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Functional Characteristics of Cytoplasmic and Periplasmic
Photobacterium leiognathi CuZnSOD (PSOD)
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Protective effects on subcellular localization of Photobacterium leiognathi CuZnSOD (PSOD)
were examined in Escherichia coli SOD mutant cells on the treatment of paraquat, heat shock

@R7°C—>42°C),

hydrogen peroxide and copper sulfate, respectively,

The physiological

characteristics of the periplasmic and cytoplasmic PSOD localized differently are dependent
on the conditions in this experiment. Cells expressing SOD periplasmically in the treatments
of paraquat and H,O, respectively were somewhat better protective effects cells expressing SOD
cytoplasmically at comparable level and SOD expression level showed, the most consistently
important variable. However, this was reversed in the treatments of heat shock and CuSO,,

respectively.
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Superoxide dismutases (SODs: E.C.1.15.1.1) are
metalloenzymes which catalyze the reaction: O,
+0,” +2H*—>H;0,+0,. Thus SODs are consid-
ered as the first line of defense against oxygen
free radicals (14). They are classified into three
forms according to the metal of their active sites:
Cu/Zn, Fe and Mn. SODs of the erythrocuprein
type (CuZn) are characteristically found in the
cytosols of eukaryotes (15,16,17). MnSODs are
found in prokaryotes and organelles (17,18, 20)
and FeSODs are found primarily in prokaryotes.
Several exceptions to these generalizations are
known (9,33,38,41.43). The idea of SOD spe-
cialization is also supported by two recently de-
scribed SOD types. First. it has been observed
that the CuZnSODs of P leiognathi (44) and
Caulobacter crescentus (45) possess a signal se-
quence, absent from eukaryotic CuZnSODs,
which provides the major component of total
SOD activity. Second. it is now well documented
that diverse animals possess a CuZnSOD
associated with the extracellular matrix (ECSOD})
(31) that is related to. but quite different from
cytosolic SOD (21,32). The existence of these
enzymes challenges the once popular assumption
that SOD activity was necessary to counteract
only intracellular superoxide. Recently. by ex-
pressing periplasmically the P. leiognathi gene in
SOD-deficient E. coli cells, we have been able to
address general questions conceming extracellular
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superoxide and superoxide dismutase, independ-
ent of any special conditions that occur in the
periplasm of P. leiognathi and C. crescentus or in
the extracellular matrices of animal tissues (31).
MnSOD and FeSOD have been assigned distinct
subcellular localizations and physiological func-
tions. Thus in E. coli system, both enzymes are
found in the cytoplasm and this distinct locali-
zation was thought to increase levels of SODs
resistance against endogeneously produced super-
oxide radicals (4). The subcellular distribution of
SODs in plants is a matter of debate. However,
it has been suggested that cyanide-sensitive
CuZnSOD was found to be localized in the
cytosol (13). chloroplasts (41). and mitochondrial
inner membrane space (42). In blue green algae,
the FeSOD is localized in the cytosol, while the
MnSOD is distributed in the thylakoid (37). The
significance of SOD distributions has been
suggested by complementing SOD deficient E. coli
mutants with genetically engineered plasmids,
pYKZ and pYK4 which express PSOD periplas-
mically or cytoplasmically with or without signal
sequences. respectively (23, 24).

Recently, Steinman (44) described the cyto-
plasmic location of the P leiognathi CuZnSOD.
However, no specific cellular localization of the
SODs has been clearly demonstrated and there
is no evidence that they have different biological
roles. Thus, we report here that functional
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differences of cytoplasmically or periplasmically
expressed Photobacterium leiognathi CuZnSOD in
bacterial system exist and their functions are
expressed during various superoxide-mediated
stresses such as heat shock, paraguat treatment.
H-O: and metal ion treatment.

MATERIALS AND METHODS

E. coli strains and plasmids

The E. coli K12 sodA sodB mutants strain (QC
774, GC4468 ¢ (sodA:MudPRI13) 25, Cm’ ¢
(sodB-Kan)-A2Km") and wild type strain GC4468
(F AlacU169 rspl) were described previously (5,
7.34).

To explore the functional differences between
cytoplasmic and periplasmic PSOD, plasmids
pYK2 and pYK4 (23) were employed. respectively.
Culture conditions for oxidative-mediated stress

To transform the plasmids pYK2 and pYK4
into E. coli sodA sodB mutants, cells were made
competent and transformed by the procedure of
Maniatis et al. (30). To assess the effects of
oxidative stress agents such as paraquat (PQ).
hydrogen peroxide, copper sulfate and heat shock
on SOD localization, plasmid carrying QC774
mutant cells were grown overnight with vigorous
aeration (250 rpm) at 37°C in LB broth sup-
plemented with ampicillin (40 ug/m/).

Overnight cultures were diluted 1:100 into 50 m/
of fresh LB in 250 m/ Erlenmyer flasks, and were
monitored for optical density at 600 nm. When
cells were grown (250 rpm) to ODwo=0.1 at 37°C,
0.ImM PQ, 5mM H.O: and 0.1 mM copper
sulfate were added, respectively. To determine the
effects of PQ. cells were grown in LB medium
supplemented with 25, 50, 100, 156 uM PQ for 6
hours at 37°C. To investigate the effect of heat
shock. cells were transferred from 37°C to 42°C,
and were grown for 6 hours. Cells were grown
for 2 hours at 42°C, and then transferred into
37°C and were grown for 4 hours. The sensitivity
of growth rates were measured by ODewo every
hour.

SOD assay

SOD measurement was carried out under the
same growth condition as described in the
previous report (25). Transformants QC774 (pYK4
or pYK2), were grown in rich medium(LB) under
various conditions for 6 hours. harvested at 4°C
by centrifugation at 10.000Xg for 3 min, washed
in 0.1M potassium phosphate (pH 7.0). and
suspended in a 1:24 volume of 107° M phosphate
buifer (pH 7.8). Cytoplasmic or periplasmic
fractions for SOD crude extracts were obtained
using the osmotic shock method of Neu and
Heppel (36). Cells were then disrupted by five
cycles of freezing and thawing and by vortexing
successively at 4°C. Cell debris was removed by
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15min centrifugation at 15,000Xg. Crude extracts
were kept frozen at —20°C. SOD assays were
done according to Beauchamp and Fridovich (3)
with slight modifications as described by Kim
(23). Protein was estimated by method of Lowry
et al. (29). One unit of SOD activity is defined

-as the quantity which decreases the absorbance

by 50%.
RESULTS

Different biological effects of PSOD on cellular

‘localization

Effect of paraquat: The growth of cells encod-
ed cytoplasmic or periplasmic PSOD gene were
both affected by 0.1 mM paraquat treatment. Their
sensitivities were directly proportional to increas-
ing concentrations of paraquat (Fig. 1, Table 1).
Growth rates of both cells were also dramatically
inhibited at >0.5 mM paraquat (Fig. 1. 2). SOD
double mutants carrying plasmid pYK2 that
produces the periplasmic PSOD were more
sensitive to oxidative stress than that of pYK4.
At 0.1 mM paraquat-treated medium, the growth
rates of cells were up to twice those of the

0.0~

0.1

Time in hour

Fig. 1. The survival rates on increasing of paraquat
concentration in pYK2 (QC774) cells.
v, GC4468; *, GC4468+PQ (100 uM), O,
pYK2 (QC774), m., pYK2 (QC774)+PQ (25
uM): 2. pYK2 (QC774)+PQ (50 uM); &, pYK
2 (QC774)+ PQ (100 uM): &, pYK2 (QC774)
+PQ (156 uM); ¢, QC774: &, QCT74+PQ
(100 puM). The values given are the average
of two independent determinations.
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Table 1. Response of E. coli SOD mutants (QC774)
carrying periplasmic and cytoplasmic plas-
mids to plating on LB agar and to PQ
diffusion assays under various conaitions.

E. coli SOD Various Relative zone of
mutants carrying  conditions inhibition
plasmid (PQ disk assays)
GC4468 +PQ 0.40
QC774 +PQ 1.00
pYK2(QC774) +PQ 0.72/0.75
pYK4QC774) +Heat shock 0.63/0.54
+H:0, 0.60/0.80
+CuSO, 0.52/0.60

A 100 g sample from cell culture on LB liquid
medium for 6 hr was spreaded onto LB agar
medium. After 30 minutes, a Whatman #1 filter disk
with 20 w4l of 100 uyM PQ was placed in the center
of the plate. Sensitivity to PQ was measured as the
diameter of the zone of inhibition measured after
48 hr. The values given are the average of three
independent determinations.

controls, respectively, and stationary levels were
remarkably inhibited by over 60% (Fig. 1. 2).
PSOD activity was slightly induced with
periplasmically expressed SOD in the treatment
of PQ.

Effect of heat shock: When early logarithmic
cultures of E coli sodA sodB cells (QC774)
encoding plasmids pYK2 and pYK4, growing
aerobically in LB medium at 37°C, were exposed
for 2 hrs to 42°C, the induction rates of cells
carrying pYK2 and pYK4 were enhanced by 1.3
fold and 0.9 fold compared to control, respectively
(Fig. 3, Table 2). Nevertheless the growth rates of
cells were significantly inhibited and irreversibly
by heat shock for 2 hrs at 42°C compared with
controls. When again cells were transferred from
42°C into 37°C, the growth rates were recovered
by 56% after 4 hrs. Inhibition was greater for
periplasmic SOD than for cytoplasmic (Fig.4).
The results also showed that SOD activities were
slightly enhanced on both controls at stationary
phase after 6 hrs.

Effect of hydrogen peroxide: Cells carrying plas-
mids were strongly inhibited by pretreatment
with H-O: (5 mM). The inhibition of transport
by oxidative stress was diminished after appro-
ximately 3 hrs to approximately 56% compared
to control cells encoding cytoplasmic PSOD.
The inhibition was further enhanced on celis
containing periplasmic SOD than that of cyto-
plasmic (Fig. 5). Cells carrying plasmids showed
induced SOD activities. respectively. and survival
rates were consistent with controls for SOD
induction. This suggests that cells can acquire the
ability to overcome the inhibitory effects of
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Fig. 2. The survival rates on increasing of paraquat
concentration in pYK4 (QC774) cells.
%.GC4468. *, GC4468+PQ (100 pM); O.
pYK4 (QC774). ©. pYK4 (QC774)+PQ (25
uM); &, pYK4 (QC774)+ PQ (50 uM): @, pYK
4 (QC774)+PQ (100 pM). @. pYK4 (QC774)
+PQ (150 uM): ©. QC774: &. QC774+PQ
(100 uM). The given values are the average
of two independent determinations.

oxidative stress. Increasing the hydrogen peroxide
concentration to 10 mM (data not shown) en-
hanced significantly the sensitivity. Significant
levels of SOD induction with H.O. were shown
to be 1.4 fold for periplasmic SOD (Fig. 4).

Effects of copper sulfate: The results show that
cells expressing SOD cytoplasmically show greater
survival than did the periplasmically expressed
SOD at comparable levels on LB liguid medium
supplemented with 0.1 mM CuSO,. Survival rates
were also significantly increased with copper
sulfatc compared to controls (Fig.6). PSOD
activity was also consistently parallel to growth
rates with the cytoplasmically expressed SOD ac-
tivity 2.2 fold higher than that of periplasmically
expressed SOD (Fig. 4).

DISCUSSION

We have previously reported that E. coli SOD
double mutants carrying pYK2 produce the
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Table 2. SOD activity in E. coli mutant cells (QC774) carrying pYK2 and pYK4, respectively.

SOD specific activity (U/mg)

Location Plasmid LB (control) PQ Heat shock H,0, CuSO,
42°C
Periplasm pYK2 24 26 28 33 40
Cytoplasm pYK4 20 21 35 23 86

SOD activitics were determined from cells grown 6 hrs on LB liquid medium or LB liquid medium with
PQ (0.1 mM), H;O; (0.1 mM) and CuSO, (0.1 mM) at 37°C. The values given are the average of three
independent determinations. The other details were described in growth conditions.

X L i 1 L 1 —

0o 1 2 3 4 5 6
Time in hour

Fig. 3. The effect of heat shock for 6 hrs on pYKZ
(QC774) and pYK4 (QC774) cells.
2L pYK2 (QC774). 8. pYK2 (QC774)+ Heat
shock (37°C—42°C): B pYK2 (QC774)+ Heat
shock (37°C—42°C—37°C): C. pYK4 (QC774):
d. pYK4 (QC774)+ Heat shock (37°C—42°C);
®. pYK4 (QC774)+ Heat shock (37°C—42°C
—37°C). <. QC774. ., QC774+ Heat shock
(37°C—42°C). ®. QC774+ Heat shock (37°C
—42°C—-37°C). The given values are the
average of two independent determinations.

periplasmic  PSOD. while cells carrying pYK4
generate cytoplasmic PSOD (23). This result has
been further confirmed by the observation of
periplasmic CuZnSOD in Caulobacter crescentus
(45). This unique subceellular localization of SOD
challenges the once popular assumption that SOD
activity was necessary to counteract only intra-

OCK
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Fig. 4. Cytoplasmic and-periplasmic expression of P.
leiognathi CuZnSODs.
Each lane received 50 pg of total cell protein
from E. coli sodA sodB cells carrying the
plasmids, pYK2 and pYK4. P, periplasmic
fraction of pYK2 (QC774); C, cytoplasmic
fraction of pYK4 (QC774). BSOD indicates
bovine CuZnSOD as a comparable standard
and PSOD indicates P. leiognathi CuZnSOD,
respectively.

cellular oxygen radicals and thereby function only
endogeneously. A previous report demonstrated
that E. coli possesses FeSOD and MnSOD and
these enzymes are located in cytoplasm (4).
Hassan and Fridovich (19) suggested that
paraquat could diffuse across the cell envelope
and react with oxygen, thus resulting in the
intracellular production of superoxide radicals at
levels sufficient for cell damage.

They further argued superoxide anion is unable
to transport across the cell envelope. Their
interpretation about the mechanism of extra-
cellular superoxide radicals may not be appro-
priate because exogeneous oxygen radicals may
also damage cell surfaces and thereby effect the
oxygen radicals flux into the periplasm. To
answer this question, the toxicity of paraquat was
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Fig. 5. The effect of H,0; treatment on pYK2 {QC774}
and pYK4 (QC774} rells.
O, pYK2 (QC774): &, pYK2 (QC774)+ H,0»;
C, pYK4 (QC774); @, pYK4 (QC774)+ H,05
&, QCT74; . QC774+H 0, The given
values are the average of two independent
determinations.

investigated based on subcellular localization of
SOD because elevated levels of SOD can enhance
the resistance towards paraquat toxicity. This is
very important in understanding oxygen radical
biology and its mechanism in the cell. The result
showed that a relatively high level of protection
was conferred on E coli SOD mutants by
periplasmic CuZnSOD and reversed by the
treatment of copper sulfate and heat shock

Therefore, there is at least circumstantial
evidence from this experiment that O,  is of
biological consequence. This extracellular SOD
function suggests that intracellular oxygen radicals
produced from paraquat can transverse the
cellular membrane and periplasmic SOD can
primarily protect from the extracellular oxygen
radical influx.

On the other hand. E. coli responds to
enhanced temperature by increasing the rate of
synthesis of heat shock proteins (35). This cellular
response may also be part of a general adaption
to oxidative stress. When cells carrying PSOD
were treated from 37°C to 42°C for 2 hours, cells
with cytoplasmically expressed PSOD resisted
stress  better than periplasmically expressed
PSOD. This suggests that several other stimuli
including oxidants can cause the induction of
heat shock proteins (26,27). Cytoplasmic PSOD
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Fig. 6. The effect of CuSOs on pYKZ {QC774) and
pYK4 (QC774) celis.
O, pYK2 (QC774). & pYK2 (QC774)+ CuSO;;
C. pYK4 (QC774). @, pYK4 (QC774)+ CuSO
o 0. QCT74. &, QCT74+CuS0;,. The given
values are the average of two independent
determinations.

[

was also stimulated or induced by this variety of
species. This result was also suggested by the
observation of SOD activity measured quan-
titatively (Fig. 3, Table 2). The induction of
cytoplasmically expressed PSOD was 1.3 fold and
1.2 fold of periplasmically expressed PSOD. This
appears to be a response to increased intracellular
production of oxygen radicals during 2 hrs of heat
shock when the temperature was raised from 37°C
to 42°C. Therefore, it is possible that heat shock
increases oxygen radicals in E coli cells by
destroying the electron transport chains of the
plasma membrane. Therefore, the elevated oxygen
radicals can increase PSOD biosynthesis, These
results provide further evidence suggesting a
relationship between heat shock and oxidative
stress. However, this proposal should be further
studied for the inter-relationship between
intracellular heat shock proteins and oxidative
stress. The survival growth rate did not
significantly increase following three hours
exposure to hydrogen peroxide but did allow
rapid recovery from inhibiton.

This suggests that cells may need the ability
to overcome the deleterious effects of oxidative
stress. This assumption can be further studied on
the loss of transport by pretreatment of
transportable substances such as lactose or uracil.
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Pretreated cells with H:O, can remove the
inhibitory effects of H-O, and repair the oxidative
damage responsible for the loss of glucose
transport (12). Previous reports suggest that oxyR
and karG gene products are required for induced
rapid recovery of transport (6, 10). Although this
proposal is not straightforward in defense against
oxidative stress, recent work by Imlay and Linn
(22) suggested that catalase encoded by katG is
the only gene regulated by oxyR that is necessary
for induced resistance to killing by H,O,. It has

been known that oxidative disruption of
membrane integrity by H,O, is a general
phenomenon. Consequently, this results in

membrane damage also and thereby cells must
protect from oxidative stress by increasing
antioxidants such as SOD or catalase. There is
also evidence that conditions of increased O,~
and H.O. exposure induce distinct DNA repair
responses (8, 11). However, the nature of the
membrane damage resulting in the loss of
membrane function and the mechanism for DNA
damage by H.O, are not known. Our results show
that cells periplasmically expressing periplasmic
SOD was more protective than cells expressing
cytoplasmic SOD. This means that periplasmic
SOD defenses primarily against oxidative stress
were caused by outer membrane damage and
thereby such DNA damage can be repaired after
3 hrs by rapid recovery of membrane damage or
other complicating factors. This recovery systems
to oxidative stress remain to be determined.
Cells expressing SOD periplasmically in the
absence of supplemental copper were somewhat
better than cells expressing SOD cytoplasmically
at comparable level (Table 2, Fig.5). However,
when cells were grown in L broth liquid medium
supplemented with 0.1 mM CuSO,, the cyto-
plasmically-expressed SOD gave greater cell sur-
vival than did periplasmically-expressed SOD.
This remarkable effect was more enhanced than
that of the control in the absence of supplemental
copper during log phase (Fig.5). This can be
interpreted by the conventional mechanism (2):

E Cu(iD+0. —— E Cu()+0-
E Cu(l)+0. +2H' —— E Cu(Il)+ H0;

In this mechanism. copper produces oxygen with
detoxifying the oxygen radicals. and in turn it
results in H-O-. which is also toxic to the cell.
Therefore, copper ions may function in the
reduction of oxygen radicals carly on but may
lead to inhibition. It has been also shown that
the conventional mechanism can be reversed
under particular conditions such as high pH and
scavenging of oxygen radicals (39. 46).
Nevertheless. in the present study. SOD activity
shows significantly high levels in both sites.
Induction was increased by about 4 fold in the
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cytoplasm as compared to the control, while
PSOD induction was increased by approximately
2 fold. It is reasonable to assume the possibility
of the low efficiency of a periplasmically
expressing SOD. Because if copper ions were
transported into cells, first the periplasm would
have the high ionic strength and thereby cause
the inhibition of enzyme activity (40). Several
investigators reported that copper led to induction
of the CuZnSOD activity in bacterial (23, 34) and
eukaryotic systems (28). However, this enhanced
CuZnSOD activity might accelerate lipid per-
oxidation without an adaptive increase in H;O;
elimination. On the other hand, Balevska et al.
(1) reported that copper deficiency in rats causes
increased levels of lipid peroxidation by 2 fold
in liver mitochondria and microsomes. If this is
true, induced CuZnSOD might play the role in
the dismutation of the oxygen radicals. OQur results
indicate that increased CuZnSOD could effect the
inhibition of the lipid peroxidation as shown in
the growth survival curves.

Finally, it is important to acknowledge that
physiological characteristics of the periplasmic
and cytoplasmic SOD localized differently are
dependent on the conditions in this experiment.
Moreover, the interaction between oxygen radicals
and the other antioxidants could directly effect
the SOD function under oxidative stress. Further
studies on catalase activity with these exper-
imental conditions may provide clues as to
whether catalase can play important defense role
in regards to SOD distribution.
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X R2: Escherichia coli SOD O|Z HFHHO|AMHoA] MEF T Periplasmof] EZ&H= Photo-
bacterium leiognathi CuZaSOD(PSOD)&8| 7|5 &M

HE2* - Y| (AT AdHN G JEI

Photobacterium leiognathi CuZnSOD(PSOD)®} R A ZA ¥ Xo] & o] a7} paraquat.
d &3, HAabbea 282 CuS0,.0] AejA] Zhzt 2= ek A2 28] periplasmyiol] X3
PSOD¢} A EAo] FE3hz= PSOD Atoje] A2y 54L& ¥ dydie 2 wé o5
H4irl Paraquattt H.O. #2jAlel periplasmeol]l SODE ‘gdlshe A XoA AEA
SODE& R ¥sh= 7Z-¢rRo) o7t 3 asr vgles SOD LE HEv oleh df=A ofF
Z2% WskE Hedck e o 239 CuSO.8 HEAle 77 olel dAde] Jog elyr}



