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ABSTRACT

It is determined that infiltration of winter wheat seedling shoots by
anti-CSP 310 antiserum caused a significant decrease of oxygen
uptake in winter wheat shoots during short-term cold stress. On
the other hand, infiltration of winter wheat seedling shoots by
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stress protein CSP 310 caused an increase of oxygen consumption.
The comparison of the influence of infiltration of winter wheat

shoots by CSP 310 and anti-CSP 310 antiserum on the rate of lipid
peroxidation showed that, if infiltration by CSP 310 caused a
decrease of conjugated diene formation, infiltration by anti-CSP

310 antiserum did not cause any significant changes in the rate of
lipid peroxidation. The study of the influence of infiltration of winter
wheat shoots by CSP 310 and anti-CSP 310 antiserum on the tem-
perature of winter wheat shoots during cold stress showed that CSP

310 caused the increase of their temperature while anti-CSP 310
caused a decrease of their temperature.

INTRODUCTION

It is known that uncoupling of oxidation and phosphorylation in
mitochondria, in which the so-called ‘‘uncoupling proteins’’ participate
in mammals, is connected with the heat generation used for thermo-
regulation.[1] Some plant uncoupling proteins, such as PUMP,[2]

StUCP,[3] and AtUCP[4] which are homologues of mammalian UCPs
were found and characterized. All of these proteins are inner membrane
integral mitochondrial proteins and are members of the mitochondrial
anion carrier family.[5] Another uncoupling system in plants is connected
with CN-resistant alternative oxidase (AOX) activity. The CN- and
antimycin-resistant AOX, which bypasses the main cytochrome way
of the respiratory chain, catalyses ubiquinol–oxygen oxido-reduction
without the release of Hþ in the intramembrane mitochondrial space
and, so, dissipates redox potential energy and causes the uncoupling of
mitochondria.[6,7] Its activity can be inhibited by hydroxamic acids such as
benzohydroxamate (BHAM).[8,9]

The plant cold stress protein CSP 310 was found to cause the
uncoupling of oxidative phosphorylation of frost-resistant winter cereals
seedlings. CSP 310 was isolated from winter rye[10] and its uncoupling
activity was found.[11] This protein is a nuclear-encoded cytoplasmatic
protein controlled by chromosomes 1 and 6 of winter wheat
D-genome.[12] CSP 310 was also constitutively synthesized in 3-day-old
cereal shoots but did not cause significant uncoupling.[13] Further inves-
tigation showed that, during cold stress, the constitutively synthesized
form of CSP 310 changed from a form with low uncoupling activity to
a form having high uncoupling activity.[14] The uncoupling activity
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of CSP 310 depended on its concentration.[13] It was found that this
protein affects mainly complex I of the mitochondrial respiratory
chain.[15] It was shown that the mechanism of CSP 310 uncoupling
action differs from the ‘‘fatty acid cycling’’ mechanism of plant UCP
function because CSP 310 did not inhibit by addition of BSA, that is a
powerful inhibitor of plant UCPs.[16,17] On the other hand, the addition
of anti-CSP 310 antiserum to mitochondria isolated from stressed
winter rye shoots caused the coupling of oxidation and phosphor-
ylation.[18] So, it was supposed that CSP 310 is localized in outer
mitochondrial membrane.[17]

Different plant uncoupling mitochondrial systems were found to
participate in lowering of mitochondrial ROS production.[19,20] For
example, it was found that the inhibition of PUMP activity in isolated
potato tuber mitochondria significantly increased mitochondrial H2O2

generation. It was also found that substrates of UCP-like uncoupling
proteins, such as linoleic acid and other free fatty acids, reduce
mitochondrial H2O2 generation.[21,22] Unlike other plant uncoupling
proteins, an addition of some concentrations of CSP 310 to isolated
winter wheat mitochondria was found to induce ascorbate-dependent
and NADH-dependent lipid peroxidation systems.[23] On the other
hand, inhibition of CSP 310 by a specific antiserum caused an increase
of the lipid peroxidation rate in isolated mitochondria.[24] However, it is
necessary to remember that reaction of isolated organelles and the
whole plant organism on the same treatment can be different.
Therefore, it was interesting to determine what influence CSP 310 and
anti-CSP 310 antisera have on peroxidation in whole winter wheat
shoots during cold stress.

The main function of mammalian mitochondrial uncoupling
proteins is participation in body thermoregulation by the way of
thermogenesis.[25] Previously, it was shown that under cold shock
(�4�C) winter wheat shoots can generate heat and their temperature
was above 0�C for the initial 25–30 min.[26] At the same time, it was
found that only a part of this difference was detected in
KCN-infiltrated shoots. It was suggested that heat generation during
cold shock in winter wheat shoots might be produced because of
energy transfer from oxidative processes in mitochondria, and that
stress protein CSP 310 can participate in this process. So, it was neces-
sary to determine how infiltration of winter wheat shoots by CSP 310
that activate this plant uncoupling mitochondrial system and infiltra-
tion by anti-CSP 310 antiserum that inhibits this system in organello[24]

influence the temperature of winter wheat shoots during short-term,
low-temperature stress.
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EXPERIMENTAL

Shoots of 3-day-old etiolated winter wheat (Triticum aestivum L.,
winterhardy cv. Zalarinka) seedlings were used in the study. Seedlings
were grown on wet filter paper in thermostat at 26�C.

Stress protein CSP 310 and anti-CSP 310 antiserum were obtained as
described previously.[10] Infiltration of winter wheat shoots by stress pro-
tein CSP 310 (1 mg/mL) and anti-CSP 310 antiserum (1 mg/mL) was
performed during 1 h. After infiltration, seedling shoots were washed and
excess moisture was removed from the shoot surface with filter paper.

SDS-electrophoresis of plant proteins was performed in the poly-
acrylamide gel blocks 70� 80� 1 mm using the Laemmli system.[27]

After electrophoresis, proteins were stained by Coomassie R-250. The
relative molecular weights of the proteins were determined by using a
LMW kit of markers (Pharmacia, Uppsala, Sweden). Western-blotting
with antibodies to CSP 310 was performed as described previously.[14]

The oxygen uptake of winter wheat shoots was recorded polaro-
graphically at 27�C using a platinum electrode of a closed type in
a 1.4 mL volume cell.[28] The reaction mixture contained 50 mM
KH2PO4, 50 mM sucrose, pH 5.2. Polarograms were used to calculate
the oxygen uptake of shoot tissue.

The rate of lipid peroxidation was determined by measuring the
primary products of lipid peroxidation-conjugated diene formation.
Each sample contained 0.9 mL of the incubation medium and 0.1 mL
total suspension. To measure the dienic conjugate contents, total lipids
were extracted by hexane–isopropanol (1:1 v/v) mixture (9 mL per 1 mL
of the sample) by shaking. After shaking, 1 mL H2O was added to the
mixture to stratify the hexane and isopropanol phases. Measurements of
dienic conjugate contents were made in hexane phase at 233 nm on spec-
trophotometer ‘‘SF-46’’ (‘‘LOMO’’, USSR).[24] The dienic conjugate con-
tents in the sample were calculated according to 233 nm molar extinction
coefficient to polyunsaturated fatty acids conjugated dienes 2.2� 105

�

M�1 sm�1.[29]

In the study of the influence of cold shock on thermogenesis samples,
3 g of seedling shoots were used. The measurement of the temperature of
chilling samples was performed as described previously[26] by a copper-
constantan thermocouple (wire diameter 0.1 mm) connected to the input
of a high-sensitive microvoltmeter. The sensitivity of this thermocouple
was 0.025�C. For the measurement, samples of seedling shoots (3 g) were
tightly packed into a small container and then were subjected to a
thermostat with experimental temperature (�4�C). Temperature changes
were recorded as ‘‘living’’ for 30 min or 1 h. Then the shoots sample was
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placed in hot water (95�C) for 5 min to stop all metabolic processes.
Excess moisture was removed from the shoot surface with filter paper
and the temperature changes were recorded immediately in the same
samples as the ‘‘killed,’’ cooled from 25�C to experimental temperature.
Thus, we obtained the temperature curves following chilling with one
tissue sample for ‘‘living’’ and for ‘‘killed’’ tissues, and calculated the
temperature difference (�T 0) between ‘‘living’’ and ‘‘killed’’ seedling
shoot tissues. For Figs. 4A and 5A, the means for ‘‘killed’’ and ‘‘living’’
shoot samples from different experimental samples were calculated.

All the experiments were performed in six preparations. The data
obtained were analyzed statistically, i.e., arithmetic means and standard
errors were determined.

RESULTS AND DISCUSSION

To determine if infiltration of winter wheat seedling shoots by stress
protein CSP 310 and anti-CSP 310 antiserum influence the CSP 310
content in their tissues, soluble cytoplasmic proteins were extracted,
and Western-blotting with anti-CSP 310 antiserum was performed. It
was found that both of these treatments influence the content of CSP
310 subunits in winter wheat shoots (Fig. 1). Infiltration by CSP 310
during 1 h caused the increase of CSP 310 subunits content in CSP
310-infiltrated shoots. On the other hand, infiltration of winter wheat
shoots by anti-CSP 310 antiserum caused the decrease of CSP 310
subunits content, and in this variant, the high-molecular-weight band
of anti-CSP 310 antibodies was detected (Fig. 1).

The next set of experiments was devoted to the study of the influence
of these treatments on the oxygen consumption of winter wheat shoots
during cold stress. Firstly, the study of an influence of cold shock on
oxygen consumption showed that it caused an increase of oxygen
consumption values (Fig. 2). The infiltration of winter wheat shoots by
CSP 310 caused an increase of oxygen consumption from 425.5� 25.1 to
533.4� 13.4 nMol O2/min/g of tissue. These data allows us to suppose
that infiltration of winter wheat shoots by CSP 310 can activate this
plant mitochondrial uncoupling system. On the other hand infiltration
of winter wheat shoots by anti-CSP 310 antiserum caused a decrease of
oxygen consumption to 284.8� 14.7 nMol O2/min/g of tissue. Infiltration
of winter wheat shoots by non-immune antiserum did not influence the
rate of winter wheat tissue oxygen consumption. So, because the effects of
these treatments on winter wheat seedling shoots, oxygen consumptions
were similar to their previously shown effects on isolated mitochondria[11]
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and both stress protein CSP 310 and anti-CSP 310 antiserum were
detected in plant seedling shoots; we can conclude that both of them
were transported into plant cells and associated with mitochondria.
Therefore, it was suggested that they would influence the other known

Figure 2. An influence of CSP 310, anti-CSP 310, and non-immune antiserum
infiltration on oxygen consumption of winter wheat shoots during cold stress.

Figure 1. Western-blotting of control (1), stressed (2), infiltrated by CSP 310 (3),
and infiltrated by anti-CSP 310 antiserum (4) winter wheat seedling shoots with

antibodies to CSP 310.
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functions of this uncoupling mitochondrial system, i.e., regulation of
ROS formation by winter wheat mitochondria and regulation of plant
body temperature.

The study of the influence of short-term, low temperature stress on
conjugate diene formation in winter wheat shoot tissues showed that it
caused about 20% increase in their formation (Fig. 3). These data are
well correlated with data obtained by many investigators concerning an
influence of cold stress on lipid peroxidation in plant tissues.[30,31]

Unlike isolated mitochondria, in which CSP 310 did not have any
influence on conjugate diene formation or, under some conditions,
even stimulation of its formation,[23] in whole winter wheat seedling
shoots, their infiltration by this protein caused about a 30% decrease
of conjugate diene formation during short-term low temperature stress
(Fig. 3). These values were slightly lower, but not statistically different
from the value of diene conjugate contents in non-stressed winter wheat
shoots (Fig. 3). The difference between CSP 310 action on isolated
mitochondria and whole plant seedling tissue allows us to suppose
that CSP 310 can function during low temperature stress as an antiox-
idant, not only by decreasing ROS formation by mitochondria. Really,
preparations of CSP 310-like proteins from some cereals unlike purified
CSP 310 significantly decrease the rate of ascorbate-dependent and
HADH-dependent lipid peroxidation.[32] Because these preparations

Figure 3. An influence of CSP 310, anti-CSP 310, and non-immune antiserum

infiltration on lipid peroxidation in winter wheat shoots during cold stress.
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consisted of significant amounts of CSP 310-like proteins with lower
molecular weights, and especially independent CSP 310 subunits,[33] we
can suppose that CSP 310 subunits have their own antioxidant activity
and can lower lipid peroxidation during low temperature stress after
winter wheat shoot infiltration by this protein and, therefore, in whole
plants, CSP 310 plays a role similar to those observed in isolated
mitochondria for AOX and PUMP.[21,34]

At the same time, the data obtained showed that, if inhibition of
CSP 310 uncoupling activity by addition of anti-CSP 310 antibodies
in organello caused the significant increase of diene conjugates
formation in winter wheat mitochondria,[18] infiltration of winter
wheat seedling shoots, both by non-immune and anti-CSP 310 anti-
serum did not influence the rate of diene conjugates formation (Fig. 3)
unless the decrease of oxygen consumption by plant tissue infiltrated by
anti-CSP 310 antiserum (Fig. 2). It is known that a plant cell has a
powerful and deeply disposed system of oxidative-stress defence. It
includes such mitochondrial and non-mitochondrial enzymes as super-
oxide dismutase, catalase, and peroxidases, as well as non-enzymatic
agents, such as a-tocopherol, ascorbate, etc.[35,36] Uncoupling in plant
mitochondria during low temperature stress is only one of such
antioxidant mechanisms.[21,34,36] In this case, we can suppose that
inhibition of CSP 310-dependent uncoupling by addition of specific
antiserum to winter wheat seedling shoots mitochondria did not cause
a significant increase of lipid peroxidation because of activation of other
plant defence antioxidant systems.

Because the main function of mammalian uncoupling mitochon-
drial proteins is body temperature control during hypothermia,[1,5] we
studied the influence of CSP 310-dependent uncoupling activation and
inhibition on the temperature of winter wheat seedling shoots during
short-term low temperature stress. During this study, we measured the
temperature of winter wheat seedling shoots chilled in a thermostat
from 20 to �4�C.

The data obtained showed that seedling infiltration by non-immune
antiserum did not influence their temperature during low-temperature
stress (Fig 4A). Temperature difference between ‘‘non-immune
antiserum infiltrated shoots’’ and ‘‘killed shoots’’ did not differ from
temperature difference between ‘‘living shoots’’ and ‘‘killed shoots’’
(Fig. 4B). So, infiltration of plant material by non-immune antiserum
did not influence the temperature of winter wheat seedling shoots
during cold stress.

Infiltration of seedling shoots by anti-CSP 310 antiserum decreases
their temperature during cold stress (Fig. 5A). Temperature difference
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between ‘‘anti-CSP 310 antiserum infiltrated shoots’’ and ‘‘killed shoots’’
was about 0.5�C lower than temperature difference between ‘‘living
shoots’’ and ‘‘killed shoots’’ (Fig. 5B). Therefore, we can conclude
that inhibition of stress uncoupling protein CSP 310 activity by specific
antiserum influences plant body temperature during cold stress as occurs
in mammals.

Figure 4. An influence of infiltration by water (control) and by non-immune
antiserum (non-immune) on the temperature of winter wheat seedling shoots

during cold stress (A) and temperature difference between infiltrated by water
and killed by boiling seedling shoots (control) and infiltrated by non-immune
antiserum and killed by boiling seedling shoots (non-immune) (B).

CSP 310 and Antiserum Effects on Winter Wheat 49

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
0
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



©2003 Marcel Dekker, Inc. All rights reserved. This material may not be used or reproduced in any form without the express written permission of Marcel Dekker, Inc.

MARCEL DEKKER, INC. • 270 MADISON AVENUE • NEW YORK, NY 10016

To verify this supposition, we studied the influence of activation of
CSP 310 function on plant body temperature during cold stress. The data
obtained showed that infiltration of seedlings by CSP 310 caused an
increase of their temperature during low temperature stress (Fig. 5A).
Temperature difference between ‘‘CSP 310 infiltrated shoots’’ and
‘‘killed shoots’’ was about 0.5�C higher than the temperature difference
between ‘‘living shoots’’ and ‘‘killed shoots’’ (Fig. 5B). It is interesting to

Figure 5. An influence of infiltration by water (control) by CSP 310 (CSP 310)
and by anti-CSP 310 antiserum (anti-CSP 310) on the temperature of winter
wheat seedling shoots during cold stress (A) and temperature difference between

infiltrated by water and killed by boiling seedling shoots (control), infiltrated
by CSP 310 and killed by boiling seedling shoots (CSP 310) and infiltrated by
anti-CSP 310 antiserum and killed by boiling seedling shoots (anti-CSP 310) (B).
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note that, if infiltration of seedlings by anti-CSP 310 antiserum caused the
decrease of their temperature only during the first 20–25 min of cold stress,
infiltration by CSP 310 caused the significant increase of seedling shoots
temperature starting after the first 5 min of cold shock to the end of
experiment (Fig. 5B). We can suppose that this difference between these
treatments takes place because of the synthesis of CSP 310 de novo that
occurs during cold stress[13] and lead to elimination of the inhibition effect
of anti-CSP 310 antiserum. On the other hand, inhibition of the uncou-
pling effect of CSP 310 can activate another known plant uncoupling
mitochondrial systems such as AOX and PUMP. Such interdependences
between these two mitochondrial uncoupling systems were estimated
previously.[37]

So, based on the data obtained, we can conclude that plant stress
protein CSP 310 participates in plant defence against the increase of ROS
formation during cold stress and can participate in regulation of plant
body temperature during cold stress; we can suppose that activation of
this defence mechanism would allow plants to survive during short-term
low temperature stress. To verify this supposition, we studied the influ-
ence of winter wheat seedling shoots infiltration by CSP 310 on their
survival during cold stress. The data obtained showed that this treatment
caused the increase of seedling survival during cold stress from 70 to 90%
(Table 1). Therefore, we can conclude that plant stress uncoupling
protein CSP 310 participates in winter wheat seedlings defence against
short-term low temperature stress and that activation of its function is
one of the ways of increasing cold tolerance of winter wheat.
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Table 1. The influence of CSP 310 treatment on oxygen consumption and

survival of winter wheat seedling shoots. M� SD, n¼ 6.

Variant
Oxygen consumption,
nMol O2/min/g of tissue

Surviving after cold shock
(�4�C, 30 min), %

Infiltration by water 391.6� 20.4 72.3� 4.4
Infiltration by

CSP 310 (1 mg/mL)
533.4� 10.8 91.7� 4.0
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