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ABSTRACT

The specificity of the Pseudomonas phaseolicola toxin for
enzyme inhibition and its relationship to toxin-induced chloro-
sis in bean Jeaves (Phaseolus vulgaris 1..) was examined, The
toxin showed no significant inhibitory activity against glutamine
synthetase, glutamine transferase, carbamyl phosphate synthe-
tase, aspariate carbamoyltransferase, or arginase at concentra-
tions 100-fold higher than that needed to inhibit ornithine car-
bamoylhtransferase by 509%,.

Protection from and reversal of toxin-induced chlorosis in
bean leaves was attempted with several amino acids, Aside from
protection with L.citrulline which was previously reported, omy
L-arginine-HCl and to a minor extent Ldeucine and L-glitamine
showed protection from chlorosis. L-Citrulline and L-arginine-
HCI (but not L-glutamine and Leucine) also reversed toxine
induced chlorosis.

Ultrastructurally, cells from toxin-treated chlorotic tissues
showed no observable changes as compared to nontreated tis.
sues. This, together with the ability of the two amino acids to
reverse chlorosis, indicated that the toxin eauses a reversible
biochemical lesion in treated tissue,

While tissues from bean plants inoculnted with ®, phascolicola
showed a large accumulation of ornithine, toxin-treated “issues
showed no accumulation of ornithine. The latter finding indi.
cated that in addition to the ornithine carbamoyliransferase in-
hibitor, the pathogen may produce inhibitors of other ornithine
metaholizing enzymes in inoculated tissues,

When bean plants (Phascolus vulgaris L.) are infected by
their pathogen Pseudomonas phaseolicolu or injected with its
toxic culture filtrates, they exhibit two symptoms: chlorosis and
accumulation of ornithine (20, 28). Chlorotic pathogen in-
fected tissues show a 440-fold increase in ornithine content,
while chlorotic toxin-treated tissues show o 106-fold increus :
(28). Since the ornithine pool in plants is usually small (1), th s
striking increase indicates a derangement in the normal orri-
thine metabolism of affected tissues.

Ornithine is metabolized primarily through two pathwar s,

*This rescarch was supported by National Institutes of Health
Grant IR0 AE09477,

* Hawail Agricultural Experiment Station Journal Serics No.
1367,

although a third may exist (see Fig. 1). When radioactive orni-
thine is fed to plant, label appears in citrulline, arginine. glu-
tamate, and proline (4). Appearance of label in citrulline and
ultimately arginine is catalyzed by the enzymes of the ornithine
cycle (13). The first enzyme of this pathway is ornithine carbam-
oyltransferase (E.C.2.1.3.3). Appearance of Libel in gluta-
mate (and ultimately proline) involves reversal of ornithine
biosynthesis; i.e., formation of glutamic-y-semialdehvde by -
ornithine glutamate transaminase (2). Finally, appearance ol
label in proline occurs through the enzymes convertmg ghuta-
mate to proline (18). A third enzvime of orithine catabolism,
ornithine decarboxylase, may also oceur in bean plants.

Accumulation ol ornithine in intected tissues or those treated
with toxic culture filtrates of the pathogen may be due o the
mhibition of any one or all of these enzymies. In addition, inhi-
bition of carbamoylphosphate svnthetise or less directly that of
glutamine synthetase could also lead to the same effect. Mal-
function of either enzyme would retard the synthesis of car-
bamylphosphate (9, 15, 19), which in turn would affect car-
bamylation of ornithine to citrulline.

Patil et al. (223 previously reported that bean ornithine car-
bamoyltransferase i inhihited by o partially puntied extracel-
lular toxin from P, pl. ~eolicola which alo mduces chlorosis
in bean leaves. Further. tosin-induced chlorosis s prevented by
citrulline, an end product ot the OCT  reaction. mdicating a
cause-effect relationship between OCT inhibition and chlorosis.
Whereas OCT inhibiton wlone may be suflicient 1o explam
chlorosis, it is pussible thut ACT, an enzyme which leads 1o the
synthesis of pyrimidines, is also inhibited by the toxin, In the
following paper (331 we report that the toxm speciticadly afleels
the carbamoylphosphate binding region o1 OCT. .« regon com-
mon to both ACT and OCT,

In this communication we examinz the efleat ot # phaseo-
licola toxin on several enzymes 1elated to the ernntiane evele,
describe protection from and reversal of tovin mduced chloro-
sis by citrulline and arginine in vivo, and discuss the relevanee
of the findings in relation to toxin irhibition of OCT and chlo-
rosis on the one hund and the reported accumulation of arni-
thine on the other.

MATERIALS AND METHODS

Chemicals, All chemicals were obtained from commercial
sources and were reagent grade. Carbamoylphosphate (Na'),

* Abbreviations: CAP: carbamoylphasphate; CPS: carbamoyl-
phosphate synthetase; ACT: aspartate carbamoyltransferase; GS:
glutamine synthetase: GT: glutamine transferase; OCT: ornithine
carbamoyltransferase; ARG: arginase: OD: ornithine decarboxyluse;
OTA: ornithine transaminase,
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Fiu. 1. The ornithine cycle and related enzymes. GT: glutamine
trunsfernse; GS: glutamine synthetase; CPS: carbamyl phosphate
synthetase; OCT: ornithine carbamoyltransferase; ACT: aspartate
carbamoyltransferase: ARG: arginase.

ornithine, citrulline, arginine, acetyl glutamate, 2,2 iminodi-
cthanol, ATP, and DPNH were obtained from Sigma as were
lactic dehydrogenase (rabbit muscle), glutamine synthetase
{sheep), and pyruvate kinase (rabbit skeletal muscle). Arginase
(heef fiver) was obtained from Mann.

Enzyme and Toxin Preparation. Preparation of the acetone
powder (21) and crude extracts (33) was as previously de-
scribed. The bean crude extracts were used as a source of
CPS und ACT. Since activity of GS and GT in the above
crude extracts wis very Tow, similarly prepared crude extracts
of pei (Pisunt sativien) seedlings were used as a source of these
enzymes from a plant source,

‘Toxin Preparation, ‘The preparation of the toxin is described
clsewhere (231 1t was from the same batch of standard prepa-
ration as used in the Kinetic studies of OCT inhibition reported
in the next paper (33). Atter complete hydrolysis in 6 8 HCI
under vacuum, it contained 42 nmoles of alanine equivalents
per pl. For purposes of comparison toxin concentrations are
referred toin terms of units. One unit of toxin is that amount
of toxin which gives S0 inhibition of OCT under standard as-
say conditions (33). The above toxin preparation contained 10
units per pl.

Enzyme Assays. CPS wis assaved by measuring the rate of
DPNH oxidation in a system coupled with pyruvate kinase and
lactate dehydrogenase according to Fahien and Cohen (7). In
a final volume of 1 mil the reaction mixture contained the fol-
lowing: 10 ma MgCl, 2.5 mat phosphoenol pyruvate, 50 ma
glyeylglycine, 0.16 ma DPNH, 0.1 s KHCO. O.1 & KCIL 10
mM acetylglutamate, S mat ATP 12 mm NHL.CL 0.01 mg of
pyruvide kinase, .06 mg of Lictate dehydrogenase. and enough
dialyzed bean crude extract to osidize 1.6 imoles of DPNH
per min. Under these conditions, neither pyruvate kinase nor
lactate dehy drogenase were limiting. The reaction (23 C) was
started by adding the bean enzyme (o a T-ml cuvette positioned
in a Beckman DB recording spectrophotometer. The blank con-
tained all reactants except DPNH. Under the above conditions
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the rate of the reaction was lincar with time for 10 min. Ap-
propriate controls were used to examine the possibility that
the toxin inhibits lactate dehydrogenase or pyruvate kinase.
Neither enzyme is inhibited by the toxin. The bean crude ex-
tract contained a trace of ATPase activity, but this did not in-
terfere with the assay. That the oxidation of DPNH observed
under the conditions of the assay was due to CPS was con-
firmed by testing feedback inhibitors (arginine and UTP) at a
concentration of 10 pmoles per assay. Both reduced the oxida-
tion of DPNH, confirming that bean crude extracts contained
CPS.

ACT was assayed by measuring ureidosuccinic acid-diacetyl
monoximine complex as described by Sheperdson and Pardee
(29), except that the reaction mixtures were incubated at 37 C.
The amount of bean crude extract added to reaction mixtures
was such as to yield 1 to 2 pmoles of Pi per 30 min. The blank
consisted of all reactants except aspartate. Since mercapto-
cthanol interferes with the ATC assay all assays were con-
ducted in its absence. Arginase was assayed by measuring urea
formation according to Brown and Cohen (3). Two milliliters
of arginase (1 mg/ml) were dialyzed overnight in 10 mM tris-
HCI, pH 9.0. Undecr the conditions of the assay, which was al-
lowed to run for 10 min at 25 C, 0.133 pumole of urca was
formed. GT and GS were assayed by the methods of Stumpf
er al. (32) and Elliot (5) respectively. except that assays were
conducted in tris-HCl at pH 9.0. Both enzymes were preincu-
bated with appropriate concentrations of toxin for 20 min
before starting the assays. Incubation with all components of
the system together was for 20 min a* 37 C. Under these con-
ditions the end-product formed texpressed as glutamylhydroxa-
mate) was 0.12 pmole per min for the GS reaction and 0.177
pmole per min for the GT reaction.

For determining the effect of toxin on ornithine metabolism
of bean leaves. a total of 1,213 units of toxin were injected in
several individual injections with a hypodermic needle inter-
cellularly from the underside of primary leaves of 12-day-old
bean plants. Toxin-treated areas which showed faint chlorosis
in 10 days were cut out and freeze-dried under vacuum. Com-
parable arcas from opposite side of cach primary leaf which
did not receive the toxin were also cut out and freeze-dried
similarly. Each sample (0.25 g) of the freeze-dried tissue
(treated or nontreated) was blended in 20 ml of hot 95%
cthanol, ana the homogenate was filtered. The filtrate was
evaporated until a green precipitate was observed to which 10
ml of distilled water were added. The precipitate was centri-
fuged. washed. and discarded. and the combined supernatants

cere evaporated te | ml under vacuum. To this an equal vol-
ume el 25% sucrose in 0.1 N HCE was added, and the sample
was applied to the column of a Technicon amino acid analyzer.
Amino acid concentrations were expressed as pmoles per mg
freeze-dried tissue.

For electron microscopic study leaf tissue was diced into 1
mm picces and aspirated in formaldehyde-glutaraldehyde fixa-
tive (11) for 30 min. Material was transferred to fresh fixative
and fixed for an additional 4 hr at about 4 C. Samples were
washed in 50 mm phosphate buffer, pH 7.2, and postiixed for
2 brin 1% osmium tetroxide at about 4 C. After washing in
phosphate buffer, sumples were dehydrated with a graded series
of cthanol, treated with propylene oxide, and embedded in
epoxy resin, Thin sections were obtained with i diamond knife
in a Porter-Blum MT-2B ultramicrotome and were placed on
copper grids, Sections were routinely stained for S min in
agueous 2% uranyl acetate and for 3 min with lead citrate
(26). The sectiens were examined and photographed in a Hi-
tachi HS-8-1 clectron microscope operited at 50 kv,

Amino Acid Studies. Protection studies were done by inject-
ing 5 pmoles (in 10 pl H.O) of the following amino acids in



Plant Physiol. Vol. 49, 1972

trifoliate leaves of 2- to 3-week-old bean plants (23) in the
sume spot where toxin injection wus made. In all cases 10
units (in 10 pl H.0) of toxin were used. The amino acids were:
L-alanine, vL-argininc-HCI, L-citrulline, L-cysteine-HCI, L-leu-
cine, L-isoleucine, L-methionine, L-proline, L-threonine, L-ser-
ine, and L-valine. In addition, L-glutamine was also used at the
same concentrations. At the concentration used, L-tyrosine,
L-tryptophan, t-histidine-HCI, L-lysine-HCI, and glycine were
phytotoxic to bean leaves. For reversal studies § pmoles of
cach of t-citrulline, L-arginine, L-leucine, and 1-phenylulanine
were separately injected in the center of the fully developed
chlorotic halos (48 hr after toxin injection).

RESULTS

Enzyme Studies. As our studies on OCT inhibition in the
succeeding paper (33) mdicate, the toxin specifically afects
the CAP region of the enzyme. Therefore, it was of interest to
investigate whether it has aflinity for other CAP enzymes as
well. To test the activity of the toxin the same preparation as
used in the kinetic studies (33) was employed. Toxin in
»waounts of 10 and 100 units was preincubated with the appro-
priate enzyme for appropriate periods of time prior to starting
the reaction. No significant inhibition of CPS or ACT (10%
for CPS; none for ACT) was observed even with 100 units of
toxin.

Although among the CAP enzymes tested the toxin appeared
to be specific for OCT alone, it is possible that it inhibits other
enzymes of the ornithine cycle. However, OCT alone has been
extracted from bean tissues. Among the commercially available
enzymes of the urea cycle is arginase theel Tiver), which was
used in the present studies. Under the conditions of the assay
toxin even in amounts 100-fold higher than needed to inhibit
OCT by 50% inhibits arginase by less than 1077,

In the conversion of glutamate to glutamine as well as in
the formation of carbamoylphosphate, the size of intracellular
ammonia pools is important (8). Pscudononas tabaci, a patho-
gen of tobacco plants, produces an inhibitor (30) of glutumine
synthetase. The structure of the compound, which is a low
molecular weight peptide, was recently reported (31). Since
P. phascolicola toxin is also a low molecular weight peptide
(Patil, unpublished data). we tested it on glutamine synthetase
and transferase. As in the case of CPS and ATC neither GS
nor GT was inhibited significantly by the toxin.

The results so far indicate that OCT inhibition by the toxin
is intimately related to chlorosis and that the reported (20, 28)
accumulation of ornithine is a result of the OCT inhibition.
However, it is unlikely that OCT inhibition alone ¢ould be the
cause of the abnormally high ornithine concentrations in
affected tissues. Thus, besides OCT the toxin must inhibit other
ornithine utilizing enzymes. But in the following paper (33) we
show that the toxin is specific for a region of the OCT mole-
cule which aftects the CAP «ite and not the ornithine site.
Therefore, logically, the toxin may not inhibit other ornithine
enzymes and chlorosis would not be accompanied by orni-
thine accumulation. In order to see whether in fact the toxin
used in these studies causes ornithine accumulation, we in-
jected it in bean leaves as described in “Materials and Meth-
ods.” The aniino acid profiles of samples showed that the con-
trol tissue (no toxin) contained 5.5 X 10" jumoles of ornithine
per mg dry weight of tissue, in agreement with reported values
(20). and 4.8 X 10°* pmoles per mg dry weight in toxin-treated
tissues, Because of this surprising finding, which is contradic-
tory to published reports, it was important to sce if ornithine
accumulates in chlorotic tissues produced by infection of the
pathogenic isolate used in the present studies.

Plants were inoculated (20) with a washed cell suspension of
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a 14-hr culture of the pathogen. The chlorotic halos which ap-
peared in 2 to 3 days alter inoculation were cut out, extracted,
and the extract was analyzed as described, On a per my diy
weight basis, the halo tissue showed 4.0 X 10* pmoles o1 orn.-
thine, almost 10-fold more than the control tissue.

Ultrastructurally, there are no apparent differences betaeen
cells of chlorotic toxin-treated tissue and cells of rernval tiss
of bean leaves. Particular attention was given 1o the structote
of chloroplasts since chlorosis presumably indicates o Lick o
functional chloroplasts.  However, the appearance of 1}
stroma, the peripheral vesicles, and the granal and sty
lamellae was normal in the chiorotic toxin-treated tissue 11 -
quency and distribution of starch grains was also similar wien
more starch occurring in spongy mesophyll cells than in p -
sade parenchyma cells of both toxin-treated and nontie. 1ed
tissues. Two tissue samples of cach of three separate o
treatments produced similar results,

Protection and Reversal Experiments. We previousiv e-
ported that citrulline protects toxin-treated vean leaves tiom
chlorosis (22). This indicated that the inhibition of OC 1
toxin-treated leaves is closely related o chlorosis, In order to
examine the specificity of the protection phenomenon. we used
several naturally oceurring amino acids s well as glutaniee i
these experiments. Aside from citrulline. only arginine and to
a minor extent leucine and glutamine, offered protection.

Although the amino acids were provided to tissues 3 to = hr
alter toxin treatment, a possibility remained that they inter-
fered with uptake of the txin, To investigate this possibility
reversal experiments were performed. eaves were injected
with 10 units of toxin. At this concentration halos developed
in 48 hr. All four compounds which showed protection were
then individually injected (5 smolesy in the center of the hutos
Figure 2a shows the typical chlorotic halo produced by the
toxin. Areas b, ¢, d, and ¢ show the regreeming ot the tissue
with arginine, citrulline control (no toxin). regreening of tovin
produced halo by citrulline, and arginine control tno toun)
respectively. Neither glutamine nor leucme, both of which
showed slight protection, reverse chlorosis.

DISCUSSION

The present studies show that the £, phaseolicola tosin s
a highly specific inhibitor. Of the various enzvmes related 1o
the ornithine cycle it inhibits only OCT. Since the reaction
catalyzed by OCT is a himolecular reaction, the ensynie mole-
cule has two distinet regions at its active site. one tor CAP and
another one for ornithine. The toxin could he specilic o
either one or both of these regions. I it is specitic tor the ¢ AP
region, it might be expected to inhibit other ensvmes wihich
have similar CAP regions at their active sites Gn the other
hand, specificity for the ornithine region of OC 1 night -
cate possible inhibition of other ornithine-inetabolizing en-
Zymes,

Our studies on the kinetics of OCT inhibition reported
the following paper (33). indicate that the tovim ~ specitic to
a sensitive site on the OCT molecule which . atects the €A
region of the active site. Therefore. one would cvpect that
other CAP enzymes might be inhibited by the tovin, But the
dist show that ACT is not inhibited by the tovm

While the toxin may inhibit QCT directly. it conld also do it
indirectly if it inhibits GS or CPS. Pea seedinies wtilize ani-
monia-N only about 105 as efliciently as the amide-N of alu-
tamine (12). Further, in Chlorella pyernoidova (9), Agaricius
bisporus (15), and pea seedlings (19) the carbamyl-N-atom of
citrulline is largely derived from glutamine. Inhibition of .S
would thus cause deficiency of CAP, as woull inhibition of
CPS. Since ncither of these enzymes is inhibited, it anocars
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Fia. 2. Reversal of tosm induced chlorosis in bean feaves by citrulline and arginine. a: Toxin-induced halo; b: reversal by arginine; c:
citrulline control (no ton, regreening of toxiv-produced halo by citrulline; and ¢: arginine control (o toxin).

that OCT inhibition alone s responsible tor the chain of events
that leads to chlorosis.

The action of the Pseudomonas tabaci toxin in tohuceo
leaves is interesting in this respeet. The toxin, one of the few
maturally occurring f-lactams (31, induces chlorosis in leaves
and inhibits GS of tobacco in vitro (30), Toxin-treated leaves
are protected from chlorosis by alutamine. Inhibition of gluta-
mine synthetase would thus have o dual effect on the metabo-
lism of toxin-treated tissues. One. o reduction in protein synthe-
sis, since glutamine is a protein anmine acid: and two, reduction
in CAP concentration and in tarn i citrolline and arginine
syathesis. To the extene the Latier effect predominates in treated
tobacco tissues, the mode of cction of the 2. jabaci toxin would
he the same as that of the 1. phaseolicola tosin,

Patil et al. (22) previously reported that citrulline protects
toxin injected bean Ieaves from chlorosis. This observation can

be interpreted i two ways. First, externally provided citrulline
simply alleviates deficiency of the amino acid caused by OCT
inhibition. thereby allowing the tissue to resume arginine and
N turn protein synthesis, Alternatively, injected citrulline is
broken down to CAP and ornithine via the reverse OCT reac-
tion and then the attendant increased level of CAP protects
OCT from the toxin. In the nexi paper (33) we show that the
toxin is a competitive inhihitor of CAP. The cquilibrium of the
OCT reaction in mammalian tis-ues. however, greatly favors
the formation of citrulline (25). Also. the Vuae 0f the forward
reaction of bean OCT iy approximaltely six times larger than
that of the reverse reaction (23), ‘Therefore, the latter explana-
tion does not seem plausible.

Furthermore, in the current study we have shown that argi-
nine also protects leaves from chlorosis. The possibility that
arginine is converted to citrulline in this case cannot be serij-
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ously considered, since arginine desimidase has been reported
only from microorganisms (17). That the former explanation is
the more plausible of the two is also supported by results of
the reversul experiments, When cither arginine or citrulline wis
supplied to fully developed chlorotic halos, both compounds at
least partially induced regreening of the chlorotic tissues.
Whichever explanation is accepted, it seems clear that even
48 hr after injection the toxin does not cause irreversible dam-
age in affected tissues. The ultrastructure results reinforee this
view, since there arc no observable differences between treated
and control tissues. Lesemann and Rudolph (14) recently re-
ported that a polysaccharide toxin isoluted from P. phasenlicola
shows no differences other than ribosomal aggregation as com-
pared to controls. Thus, it can be postulated that the toxin
inhibits OCT in treated tissues leading to citrulline and in turn
arginine deficiency. A reduction in arginine concentration
lowers the synthesis ol proteins, including enzymes of chloro-
phyll synthesis. This lack of synthesis combined with the
natural turnover results in chlorosis. Since there is no structural
damage to chloroplasts, supplying citrulline and arginine allows
them to resume chlorophyll synthesis Thus, the data indicate
that the toxin produces a specific but reversible biochemicul
lesion in the puthway of chlorophyll synthesis.

Although the causc-effect relationship between presumed
citrulline and arginine deficiency and chlorosis in toxin-treated
tissues is thus strongly implicated, the possibility exists that
the toxin inhibits chloroplustic protein synthesis (16), including
that of the enzyme ribulosediphosphate carboxvlase. The latier
is synthesized on chloroplustic ribosomes in the chloroplast (6).

The lack of ornithine accumulation in the present studies is
surprising but not inconsistent with the finding that our toxin
preparation does not compete for the ornithine region of the
OCT uctive site. Therefore, the other ornithine enzymes may
not be inhibited by it and should be able to metabolize the in-
creased ornithine pool resulting due to OCT inhibition. The
fact that the toxin used in these studies does not inhibit orni-
thine decarboxylase of E. coli (Seymour Cohen, personal com-
munication) supports this contention.

Anather explanation for the discrepancy between the re-
ported results of ornithine accumulation and those presented
here may be that it is due to the difference in toxin prepara-
tions. Rudolph and Stahmann (28) used crude culture filtrates
in their carly work. It is, therefore, possible that the P. phaseo-
licola filtrates contain more than one inhibitor and that our
isolution procedure separates the OCT inhibitor from other
inhibitors. It is also possible that in vivo the pathogen produces
a toxin which has two separate regions: one specific for the
CAP region, and another for the ornithine region of the uctive
site of various enzymes: and that during the isolation procedure
and’or storage the function specific for the ornithine region is
modified or lost. The finding that ornithine accumulates in
inoculated tissues is consistent with this reasoning. Whatever
the reason for the reported (20, 28) high accumulation of
ornithine, it does not seem to bhe caused by OCT inhibition
alune and indicates that it is not related to chlorosis.
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