
Phytoc~rry, Vol. 26, No. 12, pp. 3255-3259, 1987. 0031-9422/87 53.00+0.00 
Rioted in Great Britain. Q 1987 PergamonJomalsLtd. 

UNUSUAL NONPROTEIN IMINO ACID AND ITS RELATIONSHIP TO 
PHENOLIC AND NITROGENOUS COMPOUNDS IN COPAZFERA 

ROBERTOFIGLIUOU), STEPHEN NAYLOR,*~JINLIANG WANG$~~~JEANH.LANGENHEIM 

Department of Biology and *Department of Chemistry, Thimann Laboratories, University of California, Santa Crux, CA 95064, 
U.S.A. 

(Receiued 24 March 1987) 

Key Werd Iadex-CopuiJrra spa%% Caesalpinioideae; leaf and seed nonprotein imino acid; N-mcthyLtrons4 
hydroxy-lrproline; Chydroxyhydric acid; Chydroxy-I-methylpyrrolidine-2carboxylic acid; leaf phenolin; 
Folin-Denis reagent; Kjeldabl analysis. 

Abstract-The unusual imino acid, IV-methyl-truns4hydroxy-Lproline has been isolated from leaves of five species of 
the leguminous tropical tree Copuiferq and for the first time characterized by ‘H and tJC NMR and mass spectrometry. 
This imino acid can constitute up to 3 % of the mature leaf dry weight and 10 % of the nitrogen; it also constitutes 
2-3 % of the dry weight of the seed. Preliminary feeding trials have shown it to be a very effective inhibitor of larval 
development of the seed-feeding bruchid beetle Callosobruchus maculatus and to have signifkant feeding deterrence of 
the leaf-feeding lepidopteran Spodoprera littoralis. Phcnolii compounds, also known to a&t herbivores adversely, 
comprise 6-10 y. leaf dry weight. However, the imino acid displayed a mean of 50% reactivity compared to standards 
commonly used in analysis of total phenol& by the Folin-Denis (F-D) assay cgallic acid, tannic acid and ( +) catechin], 
thus resulting in a significant overestimate of phenolics by this assay. It is concluded that assessment of leaf food quality 
for herbivores of Copaijera by assays widely used for this purpose in ecological studies, such as F-D for phenolics and 
Kjeldahl for total nitrogen content, give some misleading results. 

INTRODUCTION 

Secondary chemistry and nitrogen content are among the 
important factors governing herbivore acceptance and 
food value of foliage [e.g. 1.21. Considerable evidence 
indicates that plant phenolic compounds can have adverse 
effects upon plant herbivores, suggesting that they may 
play art important role in protecting plant tissues [e.g. 
3-6-J. &cause of the great structural diversity of plant 
phenol&, several different assay procedures have been 
used for their detection and determination of concen- 
tration in plant tissue [e.g. 7-101. Among these, the Folin- 
Denis (F-D) assay has been the most widely used for 
estimation of total phenolic content in plant tissues in 
both marine [e.g. 1 l] and terrestrial [e.g. 2.12-171 ecol- 
ogical studies. Nitrogen is a fundamental element in the 
diet of herbivores [e.g. 2,18,19]. However, nitrogen is 
measured in most ecological studies by the Kjeldahl 
method [e.g. 2. 14, 17, 203 which neither reveals dif- 
ferences in the type of nitrogen present nor information 
about its availability as a dietary source to herbivores. 

This study is part of a long-term investigation of the 
evolution of resin-producing plants in which the legumin- 
ous tropical tree Copaifera (Caesalpinioideae : Detarieae) 
has been selected as one of the model genera for detailed 
study [21-261. Copaifera is an amphi-Atlantic genus with 
four species in West African rainforests [27] and ca 20 
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other species occurring throughout all the major lowland 
ecosystems in the Neotropics [22]. The leaf sesquiterpene 
hydrocarbons have been studied in detail [ZS, 26,28-301 
and diterpene resin acids have now also been detected in 
the leaf [31]. Phenolic compounds, analysed by F-D, 
proanthocyanidins (PA), and vanillin assays and HPLC 
have also been reported 126, 32, 333. in this paper we 
report the isolation and, for the first time, the characteriz- 
ation by ‘H, ‘%NMR and mass spectrometry of a 
nonphenolic nitrogen-containing compound (nonprotein 
imino acid), which reacts in the F-D assay and also leads 
to questions regarding nitrogen quality for herbivore diets 
in Copaifera leaves. We have also compared the reactivity 
of this imino acid with the F-D reagent relative to 
compounds commonly used as standards in the same 
assay and to compounds structurally related to the imino 
acid. As a result, we could quantify the phenol mimicing 
reaction and gather information on the 
structure-reactivity relationships. Leaves from adult tree 
of C. multijuga Hayne from the central Amazonian rain- 
forest and C. langsdorjii Desf. from woodland in sout- 
heastern Brazil were analysed in greatest detail. 
Comparisons were were made with greenhouse-grown 
saplings of C. venezuelana var. laxa Xena and Arroyo, 
C. p&flora Renth. and C. ojicinalis L. from dry forest of 
Venezuela. Preliminary analyses were also made of seeds 
from these plants. 

RESULIX AND DISCUSSION 

Isolation and identification 

The precipitate formed by treatment of the methanolic 
extract of the mature leaves of C. multijuga and 
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C. langsdorfii with diethyl ether has physical and chemical 
characteristics of a mixture composed only of phenolic 
compounds. The mixture gives a positive result with F-D 
and proanthocyanidin (PA) assays, and precipitates BSA 
from aqueous solution, methodologies used in most 
ecological studies. 

However, a proton decoupled “C NMR spectrum of 
this mixture revealed that it was composed primarily of a 
nonphenolic compound containing six distinct carbon 
atoms. This compound was purified from the water 
soluble fraction of the precipitated methanolic extract by 
reverse-phase column chromatography and recrystallized 
from methanol. Analysis of its ‘H and “C NMR spectra 
(see Experimental), including extensive proton de- 
coupling, and one-dimensional r 3C spin-echo techniques, 
such as APT[343, DEPT[35,36] and RECAPT[37], high 
resolution EI mass spectrometry, IR and optical rotation 
data allowed the assignment of the structure to n-methyl- 
trons4hydroxy-L-proline (1) (4-hydroxyhygric acid; 4- 
hydroxy-1-methylpyrrolidine-2-carboxylic acid). 

The presence of a carboxyl group was confirmed by 
methylation of the parent compound to afford the methyl 
ester (2). Definitive confirmation of the structure was 
obtained by N-methylation of trans4hydroxy-L-proline 
(4). The product was identical in all respects to 1, which 
has been previously isolated from the heartwood of 
another legume, Afromosia elota [38] and from the bark 
of Croton gubouga (Euphorbiaceae) [39]. 

The purified nonprotein imino acid (1) showed a strong 
positive reaction with F-D reagent but neither pre- 
cipitated BSA from aqueous solution nor gave a positive 
PA test. A proton decoupled ‘%NMR spectrum of a 
sample of the water-insoluble fraction of the precipitated 
methanolic extract and of the pooled fractions devoid of 
the imino acid, obtained from the reversed-phase 
chromatographic column, revealed that the astringency 
and PA positive reaction were due to mixture of pro- 
anthocyanidins (condensed tannins). The imino acid is 
strongly bound in the precipitated crude methanolic 
extract to the proanthocyanidins. 

The nonprotein imino acid (1) constitutes ca 3 % of the 
dry weight of mature leaves from two trees of C. multijuga 
and one tree of C. langsdorji. It also constitutes l-2 “/, of 
the dry weight of mature leaves of greenhouse-grown 
saplings of C. pubifiora, C. oJicinalis and C. venezuelana 

var. laxa, as well as 2-3 “/, of the dry weight of the seeds of 
all the cited species. 

R' Hb 

R’ R' R' R' 

1 Me OH H H 
2 Me OH H Me 
3 Me H OH H 
4 H OH H H 
5 H H OH H 

Interference with F-D assay and the structure-reactivity 
relationship. 

Reactivity of 1 was compared to compounds commonly 
used as standards in analysis of phenohcs by the F-D 
assay, e.g. gallic acid, tannic acid and ( + )catechin. Over a 
concentration range of 125-1000 ppm the 1 displayed a 
mean of 50 “/, relative reactivity compared to the standard 
compounds. Specifically, 1000 ppm of 1 gives an absorb- 
ance reading equivalent to that given by 480 ppm of gallic 
acid, 555 ppm of tannic acid and 505 ppm of (+ Jcatechin. 
Also. the error over the range of concentrations was very 
small, indicating that thecolour-reaction is persistent even 
at the lower concentration, and that colour density varies 
linearly with concentration. Thus, when using the F-D 
assay, the presence of N-methyl-trans4hydroxy-L- 
proline (1) leads to a significant overestimation (between 
13-14 ‘;/) of phenol& in leaves of Copaifera species [33]. 

The characteristic colour of the F-D assay (which is 
carried out under basic conditions) with phenolic com- 
pounds is caused by partial reduction of the active 
reagent (a yellow acidic solution containing complex 
polymeric ions formed from phosphomolybdic and phos- 
photungstic heteropoly acids) from +6 to a mixture of 
+ 6 and + 5 valence states upon binding to the substrate 
phenolates, resulting in the production of a complex 
molybdenum-tungsten blue. The exact nature of these 
complex blue pigments is still uncertain [40,41]. 

Trans and cis-4-hydroxy-t_-proline (4 and S), even at 
concentrations as high as 30 mg/ml, and the methyl ester 
of N-methyl-trons-4-hydroxy-t_-proline (2), at concen- 
trations in which the free acid 1 is very reactive, do not 
produce any blue colour in the F-D assay. On the other 
hand, N-methyl-trans and cis-4-hydroxy-L-prolines (1 
and 3), at the same concentration, produce ca the same 
colour-density in the F-D assay. Thus, it has been 
concluded that: (a) the orientation of the hydroxy group 
at the C-4 position of the imino acids tested does not play 
any role in the resulting bluecolour reaction; (b) the free 
carboxyl group in the imino acid 1 and 3 is one of the 
indispensable sites where the partial reduction of the F-D 
reagent takes place; and (c) the N-methyl group has an 
important function on the reactivity of the imino acids 1 
and 3 in the F-D assay. 

Early work by Abraham [42-44] on trans and cis4 
hydroxyproline (4 and 5, respectively), using ‘HNMR 
couplmgconstants,demonstrated that: (a) thecation (pH 
< 0.5) and zwitterion (pH 7) forms of both isomers 
adopted similar conformation--‘Cs’ or envelope confor- 
mation with C-4 projecting out of the plane of the other 
ring atoms for the trcns compound and C-5 in the cis 

compounds, (b) the anion (pH 12.9) of both the cis and 
trans isomer was undergoing fast inversion about the 
nitrogen centre. 

Comparison of the coupling constants of N-methyl- 
rrans( 1) and cis+hydroxy-L-proline(3) with Abraham’s 
values for the trans and cis-t_-hydroxyproline (4 and 5) 
revealed that the N-methyl group does not appear to 
affect the conformation of 1 and 2 relative to 4 and 5 at 
neutral pH. 

Contrary to Abraham’s results, when we obtained the 
’ H NMR of N-methyl-trans4hydroxyLt-proline( 1) in 
basic conditions (NaOD in D20 at pH + 12.0). the 
coupling constants of the N-methylated imino acid were 
almost identical to those obtained at neutral pH. This 
demonstrates that a predominant conformer exists at 
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neutral and basic conditions for the N-methylated imino 
acid, and inversion at the nitrogen centre is not occurring 
on the NMR time scale. Since the methyl group tr~s to 

the carboxyl group in 1 is preferred based on steric 
considerations, we suggest that the nitrogen ‘lone pair’ is 
cis to the carboxyl group long enough to provide a dual 
site, along with the carboxyl anion, of electron density to 
be available for binding and reduction of the tungsten- 
molybdenum complex. 

Although this study has dealt specifically with a non- 
phenolic secondary metabolite of restricted occurrence, 
there is the possibility of the presence of other non- 
phenolic secondary compounds, which have molecular 
characteristics such as adjacent sites of electron density 
and available electrons as exhibited by 1, and occur in 
concentrations which may significantly overestimate the 
results given by the F-D assay. 

Ecological problems in measurement of total nitrogen 
content 

All nitrogen in plant tissues may not be available to the 
herbivores, or the balance between the various nitrogen- 
containing compounds, which can be effectively used as 
nutrients, may be unsatisfactory. Therefore, the quality of 
nitrogen availability for herbivore growth are more 
limiting than its total quantities [ 19, 45, 461. Moreover, 
nitrogenous compounds, such as some of the nonprotein 
amino and imino acids, are synthesized and stored in plant 
tissue in substantial amounts, and are known to be toxic to 
insects, vertebrate animals and microorganism 
[e.g. 46-501. In fact, Bell [47] and Rosenthal and Bell [48] 
have concluded that nonprotein amino or imino acids 
may have concomitantly a nitrogen storage function as 
well as deterrent or toxic roles. Mooney et al. [Sl J also 
have concluded that, since nitrogenous secondary com- 
pounds are readily mobile and metabolized, the major 
constraint on the use of large amounts of nitrogen in 
chemical defense probably is its effectiveness and its 
availability in the habitat. 

Copaijera species apparently do not fix nitrogen by root 
nodules, they occur mainly on nutrient-poor soils and 
therefore nitrogen could be a critical limiting factor. In 
fact, C. mulfijuga often occurs on extremely nutrient-poor 
soil in Amazonian rainforest [32]. The mean total leaf 
nitrogen content in some Copaifera species reaches almost 
3”/;, dry weight [26, 321 and the nonprotein imino acid 
also reaches ca 3 y0 nitrogen by weight, in mature leaves 
(before senescence). Since the nonprotein imino acid is 
9.65 % nitrogen by weight, then it can comprise 0.3 % ca 
10% of the leaf nitrogen. It also comprises 2-3x dry 
weight of the seed, although we have no measurements of 
the total nitrogen of the seed. 

Preliminary feeding trials have shown methyl+rrans- 
hydroxy-L-proline to be inhibitory to both seed and leaf- 
feeding insects. It is a very effective inhibitor of larval 
development of the seed-eating bruchid beetle 
Callosobruchus maculatus (Upper Volta strain). The com- 
pound was mixed with cowpea flour and incorporated 
into gelatin capsules to give two concentrations (0.05 y0 
and 0.01 wt/wt) with five replications for treatment. A 
mean of 24.7 + 3.23 adults emerged in the control, 1.0 
+0.31 at 0.05 y0 and no adults at 0.1 “/, of the proline 
compound. With the generalist leaf-feeding lepidopteran, 
Spodoprera littoralis, the compound was incorporated 
into a disc at concentrations of 100 and 1000 ppm. An 

index was calculated as 
C-T 
- x 100 where C = weight of 
C+T 

control disc eaten and T = weight of test disc eaten (n 
= 10). The index for 100 ppm was 11.2 +_ 8.24 and for 
1000 ppm 26.7 f 11.41. Although it is a significant feeding 
deterrence at 1000 ppm. the index values are not suf- 
ficiently great to be a potent compound against the 
generalist Spodoptera littoralis (Fellows, L. and 
Simmonds, M., Jodrell Labs, Royal Botanic Gardens, 
Kew U.K., personal communications). However, re%Ilts 
might be expected to differ for native herbivores. Also an 
important aspect of the defensive properties of this 
proline compound could be the storage of nitrogen in a 
form that herbivores are unable to use as a dietary 
nitrogen source (19,45) but could be mobilized for plant 
metabolism. 

CONCLUSIONS 

The assessment of food quality for herbivores of 
Copai/era leaves simply by assays widely used for 
this purpose in ecological studies, such as F-D for 
total phenolics and Kjeldahl for total nitrogen content, 
will give misleading results. In addition, the presence of 
the nonprotein imino acid and its possible ecological 
importance would be obscured. Finally, although we do 
not know how widespread such problems might be, these 
results for Copaijera provide a warning regarding its 
possible existence. 

EXPERIMENTAL 

General. NMR spectra measured at 25 MHz for “C and 100 
and SOB MHz for ‘H. Standard pulse parameters for APT, DEPT 
and RECAPT were used. MS were obtained by direct inlet at 
20 eV with temp. prog. of 10” mm to 200”. Only strong and 
medium bands are reported for UV and IR spectra. Mp are 
uncorr., optical rotations were measured with a quartz microcell 
(0.1 ml). 

Plant materiul. Leaves of C. multijuga were collected from the 
canopy of mature trees RF 4 and RF 4 and seeds from trees 
RF 12and RF 13 (trees46and 242 for phenological studiesat the 
site) all growing at Duckc Reserve of the lnstituto National de 
Pesquisas da Amaxonia, Manaus, Braxil. Leaves of C. kangsdorjii 
were collected from a mature tree (JHL 6442) growing in 
woodland at Campininha Reserve of the 80 Paul0 Forestry 
Institute. near Moji Guacu, S. P., Brazil, and seeds from a tree 
growing at the edge of Rio Pirayu, Paraguari Dept., Paraguay 
(JHL 6189). Leaves of C. oenezuelona var. laxa. C. pubiflora and 
C. officinufis were sampled from saplings grown from seeds under 
unitform conditions at UCSC greenhouses [26]. Seeds of 
C. oenezuelana var. laxa (JHL 6134)and C. oficinalis (JHL 6078) 
were from trees growing in dry forests in eastern Venezuela and 
those of C. p&flora (JHL 6115) from a dry forest island in 
savanna of central Venezuela. Voucher specimens have been 
deposited in the Herbarium, University of California, Santa 
Crux 

Extraction and isolation procedures /or lecmes of C. multijuga 

and C. langsdorji. Finely ground airdried leaves were exhaust- 
ively and sequentially extd in a Soxhlet apparatus with CHIC& 
and MeOH. The MeOH extract, reduced in vol., was fractionated 
by pptn with Et,O. The ppt. was filtered off on sintered glass, 
washed several times with Et,0 and dried in uacuo. The H,O-sol. 
fraction of the ppt. was further purified by passing through a 



3258 R. FIGL~UOLO et al. 

small column packed with octadecyl (C-18) silica previously 
equilibrated with McOH. The eluant was cvapd to dryness, in a 
stream of N2, the crystalline residue dissolved in hot MeOH and 
allowed to recrystallize at room temp. mp 237-241” (damp.); 
[0l]~-74.0 (MeOH, cO.Olk IR yKBrcm-‘: 3240, 2930, 2360, 
1625.1404, 1078,922,799,729,707; ‘H NMR (500 MHz, D,O); 
6H2, 4.05, dd (11, 7.5 Hz); H, d2.44, dddd(14, 7.5, 1.8, 1.6 Hz); 
H,,,2.16,ddd(14,11,4.5 Hz);H,,4.55,m;H,,3.07,ddd(12.6,1.8, 
1.4 Hzk H,, 3.78, dd(12.6, 4.5 Hz); N-Me 62.95, s. “CNMR 
(25 MHz, D,O, acetone-d, as int. std), 6(C-2.7.09.. d; C-3.40.3, 
1; C-4,72.0*, d; C-5,64.2,1; C-6, 172.6, s; N-Me, 44.1, q (where l 

denotes assignments interchangeable). MS m/t (rel. int) [c&u- 
lated for C6H11NOJ: M,, 145, 1578. Found: M, (HRCIMS) 
145.07631 145.0763(3.4) [Ml+, 100.0759(100) [M-COOH]+. 
82.0656(30.03) [M - COOH-H20] +. 
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