with sub-acute or chronic grass sickness and compared with normal controls 
using immunocytochemistry, at both the light and electron microscopical levels, and radioimmunoassay. 
A substantial loss of both peptide-containing cells and nerves was found in all of the sick horses, particularly in the 
ileum. Electron microscopy revealed marked degeneration of nerves in the gut wall. Fibers containing granules 
immunostained for substance P or VIP, using the immunogold staining technique, underwent extensive degranula- 
tion in grass sickness, with the formation of multiple vacuoles. 
Radioimmunoassay of peptide content also showed that the most drastic changes occurred in the ileum. For 
example, VIP content was significantly reduced from 109 + 19.8 (mean :t= SEM) pmoles/g in controls to 6.8 + 1.4 
pmoles/g in grass sickness (p < 0.001) and substance P from 65.9 :t: 8.1 to 31.3 i 9.5 (p < 0.02). These results may 
have applications in the diagnosis and treatment of grass sickness. 

Introduction 

Grass sickness is a fatal disease of young horses which 
has drastic effects in terms of both the suffering of the 
animals and the associated financial loss. The etiology 
and pathogenesis of the disease remain largely un- 
known, despite extensive research. 
The characteristic features of grass sickness have been 
described as expressions of 'sympathicotonia '2 and take 
the form of sweating, muscular tremors and extensive 
bowel dysfunction. The main gastrointestinal symptoms 
at the acute and early sub-acute stages are bowel stasis 
with no bowel sounds and massive inpouring of fluid 
into the stomach and small intestine, whilst the colon 
becomes compacted with dry feces coated in dark 
mucus. In late sub-acute and chronic cases bowel 

sounds may return. There is no fluid in the stomach and 
the contents of the small intestine become semi-liquid. 
There is no known method of prophylaxis or treatment 
and, at the moment, the prognosis is hopeless in the 
acute cases and only a very small number of sub-acute 
and chronic cases recover 3. 
The regulatory peptides form a large and heterogeneous 
group of biologically active substances present through- 
out the bodies of all animals so far examined. Their 
discovery has revolutionized all previous concepts of 
gut physiology 4. These peptides are found, in the gut, in 
mucosal endocrine cells, from which they are released 
to act as circulating or local hormones, or in nerve fi- 
bers, where they may function as neurotransmitters or 
neuromodulators. The peptide containing nerves form a 
major component of the autonomic nervous system and 


