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A novel plant glutathione peroxidase-like protein provides tolerance to
oxygen radicals generated by paraquat in Escherichia coli
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Abstract

Citrus salt-stress associated protein (Cit-SAP) reveals significant sequence homology to mammalian glutathione peroxidase (GP). In an attempt
to assign biological function to this protein, transformed E. coli cells expressing Cit-SAP were examined for their ability to tolerate free radicals formed
by paraquat, an O; radical forming agent. In the presence of paraquat, the survival rate of the transformed bacteria expressing Cit-SAP was much
higher as compared to the wild-type bacteria. The results support the assumption that Cit-SAP is a plant GP-like protein which participate in the

enzymatic system aimed at scavenging oxygen free-radicals in plants.
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1. Introduction

In animal cells, glutathione peroxidase (GP) plays a
key role in the defense against the oxidative damage
caused by H,0, or lipid peroxides [1]. These free radicals
are formed as by-products in energy-generating organ-
elles [2,3] and in various stress conditions such as ioniz-
ing radiation and redox cycling agents. In E. coli, super-
oxide dismutase (SOD) and catalase are key enzymes in
the major cell machinery responsible for scavenging oxy-
gen free radicals. GP activity in E. coli was not yet found
[4], although it was claimed to be present in several other
prokaryotic organisms [5]. The presence of GP and its
potential physiological role in photosynthetic organisms,
particularly in plants, is not yet clear. However, growing
evidence for its presence and activity in blue green cyano-
bacteria [6], chlamydomonas [7], marine diatoms [8],
Euglena [9], moss [10], and leaves of several higher plants
[11], indicates that this enzyme might be widely spread
among photosynthetic organisms and might have a role
in their defence against free radicals. Recently [12], a
c¢DNA with a significant homology to animal GP and to
the bacterial gene btuFE was cloned from tobacco proto-
plasts. This gene was suggested to be controlled by oxi-
dative stress, caused by the removal of the plant cell wall
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Abbreviations: GP, glutathione peroxide; SOD, superoxide dismutase;
Cit-SAP, citrus-salt-stress associated protein; CSA~, E. coli strain
DH5a; CSA®, E. coli strain DH5a transformed with pAROI plasmid
which contains csa.

or by the chemicals involved in the protoplast generating
treatment. However, the actual expression of the corre-
sponding protein was not demonstrated, nor its specific
enzymatic activity. Independently to this study, a gene,
designated csa, which reveals a high degree of homology
(~ 86%) to the tobacco gene, was isolated from Shamuti
orange cultured cells that were acclimated to high levels
of NaCl [13]. The protein product of csa, a citrus salt-
associated protein (Cit-SAP), was found to be present in
all citrus plants tested, and its level is increased in cul-
tured cells exposed to NaCl and in citrus plants upon
irrigation with salt [14]. The homology of Cit-SAP to
mammalian GP, and the increase in its level due to irriga-
tion with elevated concentrations of NaCl, suggest that
NacCl treatment may generate free radicals which medi-
ate increase in the levels of glutathione peroxidase. Until
now, studies have indicated that the hydrogen peroxide
scavenging systems in plants consist of other peroxi-
dases, in particularly ascorbate peroxidase [15,16]. The
elevated levels of Cit-SAP in response to NaCl treatment
may indicate that this particular protein, which is in-
duced under restricted physiological conditions such as
salt stress [14], plays a role in scavenging excess of H,0,
and lipid peroxides [10]. Our efforts to demonstrate that
CSA* cells have GP activity have not yet succeeded. This
may be due to differences observed between the primary
structures of Cit-SAP and mammalian GP [13], which
probably effect the stability, specificity or the conditions
required for the activity of Cit-SAP as compared to GP.

As an alternative tool to study the function of Cit-
SAP and assess its putative activity as a hydrogen perox-
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ide scavenger, we have used E. coli as a heterologous
model system. In accord with the assumption that Cit-
SAP is a glutathione peroxidase, we demonstrate in this
study that E. coli which express the protein product of
csa, are much more tolerant to the free radical generating
agent paraquat.

2. Experimental

2.1. Plant material
Adapted salt-tolerant cell lines derived from Shamuti orange (Citrus
sinensis L. Osbeck) were used [17].

2.2. E. coli strain and plasmid

E. coli strain DH5a was used in this study. pARO1 plasmid (Fig. 1)
contains a full-length cDNA clone which corresponds to the csa gene
that encodes for Cit-SAP; the gene was placed under the control of the
lac promoter in the Bluescript SK™ vector (Stratagene) [13]. Cells trans-
formed with pAROI1 are designated as CSA™ cells, while cells trans-
formed with only Bluescript SK~ vector are designated as CSA™ cells.

2.3. Growth media and conditions used for selection on paraquat

The citrus cells were grown in liquid Murashige and Tucker medium
as described [18]. E. coli cells were grown in LB medium in the presence
of ampicilline (50 ug/ml), at 37°C with shaking. For examination of the
viability of CSA* and CSA™ in the presence of paraquat, 20 ml of E.
coli cells were grown to Agy = 0.8 or to A = 3. Aliquots (100 ul) were
taken from these cultures and diluted in LB to an estimated number of
200-300 colonies per plate. Two aliquots were spread from the appro-
priate concentration on LB-agar plates (5 cm in diameter), containing
0.1, 0.15 and 0.2 mM of paraquat (methylviologen, 1,1’-dimethyl-4,4"-
bipyridinium dichloride from Sigma) and 50 ug/ml ampicillin. After
spreading, cells were grown at 37°C. Tolerant colonies usually ap-
peared after 4048 h.

2.4. Cell disruption and superoxide dismutase assay in E. coli

Prior to the plating of E. coli as described above, cell samples were
washed and sonicated in 50 mM phosphate buffer (pH 7.8) containing
1 mM EDTA and isoascorbate (14 mg/ml). The amount of the protein
was determined by the method described by Bradford [19], and enzyme
activity on 10% polyacrylamide slab gels was visualized using the
method of Beauchamp and Fridovich [20].

2.5. Gel electrophoresis

Protein extract of CSA* was obtained by sonication of the bacteria
in 50 mM Tris-HCI (pH 8.0) containing 1 mM EDTA, followed by the
removal of the non-soluble debris by centrifugation; for two-dimen-
sional PAGE, the supernatant was diluted with the isoelectric-focusing
sample buffer [21]. Protein extract of citrus cultured cells, as well as
two-dimensional PAGE, were carried out as described by Ben Hayyim
et al. [14]. Western blots were analyzed by reactions with anti-Cit-SAP
antibodies preadsorbed with crude extract of E. coli and staining with
alkaline phosphatase conjugated to a second antibody.

3. Results

3.1. Expression of Cit-SAP in E. coli and Shamuti orange
callus

Two-dimensional Western blots of protein extracts
obtained from CSA* and adapted salt-tolerant citrus
cells, detected by anti Cit-SAP antibodies, are presented
in Fig. 2. These blots indicate that although a protein of
the same M, is expressed in both E. coli and the plant,
as was previously shown [13] by one-dimensional SDS-
PAGE, subtle differences between the E. coli and the
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Fig. 1. Schematic presentation of pAROI, a plasmid that contains the
csa gene and express the corresponding Cit-SAP protein. A 0.8 kb
EcoRI-Xhol fragment that contains the cDNA of the csa gene and its
flanking regions (Holland et al., 1993) is placed under the /ac promoter
of blue script SK-vector (Stratagene). X = Xhol restriction site;
E = EcoRI restriction site. P-lac = lac promoter.

plant protein do exist. In both types of cells, two protein
forms having the same M, but different pl values were
detected by the anti Cit-SAP specific antibodies. Both the
plant and the transformed bacteria, share a common
protein spot of pI = 6.1 (Fig. 2C, indicated by an arrow),
but differ in the pl value of their second protein. In the
plant cells (Fig. 2A), the second protein form is more
acidic than the common spot and much weaker. This
spot was detected when the two-dimensional PAGE was
highly loaded with protein and the blot was detected by
using the alkaline phosphatase method. In CSA™ cells,
the second protein form is more basic and more intense
than the common spot of the protein with pI = 6.1 (Fig.
2B).

3.2. Phase-dependent expression of SOD and Cit-SAP in
E. coli

Since SOD catalyses the production of H,0,, the sub-
strate of GP, from O; radicals, this enzyme activity was
determined for both CSA* and CSA™ taken from cul-
tures at Agy = 0.8 and A4y = 3. As shown in Fig. 3, the
profile of SOD bands originating from late log phase
cells is different from that of stationary phase cells. The
band corresponding to Fe,SOD (as judged by sensitivity
to H,0,) is stronger in the stationary phase cells. On the
other hand, late log phase cells contain an additional
band (probably a hybrid between the Fe,SOD and the
Mn,SOD). No difference was observed between the in-
tensity of the SOD bands of CSA* and CSA™. Stationary
phase CSA™ cells also display much higher levels of Cit-
SAP as compared to late logarithmic phase cells (Fig. 3).

3.3. Contribution of csa transformation to paraquat
tolerance in E. coli
CSA™ and CSA™ cells, at different growth phases, were
assayed for their ability to grow on LB-agar plates con-
taining increasing paraquat concentrations. As shown in



54

kD BASIC —>» ACIDIC

67 —

43 —

30 —

20 =

145 —

A

BASIC —> ACIDIC

D. Holland et al./| FEBS Letters 337 (1994) 52-55

BASIC —> ACIDIC

- . -

B c

Fig. 2. Two-dimensional gel electrophoresis of proteins (250 ug) extracted from: (A) adapted salt-tolerant cell line derived from Shamuti orange, grown
in the presence of 200 mM NaCl; (B) late log phase CSA™ E. coli cells containing the csa gene; (C) mixture of extracts A (125 ug) and B (125 ug).

Fig. 4, both types of cells exhibited more tolerance to
paraquat when plated at their stationary phase
(Ao = 3.0), as compared to the late log phase
(Aggo = 0.8). However, in all cases, CSA™ cells were more
viable than CSA™ cells when grown in the presence of
paraquat. The most distinctive effect was observed when
the cells were spread at Aqy, = 0.8 on plates containing
0.1 mM paraquat. Under these conditions, the number
of CSA” cells that formed colonies exceeded the number
of CSA™ cells by a factor of 5 (Fig. 4A).

4. Discussion

The expression of the citrus csa gene in E. coli clearly
confers higher tolerance to paraquat. The most pro-
nounced effect of csa was observed when cells from cul-
tures at Agy = 0.8 were spread on plates containing 0.1
mM paraquat. Under these conditions the number of csa
transformed cells that were tolerant to paraquat exceeds
the number of non-transformed control cells by a factor
of 5. The tolerance to paraquat depends on the growth
stage from which the bacteria were used for spreading
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Fig. 3. Superoxide dismutase activity and Cit-SAP levels of CSA* cells.
(1) PAGE presenting SOD activity at the late log phase (A) and at the
stationary phase (B). (2) Western blot analysis comparing the levels of
Cit-SAP in CSA" at the late log phase (C) and at the stationary phase
(D).

the cells on the plates. Hence, cells that were spread from
Agoo = 0.8 cultures are less tolerant than cells spread
from cultures at A¢y = 3.0. This increased tolerance does
not depend on csa, since it occurs in both CSA* and
CSA™ cells. Yet, even when this intrinsic E. coli tolerance
is increased, the effect of csa is still well detected. This
effect is additive to the activity of the intrinsic free-radi-
cals scavenging system of the bacteria, also in the station-
ary phase. Increased Mn,SOD levels in response to glu-
cose exhaustion [22] and to paraquat [23,24] have been
previously reported. If Cit-SAP acquires GP-like activ-
ity, then its substrate might be H,0, in addition to other
peroxides. The concentration of H,0, depends on the
activity of SOD. In the presence of paraquat, high flux
of Oj is generated and should be dismutated to hydrogen
peroxide by the action of SOD in order to be available
for GP. Therefore, Cit-SAP activity will reach its full
potential when SOD level is high enough. We found that
a protein band that corresponds to Fe,SOD activity is
stronger in stationary cells than in the end of the log
phase cells. Perhaps, this form of SOD is more efficient
in dismutation of O; under the physiological conditions
imposed at the stationary phase and may be responsible
for the higher tolerance to paraquat displayed by station-
ary phase cells.

We demonstrated previously [13] that E. coli trans-
formed with csa synthesize a protein with a similar M,
to Cit-SAP. In the present study we have further inves-
tigated the identity of the bacterial and plant proteins by
two-dimensional PAGE analysis. This analysis (Fig. 2)
indicates that citrus and E. coli synthesize several forms
of the protein with different pl values. In addition to a
common protein that is shared by the two organisms
(pl = 6.1), the E. coli contains an additional form of
Cit-SAP with a more basic pl. This protein is the major
Cit-SAP form that is synthesized in E. coli. Plants, on the
other hand, express a different form of Cit-SAP which
is more acidic and is minor compare to the form common
to the bacteria and plant. These findings suggest that the
¢sa encoded protein may be modified differently in citrus
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Fig. 4. Viability of CSA* and CSA™ in the presence of paraquat. The
bacterial cells were grown to A = 0.8 (A) and A4y, = 3.0 (B) in the
absence of paraquat, and aliquots were spread on plates containing 50
ug/ml ampicillin and different concentrations of paraquat. CSA™ cells
contain plasmid pAROI; CSA™ cells contain control vector plasmid
bluescript SK-(Stratagene). For experimental details see text.

and in E. coli. The main protein product of the plant
however is also found in E. coli although its proportion
is much more reduced. We do not yet know the differ-
ences in the chemical nature of the three forms of Cit-
SAP, nor the level of similarity of their biochemical ac-
tivity. These structural differences may be due to post-
transcriptional modifications or changes in the amino
acid backbone of the protein.

Our analyses indicate, that stationary phase cells con-
tain higher levels of csa as compared to end of the log
phase cells. We do not know whether the reason for this
increased expression is a higher induction of the lac pro-
moter or because stationary phase cells accumulate more
copies of the plasmid containing the csa gene. The in-
creased level of Cit-SAP in stationary phase cells may
indicate that Cit-SAP expression in cells under these
physiological conditions is of advantage to the cells. En-
dogenous GP activity have not been demonstrated in E.
coli [4]. The increased tolerance to paraquat of CSA*
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cells is the first indication that Cit-SAP is possibly an
antioxidant enzyme. The fact that csa is very homolo-
gous (86%) to the evolutionary distinct tobacco gene,
and that Cit-SAP was found to be expressed in other
plant species (data not presented), suggests that this pro-
tein is highly conserved in plants, and probably plays an
important role in controlling the level of oxygen radicals.
The present findings that a plant GP-like protein is active
in E. coli, may facilitate our ability to use the E. coli
heterologous system for the selection of plant or human
GP mutants with higher efficiencies to scavenge H,O, or
lipid peroxides. Such mutants could be generated by ran-
domly mutagenizing the c¢sa gene in vitro and subse-
quently transforming E. coli with the mutated DNA fol-
lowed by selection for colonies that display higher toler-
ance to paraquat.
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