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Abstract-One strain of Pseudomonas andropogonis incorporated radioactivity from L-[U-‘4C]-aspartic acid into 
L-threo-hydroxythreonine, and three strains incorporated radioactivity into both L-threo-hydraxythreonine and 
rhizobitoxine. L-[14C]-threo-hydroxythreonine was isolated from a culture of P. andropogonis that had been provided 
with L-[U-14C]-aspartlc acid for 35 min, and purified. When this was fed to a rhizobitoxine-producing strain of P. 
andropogonis, ~20% of the radioactivity supplied was removed from the medium in 5-6 hr. Radioactivity in the 
medium was found to be in hydroxythreonine and rhizobitoxine. A high level of the utilized radioactivity from 
hydroxythreonine had been incorporated into rhiuobitoxine. These data support the proposal that biosynthesis 
of rhuobitoxine proceeds through L-aspartic acid and that hydroxythreonine is an intermediate en route to rhizo- 
bitoxme. 

INTRODUCTION 

Rhizobitoxine [L-2-amino-4-(2R-amino-3-hydroxypro- 
poxy)-trans-but-3-enoic acid] is a phytotoxin produced 
in liquid cultures by the plant pathogenic bacterium 
Pseudomonas andropogonis (Smith 1911) Stapp 1928 [l, 
21, and also by the root-nodulating organism Bradyrhizo- 
bium juponicum (Kirchner 1896) Jordan 1982 [3,4]. The 
production of rhizobltoxine m seventeen strains of P. 
andropogoms was accompanied by the co-productlon of 
hydroxythreonine (L-threo-2-amino-3,4-dihydroxybuta- 
noic acid) [ 1, 23, an uncommon amino acid little known 
in nature [S]. The structural homology between 2-amino- 
3,4-dlhydroxybutanoic acid and the 2-amino-rl-alkoxy- 
but-3-enoic acid moiety of rhizobitoxine has been noted, 
and is the basis of the suggestion that the two compounds 
may arise from the same biosynthetic pathway [l]. The 
present experiments were undertaken to determine 
whether the two compounds arise from a common pre- 
cursor, and whether hydroxythreonine is an intermediate 
on the biosynthetic pathway to rhizobitoxine. 

RESULTS AND DISCUSSION 

The working hypothesis for experimentation was that 
the biosynthesis of hydroxythreonine involved a modifi- 
cation of the known pathway between aspartic acid and 
threonine, and that the biosynthesis of rhizobitoxine 
utilised hydroxythreonine as an intermediate. This later 
stage obviously requires carbon from some other source 
in the formation of the enol-ether structure of rhizo- 
bitoxine. 

The first experiments therefore tested the incorpor- 
ation of L-[U-‘4C]-aspartic acid mto both hydroxythreo- 
nine and rhlzobitoxine by four different strains of P. 
nndropogoms. After the exposure period, a mixture of the 

two metabolites was isolated from the culture-super- 
natant utilizing an ion-exchange resm and then the two 
were purified and separated by partition chromato- 
graphy on LH20 Sephadex followed by anion-exchange 
chromatography on QAE Sephadex. The relative 
amounts of metabolite produced by each strain, and the 
recovery of purified components from the mixtures lso- 
lated, are given by the data in Table 1. It is likely that the 
ion-exchange method of isolation gives a 100% recovery 
of the products present m the culture-supernatant, but no 
data was sought to support thn. The percentage incor- 
porations of radioactivity into hydroxythreonine and 
rhizobitoxine from L-[U-‘4C]-aspartic acid by each 
strain during the four hr exposure period are calculated 
from the radioactivity data in Table 2. Strain PDDCC 
2809 incorporated 2.5% of the supplied radioactivity into 
hydroxythreonine; at the stage of growth of the culture 
(1.5 days), no rhizobitoxine was detectable, although 
stram 2809 has been recorded to produce a trace of 
rhizobitoxine in a six-day-old culture [2]. Substantial 
incorporations of 14C into rhizobitoxine (2.0, 1.2%) were 
observed when L-[U-14C]-aspartlc acid was fed to cul- 
tures of PDDCC 7076 and 7856 respectively. With these 
two strains, moderate levels of 14C were incorporated 
into hydroxythreonme at the same time (0.5, 0.6% re- 
spectively). This indicates that, assuming hydroxy- 
threonine is an intermediate of rhizobitoxine, some 
hydroxythreonine is being excreted from the cell as it 
is synthesized, simultaneously with its intracellular utiliz- 
ation for rhiiobitoxine synthesis. The alternative expla- 
nation that labelling of rhizobitoxine has occurred ex- 
clusively by way of extracellular 14C-labelled hydroxy- 
threonine is unlikely, after consideration of uptake data 
for hydroxythreonine (presented below, Table 3). The 
relative magnitudes of the percentage incorporations into 
rhizobitoxine and hydroxythreonme by strains 7076 and 
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Table 1. Recovenes of 14C-hydroxythreonlne and ‘&C-rhlzobItoxme Isolated from P 
andropogonrs cultures exposed for 4 hr to 7 5 &I (2 pmol) of L-[U-‘“Cl aspartlc acid 

Quantity (ion exchange) 
P. andropogoms ThrOH rhlzobltoxme 
stram PDDCC # (mg) (mg) 

Quantity (punfied) 
ThrOH rhlzobltoxme 

(mg) (@mot) (mg) (pmol) 

2809 2.2 NII 19 14 1 NII 
5980 10 ND 09 6.7 0 1 05 
7076 ND 60 0.6 44 55 28 9 
7856 ND 36 11 81 35 184 

ND. Not determined 
ThrOH Hydroxythreomne 
Two pmol and 7.5 ~0 of ‘YZ-aspartic acid were added to 400 ml cultures at 1 5 days 

(2809) or 2 0 days (5980,7076) or 2 5 days (7856) of growth Cultures were harvested after 
an additIona 4 hr growth. Quantltles are for 400 ml of culture for each stram. and were 
determmed by TLE analysis both after lsolatlon by Ion exchange, and after purlficatlon by 
LH20 Sephadex and QAE Sephadex chromatography 

Table 2 Incorporatlon of radIoactIvIty from L-[U-‘“Cl aspartlc acid, by strams of P 
andropogonrs, mto hydroxythreomne and rhizobttoxine 

L-[U-‘V]asp 
P andropogoms added 
stram PDDCC # (cpm x 10e6) 

2809 1602 
5980 16 37 
7036 1582 
7856 1508 

RadioactIvity Isolated Incorporation into 
ThrOH rhlzobltoxme ThrOH rhlzobltoxme 

(cpm x 1 0e4) (9~) 

405 NI1 2.5 _ 

13 1 33 08 02 
80 31 1 05 20 
90 178 06 12 

Two pmol and 7 5 @CI of “C-aspartlc acid were added to 400 ml cultures at 1.5 days (2809) 
or 2 0 days (5980, 7076) or 2 5 days (7856) of growth Cultures were harvested after an 
addItIona 4 hr of growth 

Table 3 Uptake of “C-hydroxythreonme by Pseudomonas andropogoms and mcorporatlon of 14C mto 
rhizobltoxme 

L-[‘4C]-ThrOH 
added 
(cpm x 10e6) (pmol) 

1 523 46 
0 3049 093 

ThrOH Isolated 
(cpm x 10b6) 

1 110 (72.9%) 
0 2275 (74 6%) 

ThrOH 
used 
(cpm x 10u6) 

0413 
0 0774 

Rhlzobltoxme Incorporatlon 
isolated mto 
(cpm x 10e6) rhlzobltoxme (%) 

0164 39.7 
00182 23 5 

Two Merent quantltles of 14C hydroxythreomne were added to 400 ml cultures of P andropogonts 7076 
at 2 0 days of growth Cultures were harvested after an addItIonal 5-6 hr growth and the hydroxythreomne 
and rhlzobltoxme isolated and punfied 

7854 are likely to reflect the relative molar amounts of 
each compound secreted into the growth medium during 
the time perrod of the utlhzatlon of the “C-precursor. To 
some extent this IS supported by the relative quantltles 
(Table 1) of each compound for each stram which rep- 
resent the net production over the complete growth 
period used. 

The substantial mcorporatlon of 14C from L-[U-“C] 
aspartlc acid into hydroxythreonme by strain 2809 was 
utilized to prepare a purified sample of L-[14C]-threo- 
hydroxythreonme In this expenment, the culture was SIX 

hr older than the prevtous expenment, and the higher 
incorporatlon rate obtained (2.7%) was probably because 
the rate of synthesis of hydroxythreonine increases with 
time at this stage of the culture (Mitchell, unpubhshed 
data). The purified product had no rhizobitoxme content, 
since stram 2809 does not synthesize rhlzobitoxme at the 
stage of culture used, and furthermore, the purification 
method used completely separates hydroxythreonine 
from rhlzobltoxine. 

When L-[‘4C]-threo-hydroxythreonmq was added to a 
growing two-day-old culture of P andropogonzs 7076, a 
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major proportion (>80%) of the 14C supplied was 
recovered in the culture supernatant. Most of this 
radioactivity was subsequently determined to be in 
hydroxythreonine, this was designated as non-utilized 
hydroxythreonine for the analysis of the results of the 
experiment (Table 3). From the difference between the 
radioactivity of hydroxythreonine supphed and hydroxy- 
threomne remaining, the radioactivity utilized during the 
exposure period was obtained. The percentage incorpor- 
ation of radioactivity into rhizobitoxine, calculated from 
the utilized hydroxythreonine, was 39.7% and 23.5% in 
two separate experiments (Table 3). The results demon- 
strate that there is an uptake of hydroxythreonine by P. 
andropogon~s cells, and, as there is a net increase of 
extracellular hydroxythreonine at this stage of the growth 
phase (R. E. Mitchell, unpublished data), that there is a 
two-way movement of hydroxythreonine between cells 
and the growth medium. The high percentage incorpor- 
ations obtained are indicative of the highly specific usage 
of this compound by the cell and provide strong evidence 
that hydroxythreonine IS an intermediate on the bio- 
synthetic pathway to rhizobltoxine. 

Collectively the results reported here suggest the course 
of biosynthesis of 417 of the carbon skeleton of rhizo- 
bitoxine to proceed via the aspartic acid biosynthetic 
pathway, with a branch from the normal route beyond 
aspartlc acid which leads to the uncommon amino acid L- 
threo-hydroxythreonine. This, by way of an ether-form- 
ing reaction involving probably a three-carbon unit from 
a different origin, such as from glyceraldehyde-3- 
phosphate, could give rise to rhizobitoxine. Certainly the 
linkage of two units to form the enol ether structure of 
rhizobitoxine is indicative of the functioning of enzymes 
in a way that may be unique and characteristic of this 
system. 

EXPERIMENTAL 

SelectIon and culture of bacterial strains. A previous study [Z] 
has shown a vanatlon m metabolite production by P. andropog- 
oms strams Some produced high levels of rinzohtoxine (up to 
92 mg/l) and only low levels of hydroxythreomne, wlule other 
strains produced httle or no rhizobltoxme but mamtamed high 
levels of hydroxythreomne productIon (up to 50 mg/l). For this 
reason the two hydroxythreomne producmg strains PDDCC 
2809 and 5980, and the two rtuzobitoxine producing strains 
PDDCC 7076 and 7856 were selected for studies of mcorpor- 
atlon of rachoactivlty into the respective metabohtes. 

Strams were obtained from the Plant Diseases Dlvlsion 
Culture Collection (PDDCC) and recovered from lyophd by 
platmg onto Kmg’s medium B [6]. A mixture of 5 colony- 
forming units was subcultured onto slants of King’s mechum B, 
and held at 4”. They were maintained throughout the course of 
these expenments by subculturing at 4-6 weekly intervals In all 
expenments hqmd culture was undertaken as described m ref. 
[1] using the medium of ref. [7], but with 400 ml per 2 1 flask 
instead of the usual 600 ml. 

“C-Labelling experzments. L-[U-‘~C] Aspartic acid (ca 1 ml, 
4.5-7.5 @Ii, 2 pmol) was added to one flask for each of the four 
strams at the stage of growth detailed m Table 1, and the flask 
harvested after 4 hr. The tmung of the addition of “‘C was 
chosen to comclde with the prior production of lo-20 pm01 of 
hydroxythreonme or rhlzobitoxme; the times vaned for different 
strains because of different time lags m the commencement of 
productIon, and dlffermg kinetics of production L-[‘~C]- 
hydroxythreonine was added m 2 separate experiments (see 

Table 3) to strain 7076 after 2 days growth; cultures were grown 
for a further 56 hr then harvested. 

At harvest, the culture (4OOml) was centrifuged at 0” and the 
supematant Immediately passed through an ion exchange col- 
umn of Amberlite CG-120 resin m H+ form. Products were 
recovered from the ion exchange column by elutlon with 5% 
NH,OH, the products bemg m 12 ml, collection bemg started at 
the change of pH of the eluent. Tlus fraction was evapd, and pnor 
to purification procedures the quantity of hydroxythreomne 
and/or rhlzobitoxine m it was estimated by thm layer electro- 
phoresis (TLE), as described below. 

Preparation of L-[WI-threo-hydroxythreonme. L-[U-‘~C] 
Aspartlc acid (4 ml, 105 &I, 2 pmol) was added to P andropog- 
onis 2809 after 175 days of growth. The racboactive culture was 
allowed to grow for 35 mm and was then harvested. The L-[‘~C]- 
threo-hydroxythreomne was isolated and purified, yielding 
2.5 mg (determined as described below), and 2.87 /.ICI for 2.7% 
incorporation of 14C from aspartlc acid. 

Purijication of ‘%-products. The ion exchange fraction, after 
TLE quantltation for hydroxythreonine and rhrzobttoxme, was 
further purified by chromatography on LH20 Sephadex, fol- 
lowed by ion exchange chromatography on QAE Sephadex as 
described by Mitchell et al. [1] except 12 5 g of Sephadex and 
600 ml of 0 05 M-O.6 M (NH,)HCO, gradlent were used Quan- 
tlties of each 14C product for each strain were then agam 
estimated by TLE The QAE Sephadex purification step com- 
pletely separated rhtzobitoxme from hydroxythreomne, and 
gave a good recovery of each purified product (Table 1) In 
earlier experiments (data not used here) prep. TLE was used to 
separate 14C-hydroxythreonme and rhizobaoxme. This method 
resulted in a good recovery of hydroxythreomne, but m sub- 
stantial losses (> 50%) of rhlzobltoxme, probably because of the 
relatively long exposure times to an on the cellulose dunng 
mampulatlons with the plate and during autoradiography 

Quantltatlon of hydroxythreonme and rhazobitoxine The quan- 
tlties of rhlzobitoxine and hydroxythreonme present m ion 
exchange fractions, and in each product after punficatlon, were 
estimated by TLE m a simtlar way to the TLC method reported 
m ref. [2]. The use of TLE IS qmcker than TLC, and was possible 
m these experiments because the shorter growth times used gave 
Ion-exchange fractions that had fewer contanunating nmhydrin- 
reacting products than obtamed with the 6-7 day growth penod 
In each sample, quantitation of hydroxythreonine and rluzo- 
bltoxine was undertaken separately, if both were present. An 
appropriate ddution of a sample was made, then 1 and 2 ~1 
volumes were applied to 1.2 cm bands at the origin. smularly, 
0.5, 1.0, 1.5 and 2 0 pg quantities of standard (hydroxythreonine 
or rluzobitoxme, compounds punfied as described m ref. [1]) 
were applied to the plate. After TLE (pH 2,20 min) the plate was 
dned and then sprayed with a methanohc 1% (w/v) solution of 
mnhydnn containing 0.1% (w/v) Cd(OAc), and 0.5% AcOH. 
The colour mtenslties of the resulting bands were compared 
visually. Then samples were re-run, after appropnate chlutions, 
until quantltles were found at both application levels that gave 
mnhydnn colour-intensities that matched those of the standards. 
Quantities in the parent samples were then calculated. 

Measurement of radioactnnty. Radioactivity was measured on 
a Beckman LS 2800 hqlud scmtdlation counter Samples were 
prepared for counting as a homogenate m 0 5 ml H,O and 3.1 ml 
of ACS II aqueous countmg scmtillant (Amersham). 
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