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Abstract-Amino acids have been investigated in seeds and fresh parts of members of the Fagaceae. Seeds from the 
genus Fugus contain willardiine, S-hydroxy-6-methylpipecoiic acids, N-[N-(3-amino-3-carboxypropyl)-3-amino-% 
carboxypropyllazetidine-2-carboxylic acid and y-glutamyl peptides, mainly y-glutamylphenylalanine. These com- 
pounds are nearly or totally absent from leaves of F. siluutica and from seedlings and immature seeds of F. siluatica var. 
putpurea; instead, the seedlings contain large amounts of y-L-glutamyl-L-isoleu~ne and y-L-glutamyi-L-leucine. 
y-L-Glutamyl-L-t~ptophan and y-L-~utarnyl~-L-glut~yl-L-p~e~ylalanine, not previously known from nature, 
have been isolated from seeds of F. silvatica var. purpurea. The structures have been confirmed by syntheses. 4- 
Hydroxypipecolic acid (with truns-configuration) has been identified in seeds of F. japonica Maxim. and F. sieboldii 
Endl. None of the above compounds was found in Quercus or Castunea species whereas argininosuccinic acid was 
identified in Casianea sutiva. 

INTRODUCTION 

Seeds of Fngus silvatica L. (beechnuts) have previously 
been shown to contain a large number of non-protein 
amino acids and y-glutamyl peptides [l-4]. In contin- 
uation of these studies, we now report on the free amino 
acids in fresh parts of F. siirntica and F. siluatic~ var. 
purpurea and in various other species of Fagaceae. 

METHODS AND RESULTS 

In Tabie 1 are Iisted the different species and parts of 
plants investigated. Fagaceae according to traditional 
classifications contains live genera, Nothofagus, Fagus, 
Custnnea, Pasnnio and Quercus [?I], but so far material 
from only three of these has been available. In the table 
are also recorded the occurrence of amino acids and 
y-glutamyl peptides in the various samples. Only 
non-protein amino acids (and asparagine) are recorded, 
but as usual, most of the protein amino acids were also 
present. For comparison, the results obtained previously 
with seeds of F. siluatica [l--4] are included. Not included 
are compounds previously found in these seeds but not 
identified in any of the new samples investigated, i.e. 
y-glut~yl dervatives of alanine, glutamic acid, methio- 
nine sulfoxide, phenylalanylwillar~ine, and valine, gluta- 
thione, ornithine, N5-acetylornithine, /I-alanine, N-(3- 
amino-3-carboxypropyl)-azetidine-2-carboxylic acid, 
3-(2-furoyl) alanine and hydroxyproline. 

The methods used for identi~cation and isolation are 
the same (see Experimental) as those used previously, [3]. 
For compounds new to the Fagaceae, more detailed 
information is now given. 

*Present address: Department of Agricultural Chemistry, 
Hokkaido University, Sapporo, Japan. 

y-L-GIutamyl-L-tryptophanwasobtainedbychromato- 
graphy of the total amino acid from F. si~u~tic~ var. 
purpurea on a strongly basic ion-exchange resin in the 
acetate form. Hydrolysis of the pure crystalline, material 
with 6N HCl for 20 hr at 110” provided only glutamic 
acid, but hydrolysis with 1 N HCI for 1 hr at 100” gave 
both glutamic acid and tryptophan. y-Glutamyl deriva- 
tives have low pKZ-values in comparison to cc-glutamyl 
derivatives [6] just as pK, for glutamine is 2.17, whereas 
PK., for isoglutamine is 3.81. [7] Therefore, y-glutamyl 
derivatives have greater mobility than the corresponding 
a-glutamyl derivatives in paper electrophoresis at pH 4. 
[8, 91 Correspondingly y-glutamyl derivatives in high 
voltage paper electrophoresis (HVE) at pH 3.6 move fast 
towards the anode, whereas the a-glutamyl derivatives 
behave like neutral amino acids at this pH. The pK,- 
values also determine the chromatographic behaviour of 
the compounds on strongly basic ion-exchange resins, 
permitting establishment of y-glutamyl linkage [6]. 
Finally, PMR and IR spectra are indicative for 
y-glutamyl derivatives [lO-121. The structure of the 
natural compound was supported by evidence obtained 
by all these methods, the PMR spectrum in D,O 
exhibiting signals at 2.3 ppm (m, 4H), 3.35 (pair of dd, 2H), 
3.8 (t, IH), 4.8 (overlap with DOH) and 7.0-7.x (m, SH). 
The structure was confirmed by synthesis using standard 
methods [13,14], the synthetic compound being identical 
with the natural product in all respects, including optical 
rotation. 

~-L-Glut~yl-y-L-~ut~yl-L-phenylalanine was like- 
wise obtained by chromatography of the total amino 
acid fraction for F. silvatica var. purpurea on a strongly 
basic ion-exchange resin. Strong acid hydrolysis gave 
glutamic acid and phenylalanine; mild hydrolysis (1 N 
HCl, lOO”, 20 min) resulted in a mixture of unreacted 
starting material, y-glutamylglutamic acid, [3], y-glu- 
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Table I. Free amino acids and y-glutamyl peptides in Fagaceae 
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*From Refs. 1-4. 

1: Identification by isolation: C: Configuration determined; P: Identification by ion-exchange fractionation and paper chromato- 
graphy; E: lden~ca~on by ion-exchange chromato~aphy. 
Relative concentrations of compounds indicated by XXX, XX, X and (X) 

tamylphenylalanine,[3]glutamicacid,andphenyla~nine. 
The PMR spectrum of the original compound in D,O 
+ NaOD showed signals at 2.16ppm (nt, SH), 3.26 
(t, 1 H, pair of dd, 2H), 4.15 (dd, 1 H), 4.55 (overlap with 
DOH) and 7.38 (brs, 5H) in agreement with the proposed 
structure [3, 10, 111. Again, the structure was confirmed 
by synthesis, the synthetic compound being identical 
with the natural product in all respects including optical 
rotation. 

~-L-~~utamyl-L-isoieucine and ~-L-glutamyl-~-leu~ne 
were obtained as a 1:2 mixture by chromatography of the 
total amino acid fraction of F. siloutica var. purpurea 
seedlings on a strongly basic ion-exchange resin. The 
y-glutamyllinkage ofboth compounds was demonstrated 
by the ion-exchange behaviour, HVE and by PMR 
spectroscopy in D,O, displaying the a-proton in the 
glutamic acid moiety at 3.8 ppm. Acid hydrolysis gave a 
mixture which by amino acid analysis was shown to 
contain glutamic acid, isoleucine and leucine in the ratio 
3:1:2. The hydrolysis mixture was fractionated on an 
ion-exchange resin to give glutamic acid and a mixture of 
isoleucine and leucine. L-Configurations of all three 
compounds were demonstrated by CD, showing a 
positive Cotton effect in H,O at 2OOnm [15]. The 
intensity of the peak from the isoleu~n~leucine mixture 
was the same as that found for an authentic mixture of 
the two amino acids and also as that found for either 
isoleucine or leucine alone. 

Argininosuccinic acid was obtained from seeds of 
Castanea sativa by ion-exchange fractionation, pre- 
parative paper chromatography and Enal ion-exchange 
purification (see Experimental). The PMR spectrum in 
D,O exhibited signals at I .89 ppm (m, 4H), 2.90 (m, 2H), 
3.45 (r, 2H), 3.85 (t, IH) and 4.58 (overlap with DOH). 
The 13C NMR spectrum in D,O exhibited signals at 
24.6,28.3,37.8,42.3,55.0,57.9,175.0,176.4and179.8ppm. 
No signal was observed for the guanidine-carbon atom, 
probably because of thelongrelaxation time for this atom. 
The identity of the compound was established by 
comparison on an amino acid analyser with authentic 
material. 

4-Hydroxypipecolic acid was identified in the fraction 
of neutral and basic amino acids from F. sieboldii. The 
amino acid was partly purified by paper and ion-exchange 
chromato~aphy. This step removed most of the aspara- 
gine, glutamine and serine present, facilitating the 
subsequent identification on the ammo acid analyser 
at pH 3.25, where Chydroxypipecolic acid is eluted very 
close to these compounds. 4-Hydroxypipecolic acid was 
identified on the amino acid analyser by the high ratio 
between the 440 and 570nm absorption and by co- 
chromato~aphy with authentic (2S, 4~)-4-hydroxypi~- 
coiic acid (the truns-com~und). (2S, 5R)-SHydroxypipe- 
colic acid was also used as reference material, giving a 
distinct peak of its own. The separation of the diastereo- 
isomers of 4- and Shydroxypipecolic acid has previously 
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been accomplished by this procedure [16]. The identifi- 
cation was further substantiated by paper chromato- 
graphy, where the natural compound and the authentic 
material had identical R/-values and the same blue 
ninhydrin reaction. The absolute configuration of the 
natural compound has not been determined. 

The same procedure was used for identification of the 
amino acid in F. japonica, whereas the identification in 
F. silvatica var. pendula Loud is based only on paper 
chromatography. 

y-L-Glutamyl-y-L-glutamyl+phenylalanine is a new 
example of a y-glutamyl based tripeptide, being structu- 
rally related to the y-glutamyl-y-glutamylmethionine 
reported from Phaseolus aureus [20]. In both cases, these 
tripeptides occur together with large amounts of the 
corresponding dipeptides. The identification of arginino- 
succinic acid in Castanea sativa is not surprising. This 
amino acid is an intermediate in the biosynthesis of 
arginine and it has previously been identified in Hciafaba 

PI. 

DISCUSSION EXPERIMENTAL 

In previous communications, it was demonstrated 

that seeds of F. silvatica contain a large variety of 
non-protein amino acids and y-glutamyl peptides [ 141. 
Even with the restricted number of species investigated 
here, it seems likely that this pattern is characteristic of 
the genus Fagus but not of the whole family. In all the 
Fagus seeds investigated y-glutamylphenylalanine is the 
main compound. Previously a large number of other 
y-glutamyl derivatives were identified in F. silvatica L., 

but some of these were present in small concentrations 
and only found because of the large amount of seeds 
used and the very detailed analysis. [3] It is likely that 
most or all of these compounds are present in the other 
Fagus species in low concentrations. On the other hand, 
there is some variability, reflected in the identification of 
two new y-glutamyl derivatives in F. siloutica var. 
purpurea. The two compounds are either absent or 
present only in minute concentrations in the original 
F. silvatica sample investigated. 

General methods. Methods for determination of IR, CD, PMR, 
13C! NMR and for preparative PC have previously been des- 
cribed [3]. PC ias. performed in n-BuOH-HOAc-H,O 
(12:3:5) (solvent 1) and PhOH-H,O-conc NH, (120:30:1) 
(w/v/v) (solvent 2) by descending technique on Whatman No. 1 
paper. HVE was performed using a flat-plate unit (Shandon 1.24) 
on Whatman No. 3 MM naner at PH 3.6 (PY-HOAc-H-0) 
(1:20:200) (buffer 1) and pH i.5 (Py~HOAc&,O) (25: l:%O) 
(buffer 2). Amino acid analysis was performed on a Beckman 
Model 120 C instrument. 

Other substances besides y-glutamyl derivatives are 
characteristic of the genus Fagus. Willardiine, previously 
found only in Leguminosae, is present in a high con- 
centration in the species; also N-[N-(3-amino-3-car- 
boxypropyl j 3-amino-3-carboxypropyl] azetidine-2-car- 
boxylic acid occurs in detectable quantities in Fagus 
species. The two isomers of 5-hydroxy-6-methylpipecolic 
acid are also present in all Fagus species, except F. 
japonica. The paper chromatographic identification used 
here does not permit their differentiation, but in F. 
silvatica L. the (2S, SS, 6S)- and (2S, 5R, 6Qcompound 
were present in a ratio ofabout 2 : 1[4].4-Hydroxypipeco- 
lit acid has previously been encountered in various plant 
families including Leguminosae [ 171. The configuration 
of the amino acid from Acacia species is (2S, 4s) [18] 
whereas additional stereoisomers may be present in 
Stropkantkus scandens [19]. At first sight, there might be a 
biogenetic relationship between the above 5-hydroxy-6- 
methylpipecolic acids and 4-hydroxypipecolic acid. 
However, as discussed previously, the basic carbon 
skeletons are rarely changed in non-protein plant amino 
acids, and it seems therefore unlikely that the methyl- 
substituted pipecolic acids are closely related to pipecolic 
acid itself and its hydroxylated derivatives [4]. 

Plant material. Seeds, immature seeds with husks and 
seedlings of F. siluatica var. purpurea were collected in natural 
habitats in Denmark. Leaves and stems of F. siluatica L. and 
seeds of Q. cerris and Q. robur were obtained from natural 
habitats in Denmark and seeds of F. siluatica var. pen&la, 
F. orient&s, and C. satira from the Arboretum, Royal Veterinary 
and Agricultural University, Denmark, through the assistance of 
Dr. B. S8egaard. Seeds of F. japonica were collected in natural 
habitats on Honshu, Japan by Prof. I. Murakoshi, Chiba 
University, and seeds of F. sieboldii were collected in natural 
habitats on Hokkaido, Japan, by Professor S. Sakamura, 
Hokkaido University. 

Reference compounds. (2&4S)-4-Hydroxypipecolic acid was 
obtained from Professor J. W. Clark-Lewis, University of 
Adelaide, Australia. Argininosuccinic acid was obtained from 
Calbiochem. Other reference compounds have been described 
in the previous publications. 

Standard procedure. The plant material (ca 25g) was dis- 
integratedandextractedwith 150mlof70°~EtOHatroomtemp. 
The extract was coned to near dryness, the residue suspended in 
H,O, the suspension filtered, and the filtrate applied to an 
Ambezlite IR 120 (H+) column. After flushing with H,O, the 
total fraction of amino aclda was eluted with 2N NH,. An aq. 
soln of the amino acids was subsequently applied to a Dowex 
1 x 8 (AcO-) column. Neutral and basic amino acids occurred 
in the effluent and acidic compounds were eluted with 2N 
HOAc. The various fractions were subjected to 2D PC. Both 
from the total amino acid fraction and from the fraction of 
neutral and basic amino acids crystalline ppts of asparagine or 
willardiine were isolated. These were identified as willardiine or 
asparagine by IR spectroscopy. The IR spectra of optically 
active and racemic willardiine are distinctly different [2]. The 
willardiinesamplesisolatedrepresentedopticallyactivemater~al, 
presumably the L-form. 

Most of the compounds found in these seeds are 
either absent or present in small concentrations in other 
parts of the plants. Instead, asparagine and y-amino- 
butyric acid are the major constituents. It is, however, 
remarkable that y-glutamylisoleucine and y-glutamyl- 
leucine are present in fairly high concentrations in 

seedlings of F. silvatica var. purpurea. Thus during 
germination in this species, the y-glutamylphenylalanine 
disappears, whereas substantial concentrations of two 
new y-glutamyl derivatives are formed. 

Isolation of y-L-&tam);/-L-tryptophan and y-L-glutam&y-L- 
glutamy -L-phenylalaninefrom seeds of F. silvatica uar. purpurea. 
Theisolationwasperformedaccordingtothestandardprocedure 
starting with 330 g of seeds. The residue from the EtOH-H,O 
extract (32 g) gave an amino acid fraction (5.4 9) which was applied 
to a Dowex 1 x 8 column (20&400 mesh, AcO-, 1 x 38 cm). 
Neutral and basic amino acids were washed out with H,O, and 
thecolumn eluted with 0.5 N HOAc(0.55 1.) and 2 N HOAc (1 1.). 
Fractions of 12 ml were collected. Fractions l-15 (1170 mg) 
containedasparticacid,glutamicacidandy-glutamylwillardiine, 
fractions 16-45 (1180 mg) contained y-glutamylphenylalanine 
and y-glutamylwillardiine, fractions 61-78 (90 mg) contained 
y-glutamyltryptophan, and fractions !94-130 (65mg) 
y-glutamyl-y-glutamylphenlalanine The residue from fractions 
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61-78 was subjected to preparative PC in solvent 1 with sub- 
sequent purification on small Dowex 1 x 8 column, to give a 
crystalline evapn residue of y-L-glutamyl+tryptophan (55 mg), 
pure according to PC and HVE. Recrystallization was performed 
from H,O. R, in solvent 1, 0.38; in solvent 2, 0.58. Migration 
ratio to glutanuc acid in HVE in buffer 1, I .75: in buffer 2,0.54. 
IRvE cm-‘: 3440 (s), 3320 (m), 3080 (m), 2960 (m), 1700 (s), 
1620(s),l540(s),1470(m),1450(m),1430(m),l390(m),l370(m), 
1330(m),1300(w),1290(w),1270(m),1240(s),1200(m),1160(w), 
1140(w), 1120(w), 1105 (m), 1080(w), 1020(w), 1000(w), 950(w), 
870 (w), 835 (w), 820 (m), 775 (w), 760 (s), 670 (m), 620 (m), 
590 (m), 570 (m), 550 (w). 530 (m), 505 (m), 500 (m), 470 (m), 
440 (m), 370 (w), 340 (m), 320 (w), [a]: + 23.0” (c 0.9,l N HCI). 
For PMR data in D,O see Results. 

The residue from fractions 94-130 was subjected to pre- 
parative PC in solvent 1 and purification on a small Dowex 
1 x 8 column to give a crystalline evapn residue of y+glutamyl- 
y-L-glutamyl+phenylalanine (35 mg), pure according to PC 
and HVE. Recrystallization was performed from H,O. R, 5 
solvent 1, 0.33; in solvent 2, 0.33. Migration ratio to glutamlc 
acid in buffer 1. 3.76: in buffer 2, 1.01. IR v”cm-‘: 3400 (s), ..- 
3360 (s), 2960 (m), 2600 (w), 1730 (s), 1670 (s), 1650 (s), 1580 (m), 
1530(s). 1460(w). 1450(w11420(w~.1410(m). 1350(m). 1305(m), 
1285(m),1260(m),1240(~),1220(s),1130(w),1120(w),1100(wj~ 
1065 (w), 1040 (w), 970 (w), 930 (w), 920 (w), 895 (w), 880 (w), 
855 (w), 790 (w), 780 (w), 765 (w), 755 (w), 710 (m), 640 (w), 
600 (w), 575 (m), 540 (w), 505 (w), 440 (w), 340 (w), 300 (w). 

s[Zkesults. 
23 + 13.4”(c 0.4,1 N HCl). For PMR data m D,O + NaOD, 

Isolation of y-L-glutom~I-L-isoleucina and y-L-glutomyl-L- 
leucinefrom seedlings ojF. silvatica oar. purpurea. The isolation 
was performed according to the standard procedure u&g H,O 
instead of EtOH-H,O and starting with 28 g of seedlings. The 
total amino acid fraction was passed thrpugh a strongly acid 
ionexchange resin in the NH: form (Amberlite IR 120, 1.5 x 
28 cm), and acidic and neutral amino acids (450 mg) washed out 
with H,O. Asparagine (270 mg) was removed from this fraction 
by crystallization, and the amino acids remaining in soln applied 
to a Dowex 1 x 8 (AcO-) column. Neutral amino acids 
(105 mg) were washed out with H,O, and acidic compounds 
(37 md eluted with 2 N HOAc. The fraction ofacidiccomoounds 
were again applied to a Dowex 1 x 8 (200-4OOmesh, 0.7 x -2.6 cm, 
AcO-) resin and the column eluted with 0.2 N HOAc, fractions 
being collected. Fractions containing the 2 y-glutamyl deri- 
vatives were pooled, and final purification accomplished by 
preparative PC and ion-exchange purification to give 4.6 mg of 
crystalline material. The material behaved as a single compound 
in PC and HVE (migration ratio to glutamic acid in buffer I, 
1.8 1) but PMR spectroscopy demonstrated the presence of both 
the isoleucine and the leucine moiety. Quantitative amino acid 
analysis of an acid hydrolysate showed glutamic acid, isoleucine 
and leucine (3:1:2). 2 mg of acid hydrolysate was applied to a 
Dowex 1 x 8 (AcO-) column to give isoleucine and leucine in 
the effluent and glutamic acid in the HOAceluate. The 2 fractions 
were used for CD measurements. 

Isolation of argininosuccinic ncid from Castanea sativa. 
Argininosuccinic acid behaves as a very weakly acidic amino 
acid, moving towards the cathode at pH 3.6. It is only partly 
retained on a strongly basic ion-exchange resin in the AcO- form 
and easily eluted with 0.2 N HOAc. 640 g of seeds were extracted 
giving a total amino acid fraction of 12.8 g. The amino acid was 
obtained from this fraction by repeated passages through a 
Dowex 1 x 8 (200-400 mesh, AcO-, 1 x 38 cm) column, 
collecting the first fractions in the 0.2N HOAc &ate. Further 
purification was accomplished on strongly acidic ion-exchange 
resin, preparative PC in solvent 1, and Dowex I x 8 resin to 
give crystalline material (32 mg), pure according to PC and 
HVE. R, insol,vent 1,0.13, in solvent 2,0.26. Migration ratio to 
glutamic aud m HVE in buffer I, -5.7 (glutamic acid moves 
towards the anode at this pH); in buffer 2,0.61. For PMR and 
“C NMR data. see Results. Automatic amino acid analysis 
was performed at pH 3.25 and 4.20. A symmetric peak was 

obtained bothfortheprepnitselfandforamixturewithauthentic 
argininosuccinic acid. 

Synthesis opt-L-glutamyl-L-tryptophan. N-Benzyloxycarbonyl- 
L-glutamic anhydride [13] (0.015 mol) in DMF (7.8 g) was con- 
densed with L-tryptophan (0.015 mol) in the presence of NEt, 
(0.045 mol) in H,O (80 ml) for 20 min at room temp. [14]. Pd 
black (1.2 g) was added, and after hydrogenation for 7.5 hr, the 
catalyst was removed by filtration, and the amino acids and 
peptides isolated from the reaction mixture by adsorption to a 
strongly acid ion-exchange resin with subsequent elution with 
2N NH,. Separation of the components was accomplished 
on a Dowex 1 x 8 (20&400 mesh, AcO-, 1 x 38 cm) column. 
After flushing with H,O, elution was performed with 2N 
HOAc fractions of 18 ml being collected. a-L-Glutamyl-L- 
tryptophan was found as a crystalline residue (0.003 mol) 
by concn of fractions 36, and y-L-glutamyl-L-tryptophan 
as a crystalline residue (0.004 mol) by concn of fractions 12-17. 
Final purification of the y-glutamyl derivative was obtained 
by recrystallization from H,O to give a product identical 
in all properties with the natural compound [ali + 23.5” 
(c 0.9, 1 N HCl). 

Synthesis of y-L-glutnmyl-y-L-glutoml/-L-phenylolnnlne. 
N-Benzyloxycarbonyl-L-glutamic anhydride(0.004mol) in DMF 
(2.1 g) was condensed with y-L-glutamyl-L-phenylalanine 
(0.004 mol) in the presence of NEt, (0.016 mol) in H,O (5 ml) 
for 20 min. Catalytic hydrogenation, isolation of a fraction of 
amino acids and peptides, and chromatography on a basic 
ion-exchange resin was performed as described above. a-L- 
Glutamyl-y-L-glutamyl+phenylalanine and unreacted Y-L- 
glutamyl-L-phenylalanine were eluted in fractions 3-8. Y-L- 
Glutamyl-y-L-glutamyl+phenylalanine was obtained as a 
crystalline residue (0.9 mmol) from fractions 26-55. Recrystal- 
lization from H,O afforded a sample identical in all properties 
with the natural compound. [u]F + 15.0” (c 0.4, N HCl). 
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