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ABSTRACT.—The absolute configurations of the crown gall tumor metabolite nopaline
(1a) have been determined by a direct degradative method. Oxidation of nopaline with KMnQ,
afforded ($)-atginine and (R)-glutamic acid. Separation of these two amino acids was accom-
plished easily and simultaneously with determination of chirality by chromatography on a re-
verse-phase column eluted with chiral eluent. The present technique can easily determine abso-
lute configurations on submilligram quantities. In contrast, an attempted determination of ab-
solute configuration by synthesis from (§)-arginine and chiral 2-chloropentanedioic acid was un-
successful.

Crown gall tumors, incited by the bacterium Agrobacterium tumefaciens, produce a
variety of unusual metabolites (1), including opines and opalines, which cannot be
metabolized by the dicotyledonous host plant but are utilized as nutrients by the parasi-
tic bacterium. Structurally, opines and opalines may be envisioned as conjugates of two
amino acids joined at a common nitrogen. Biosynthetically, they are derived through
reductive alkylation of an amino acid with a 2-oxocarboxylic acid (1, 2). Thus, the
opines are derived from 2-oxopropanoic acid (pyruvic acid), while the opalines ate de-
rived from 2-oxopentanedioic acid (2-ketoglutaric acid). A segment of bacterial Ti plas-
mid DNA that codes for the enzymes that synthesize these abnormal metabolites is
transferred to the plant cells. Therefore, the identity of the opine or opaline synthesized
by the host plant is determined by the strain of A. tumefaciens that incites the tumor
rather than by the host plant. Plant cells containing the transferred plasmid DNA pro-
liferate as an uncontrolled cancerous growth. The parastic bacterium is able to
catabolize the same opine or opaline that its Ti plasid DNA forces the host plant to syn-
thesize. Accordingly, these abnormal metabolites may be viewed as chemical mediators
of parasitism by A. rumefaciens.

Nopaline (1a) is an opaline originally isolated from crown gall tissue cutures de-
rived from Opuntia valgaris (nopal or sabra cactus) infected by A. tumefaciens (3). Sub-
sequently, nopaline was isolated from crown gall tumors of other plants including sun-
flower, potato, carrot, tobacco, and the succulent Kzlanchoe diagremontiana infected by
various strains of A. tumefaciens (4). Nopaline was known to be derived from arginine,
and the gross structure, undefined with respect to absolute configuration, was eluci-
dated by elemental analysis, ms studies, and degradation (3). The gross structure was
confirmed by synthesis of a diastereomeric mixture of nopaline and isonopaline by re-
ductive alkylation of arginine with 2-oxopentanedioic (5, 6). At the outset of our inves-
tigation, the absolute configuration of nopaline was unknown. In this paper, we de-
scribe the absotute configuration of nopaline (1a) and a new direct method for assign-
ment of absolute configurations to ctown gall metabolites.

RESULTS AND DISCUSSION

Our initial strategy for determining the absolute configuration of nopaline (1a) in-
volved preparing all possible diastereomers of nopaline defined with respect to absolute
configuration at both chiral centers, a classical approach employed by this group and
many other investigators (2, 7-11). In this respect we were slightly encouraged by a re-
port that arginine (4) reacts with 2-chloropentanedioic acid (2a) to produce nopaline,
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albeit in very low yield (6). The reaction of NH; with 2-chloropentanedioic acid pro-
vided a more encouraging precedent (12). In our hands, however, reaction of arginine
with 2-chloropentanedioic acid produced no detectable amount of nopaline but only
lactone 3. We anticipated that a reaction of arginine with 2-bromopentanedioic acid
(2b) might be more successful; however, an attempt to prepare optically actice 2b from
(8)-glutamic acid afforded only lactone 3.

The unsuitability of this classical approach stimulated us to consider a fundamen-
tally different strategy toward assignment of absolute configuration in nopaline. To this
end, we envisioned a degradation that would cleave nopaline (1a) into arginine (4) and
glutamic acid (5) with preservation of chirality. Aqueous permanganate has been uti-
lized to oxidize secondary amines to imines, which hydrolyze to primary amines and
ketones (13). Indeed this reaction has been applied to a number of opines (11, 14) and
opalines. Nopaline is known to afford a mixture of arginine and glutamic acid as well as
4-guanidinobutyric acid, which presumably arises from further oxidation of 5-
guanidino-2-oxopentanoic acid (3, 5, 14, 15).

We have confirmed that KMnOy oxidizes nopaline (1a) to arginine (4) and
glutamic acid (5); however, the yield was low (25% total) when the customary excess
permanganate was employed. The stoichiometry of this oxidation requires only %3 mole
of permanagante/1 mole of nopaline. Under these conditions, arginine and glutamic
acid were formed in 60% and 30% yield, respectively. The remaining tasks, separation
of arginine and glutamic acid and determination of their chirality, were performed eas-
ily and simultaneously via liquid chromatography on a reverse-phase column eluted
with a chiral eluent consisting of (§)-proline and cupric acetate (16). Post-column de-
rivatization with ¢-phthalaldehyde allowed selective detection of the two amino acids
by fluorescence on a microgram scale. Thus, oxidation of nopaline produced (§)-ar-
ginine and (R)-glutamic acid while the synthetic diastereomer, isonopaline, afforded
(§)-arginine and (§)-glutamic acid. Because none of the enantiomeric amino acids were
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formed, no racemization occurs during oxidation. Accordingly, nopaline and
isonopaline have structures 1a and 1b, respectively. Thus, nopaline, like all other
opalines and opines previously investigated, possesses the S-configuration at one amino
acid and the R-configuration at the other amino acid. In nopaline the arginine portion
possesses the S-configuration, as does the basic amino acid in all opines and opalines
derived from basic amino acids.

The correct absolute configurations of nopaline had previously been proposed based
upon the ability of nopaline to serve as a substrate for octopine dehydrogenase (17).
While this investigation was in progress, the absolute configuration of the glutamic
acid fragment of nopaline was established as R because it did not react with (§)-gluta-
mate decarboxylase (15). The present method for determining the absolute configura-
tion of crown gall tumor metabolites is general and can be performed easily on submil-
ligram quantities. Our method is an attractive alternative to the previously utilized en-
zymatic methods, which require separation of opine degradation products, tend to uti-
lize Jack of reactivity as evidence, and may be precluded by unavailability of suitable en-
zymes. Assignment of absolute configurations by the present method is more general
and much less tedious than by the classical method involving the synthesis of each au-
thentic diastereomer. We anticipate that our method will find wide application to
structure determination of other crown gall tumor metabolites.

EXPERIMENTAL

GENERAL EXPERIMENTAL PROCEDURES.—'H and *C nmr were observed with a Varian CFT-80 at
80 and 20 MHz, respectively. TMS or DSS (8 0.0) and dioxane (8 67.39), respectively, were utilized as in-
ternal standards. Analytical tic was performed on silica gel eluted with --BuOH-H,O-pyridine (50:47:3)
and paper electrophoresis was performed with 0.1 M pH 3 citrate buffer at 500 V for 3.5 h. Sakaguchi
reagent was utilized for visualization. Other methods have previously been described (7).

(8)-2-CHLOROPENTANEDIOIC ACID.—Compound 2a was prepared from (§)-glutamic acid (18) and
was recrystallized from C¢Hg. 'H nmr (Me,CO-dy) 8 2.3 (2 H, m), 2.5 (2 H, m) 4.37 (1 H, dd).

ATTEMPTED PREPARATION OF (§)-2-BROMOPENTANEDIOIC ACID (2b).—In an attempt to prepare
(8)-2-bromopentanedioic acid, an aqueous solution of (§)-glutamic acid was treated with 6 M HBr and
NaNO, at 0° for 24 h (7). The solution was extracted with Et,O and the Et,O was evaporated to afford a
23% yield of 2,3-dihydro-5(4H)-oxofuran- 1-carboxylic acid (3). Physical and spectral properties were in
agreement with literature values (19).

ATTEMPTED ALKYLATION OF (5)-ARGININE WITH (§)-2-CHLOROPENTANEDIOIC ACID (23).—An
equimolar aqueous mixture of (§)-arginine, (§)-2-chloropentanedioic acid, and 205 mol% Ba(OH), was
heated to 55° for 48 h, conditions, which previously affected a similar alkylation (7). No nopaline was de-
tected by 'H nmr or electrophoresis. Only 3 was detected. Use of 310 mol% 2a and 600-1100 mol%
Ba(OH), also afforded no nopaline.

DIASTEREOMERIC MIXTURE OF NOPALINE (12) AND ISONOPALINE (1b).—Method A. NaBH;CN
(470 mg, 7.54 mmol, 450 mol) was added to a solution of ($)-arginine HCI (350 mg, 1.68 mol) and 2-
oxopentanedioic acid (1.47 g, 10.0 mmol, 600 mol%) in H,O (3.0 ml). After 48 hat 20°, HCI(2.75 ml,
12 M) was added, the solution was stirred another hour, concentrated, and chromatographed on AG 50W-
X8 (1.6 X 8 cm, 100 to 200 mesh, equilibrated with 2 M HCI). The column was washed with H,O (90
ml), and nopaline was eluted with NH,OH (0.6 M, 200 ml). Evaporation of the solvent afforded at 60:40
mixture of nopaline (1a) and isonopaline (1b) as a glassy solid (534 mg, 90% yield).

Method B. A solution of ($)-arginine (4) and 2-oxopentanedioic acid in formamide was reduced with
NaBHj (5) to afford a 30:70 mixture of nopaline and isonopaline as a white solid (70% yield).

NOPALINE (1a).—Nopaline was obtained by fractional recrystallization of the diastereomeric mix-
ture produced by method B from H,O in 3% yield (5). '"H nmr(D,0)81.75(4 H, m), 2.08(2H, q), 2.50
(2H, 1), 3.15(2H,1),3.65(1H,t),3.75(1 H, t). 13C amr (D,0 8 24.90, 25.14, 27.03, 31.5 (broad),
41.22, 61.83, 63.22, 156.39, 173.64, 178.12. Other physical and spectral properties as noted (5).

ISONOPALINE (1b).—The filtrate that remained after precipitation of nopaline was evaporated to
dryness and recrystallized from 95% EtOH to afford isonopaline in 7% yield (5). 'H nmr (D,0) 8 1.75 (4
H, m), 2.08(2H, q), 2.50(2H, 1), 3.15(2H, ), 3.54 (2 H, t). 3C nmr (D,0) 8 24.70, 25.19, 26.30,
31.3 (broad), 41.25, 61.16, 61.59, 156.39, 173.61, 178.12.
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DEGRADATION OF NOPALINE AND ISONOPALINE.—Nopaline or isonopaline (1.2 mg, 4 pmol)
dissolved in H,O (0.85 ml) was oxidized with KMnOy (0.43 mg, 2.7 pmol, 69 mol%) for 2 h at 20°, at
which point decolorization indicated consumption of the KMnOy. The solution was filtered and analyzed
by hplc. Centrifugation was less effective, and filtration through a C,3-Sep-Pak retained arginine.

LIQUID CHROMATOGRAPHY.—Liquid chromatography was performed with two Waters micro C-
18 columns (30 X 0.39 cm) connected in series and two Waters model M-45 pumps (one for eluent and one
for derivatization reagent) controlled by a model 660 solvent programmer. The column was eluted at 0.56
ml/min with a chiral eluent consisting of aqueous proline (0.017 M) and cupric acetate (0.008 M) (16).
Post-column derivatization was accomplished with buffered o-phthalaldehyde-thioethanol reagent (20),
which was pumped into a zero dead-volume reactor tee fitting at 0.84 ml/min at an angle 180° from the
column eluent. The mixture of eluent and derivatization reagent emerged at 90° from each inlet and flowed
through stainless steel tubing (50 X 0.009 cm) into a Waters model 420 fluorescence detector with excita-
tion filter=340 nm and emission filter = 440 nm. In our hands, cupric precipitate (soluble in aqueous
EDTA) tended to form in the tubing after the tee-fitting. This was flushed from the system daily with
H,0.

Calibration of the column with standard solutions of (R)- and (§)-glutamic acid and arginine afforded
the following mean retention volumes: (R)-glu, 2.70; (§)-glu, 2.80; (R)-arg, 3.18; (S)-arg, 3.42 ml
(all*=0.05 ml). The detector showed half-scale deflection at gain=8 in response to approx 1.5 g (10
nmoles) of amino acid. The two columns in series possessed a total of 3000 theoretical plates. Analysis of
the filtrate (5 i) obtained from oxidation of nopaline indicated the presence of (R)-glu (2.66 ml) and (5)-
arg (3.50 ml) in 60% and 30% yields, respectively. The identity of the amino acids was confirmed by coin-
jection.

ACKNOWLEDGMENTS

We appreciate stimulating conversations with Dr. John Adamovics. This investigation was spon-
sored by USPHS Biomedical Research Support Grant 5 $07 RR05067-17 from the National Insitutes of
Health.

LITERATURE CITED

1. J. Tempe and A. Goldmann, in: Molecular Biology of Plant Tumors. Ed. by G. Kahl and J. Schell,
Academic Press, New York, 1982, p. 427.
2. W.S. Chilton, K.L. Rinehart, and M.D. Chilton, Biochemistry, 23, 3290 (1984).
3. A. Goldmann, D.W. Thomas, and G. Morel, Compt. Rend. Hebd. Seances Acad. Sci. Ser. D., 268,
852 (1969).
4. LM. Scott, ].L. Firmin, D.N. Butcher, L.M. Searle, A.K. Sogeke, J. Eagles, J.F. March, R. Self,
and G.R. Fenwick, Mol. Gen. Genet., 176, 57 (1979).
5. D. Cooper and J.L. Firmin, Org. Prep. Proced. Int., 99 (1977).
6. R.E. Jensen, W.T. Zdybak, K. Yasuda, and W.S. Chilton, Biochem. Biophys. Res. Commun., 75,
1066 (1977).
7. H.A. Bates, A. Kaushal, P.N. Deng, and D. Sciaky, Biochemistry, 23, 3287 (1984).
8. K. Goto, M. Waki, N. Mitsuyasu, Y. Kitajima, and N. Izumiya, Bu/l. Chem. Soc. Jpn., 55, 261
(1982).
9. C.C. Chang, C.M. Chen, B.R. Adams, and B.M. Trost, Proc. Natl. Acad. Sci. U.S.A., 80, 3573
(1983).
10. N. Izumiya, R. Wade, M. Winitz, M.C. Otey, S.M. Birnbaum, R.]. Koegel, and J.P. Greenstein,
J. Am. Chem. Soc., 79, 652 (1957).
11. R.M. Herbst and E.A. Swart, J. Org. Chem., 11, 368 (1946).
12. K. Saotome and T. Yamazaki, Bull. Chem. Soc. Jpn., 36, 1264 (1963).
13. S.S. Rawalay and H. Shechter, J. Org. Chem., 32, 3129 (1967).
14. ]J.L. Firmin and R.G. Fenwick, Phytachemistry, 16, 761 (1977).
15. S.I. Hatanaka, S. Atsumi, K. Furukawa, and Y. Ishida, Phyrochemistry, 21, 225 (1982).
16. E. Gil-Av, A. Tishbee, and P.E. Hare, J. Am. Chem. Soc., 102, 5115 (1980).
17. L.M. Hall, J.L. Schrimsher, and K.B. Taylot, J. Biol. Chem., 258, 7276 (1983).
18. P. Karrer, H. Reschofsky, and W. Kaase, Hely. Chim. Acta, 30, 271 (1947).
19. U. Ravid, R.M. Silverstein, and L.R. Smith, Tetrabedron, 34, 1449 (1978).
20. J.R. Benson and P.E. Hare, Proc. Nat. Acad. Sci. USA, 72, 619 (1975).

Received 8 February 1985



