
www.landesbioscience.com	 Plant Signaling & Behavior	 1

Plant Signaling & Behavior 5:3, 1-5; March 2010; © 2010 Landes Bioscience

article addendum article addendum

T
hi

s 
m

an
us

cr
ip

t 
ha

s 
be

en
 p

ub
lis

he
d 

on
lin

e,
 p

ri
or

 t
o 

pr
in

ti
ng

. O
nc

e 
th

e 
is

su
e 

is
 c

om
pl

et
e 

an
d 

pa
ge

 n
um

be
rs

 h
av

e 
be

en
 a

ss
ig

ne
d,

 t
he

 c
it

at
io

n 
w

ill
 c

ha
ng

e 
ac

co
rd

in
gl

y.

Key words: plant annexins, stress 
response, oxidative burst, ABA signaling, 
S-glutathionylation, S3 cluster

Submitted: 12/02/09

Accepted: 12/02/09

Previously published online: 
www.landesbioscience.com/journals/psb/
article/10835

*Correspondence to: Dorota Konopka-
Postupolska; Email: konopka@ibb.waw.pl

Addendum to: Konopka-Postupolska D, Clark 
G, Goch G, Dębski J, Floras K, Cantero A, et 
al. The role of annexin 1 in drought stress in 
Arabidopsis. Plant Physiol 2009; 150:1394–410; 
PMID: 19482919; DOI: 10.1104/pp.109.135228.

Accumulating evidence suggest that 
certain annexins can play a role 

in abiotic stress responses in plants. 
We found that for one member of the 
Arabidopsis thaliana annexin gene fam-
ily, annexin 1 (AnnAt1), loss-of-function 
mutants are more sensitive to drought 
stress and gain-of-function mutants 
are more tolerant.1 We also found that 
AnnAt1 is able to regulate accumulation 
of H

2
O

2
 in vivo in Arabidopsis cells based 

on the observation that the level of ROS 
accumulation following induction by 
ABA correlates with the level of AnnAt1 
protein in transgenic Arabidopsis plants. 
Here we provide more commentary on 
the antioxidant activity of AnnAt1, criti-
cally assess the evidence that AnnAt1 
and other annexins possess peroxidase 
activity, emphasize a redox-induced post-
translational modification which occurs 
to AnnAt1 during ABA signaling, and 
discuss ways this annexin’s membrane 
associations could mediate stress signal-
ing while addressing the potential that 
AnnAt1 is a multifunctional protein in 
plants.

Annexins are a multifunctional proteins in 
eukaryotic cells that bind membranes in a 
calcium-dependent manner. In plants and 
animals, annexins are a multigene family, 
and in Arabidopsis there are eight distinct 
genes coding for protein with annexins 
motif. Expression of these eight different 
Arabidopsis annexins is differentially reg-
ulated by a variety of abiotic stress treat-
ments2 and over the past several years it 
has become clear that a key function for 
annexins in animal and plant cells is to 
help confer tolerance to stress responses.3,4 
This addendum further expands on some 

of the main conclusions of our recent 
paper on the role of annexins in abiotic 
stress responses.1

Historically, the antioxidant effect of 
AnnAt1 has been suggested to be a con-
sequence of an inherent ROS-neutralizing 
enzymatic activity. There are three studies 
that established Arabidopsis AnnAt1 could 
play a protective role during oxidative stress 
in heterologous systems. First, recognition 
that this annexin could protect cells from 
oxidative stress came from a study that 
used a mutant Escherichia coli strain that is 
lacking OxyR, a transcription factor that 
senses oxidative stress and is activated by 
the oxidation of reactive cysteines.5 After 
sensing oxidative stress OxyR induces the 
transcription of the regulon of target genes 
coding for different antioxidants, thus 
mutants lacking a functional oxyR gene 
(∆oxyR) are more sensitive to the oxidative 
stress in comparison with wild-type E. coli. 
This study found that AnnAt1, which was 
referred to as Oxy5, could restore normal 
growth in the mutant in response to oxi-
dative stress treatment (350 µM H

2
O

2
).5 

It was suggested that this ability might be 
due to a catalase-like motif located at the 
N-terminus, which has a conserved his-
tine (His40) predicted to be required for 
heme-binding. They also demonstrated 
that both bacterially produced and immu-
noprecipitated AnnAt1 from Arabidopsis 
exhibited peroxidase activity in an in vitro 
assay.

A follow-up report investigated the 
ability of AnnAt1 to protect human 
tumor cells from tumor necrosis factor 
(TNF).6 One component of TNF-induced 
cell death is oxidative stress, and in this 
study stable transfection of AnnAt1 into 
TNF-sensitive HeLa D98 cells resulted in 
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Although oxidative stress is a component 
of most abiotic stress stimuli, the fact that 
these transgenic tobacco lines also show 
tolerance to chemically applied oxidative 
stress (10 mM H

2
O

2
) at the seedling stage 

makes it clear that the oxidative protective 
properties of annexin 1 extends to plant 
cells as well as bacterial and mammalian 
cells discussed earlier.

One major consequence of oxidative 
stress is lipid peroxidation of membranes, 
so the finding that transgenic tobacco 
lines also showed reduced levels of lipid 
peroxidation in response to drought, 
salinity and heavy metal treatment was a 
significant one. Thus it may be that dur-
ing oxidative stress this annexin protects 
membrane integrity or even repairs dam-
age to the membrane caused by oxidation 
of lipids. Consistent with this hypothesis, 
certain animal annexins are required for 
membrane repair,12-14 so the possibility 
that AnnAt1 is acting as a membrane 
repair protein needs to be experimentally 
addressed in the future.

Diverse studies indicate that AnnAt1 
is an important participant in mem-
brane signaling. One study found that 
salt treatment induced a redistribution 
of AnnAt1 protein from the cytoplas-
mic fraction to the membrane fraction.15 
Several Arabidopsis proteomic studies 
have confirmed the association of AnnAt1 
with purified plasma membrane prepa-
rations.16,17 In one of these studies the 
membrane-localized AnnAt1 protein had 
two different molecular masses, 34 and 
39 kD, with the 34 kD isoform found 
mainly in the detergent phase of TX-114 
partition, while the 39 kD isoform had 
no TX-114 phase preference and was less 
abundant in the membrane after washing 
with carbonate buffer.16 Thus, the 34 kD 
isoform of AnnAt1 behaved more like an 
integral membrane protein, similar to the 
reported membrane-binding properties 
for a wheat annexin during response to 
cold treatment.18

Animal annexins have been suggested 
to function directly as novel types of cal-
cium channels or indirectly as regulators 
of ion channels. Results from the animal 
annexin field along with the membrane-
binding properties of plant annexins led 
to the proposal that certain plant annexins 
can serve as hyperpolarization-activated 

intrinsic limitations of such methods 
become clear when these partially purified 
samples start to be analyzed with more 
sensitive methods such as mass spectrom-
etry. Thus results to date cannot be inter-
preted confidently because it is difficult 
to experimentally discriminate between 
intrinsic activity and activation of a co-
purifying enzyme.

Recently, it was reported that a puri-
fied annexin doublet from maize had a 
higher level of peroxidase activity than 
previously reported for plant annex-
ins, approximately one order of magni-
tude lower than horseradish peroxidase.9 
Interestingly, they found that the maize 
annexin doublet does not bind heme, 
even though the critical histidine resi-
due is present in these maize annexins. A 
similar result was also reported for cotton 
annexin.10 These results, together with our 
findings, using the mutant AnnAt1 H40A 
protein, indicate that the peroxidase-like 
motif is probably not important for the in 
vitro peroxidase activity of annexins, but 
instead is important for overall structure 
of the annexin protein.

Interestingly, another close homolog 
of AnnAt1 in Brassica rapa, AnnBr1, 
appears to form a complex with other 
proteins present in anthers during flower 
development in turnip mustard. Although 
this protein complex exhibits peroxi-
dase activity, preliminary results indicate 
that this activity can be separated from 
AnnBr1 during electrophoresis under 
non-reducing conditions, suggesting that 
it is not likely to reside with annexin 
(Kleinschmidt and Clark G, unpublished 
result). Summarizing, even though it is 
tempting to link the antioxidant prop-
erties of annexins with their reported in 
vitro peroxidase activity, the question of 
whether AnnAt1 and other annexins pos-
sess inherent peroxidase activity that is 
physiologically relevant in vivo is a dif-
ficult one to experimentally address, and 
until a mechanism of annexin peroxidase 
activity is understood this important ques-
tion remains an open one.

The close homolog of Arabidopsis 
AnnAt1 in Brassica juncea, AnnBj1, also 
displays weak in vitro peroxidase activ-
ity, and transgenic tobacco lines ectopi-
cally expressing AnnBj1 show tolerance 
to a variety of abiotic stress treatments.11 

decreased ROS production and resistance 
to TNF-induced cell death. They also 
found that prior to TNF treatment the 
transfected HeLa cells showed increased 
mRNA, protein and activity levels of 
the ROS-scavenging enzyme, manganese 
superoxide dismutase (MnSOD).6 A third 
study demonstrated that two different 
mammalian cell lines transfected with 
AnnAt1 were protected from hydrogen 
peroxide-induced cell death.7 The trans-
fected cell lines showed reduced levels of 
superoxide ions, protein kinase C activity 
and tumoringenicity.

But what about AnnAt1 function in 
plant cells? A number of studies have con-
firmed that partially purified preparations 
of AnnAt1 protein display in vitro peroxi-
dase activity. For example, it was reported 
that an overexpressed version of AnnAt1 
co-migrates with a peroxidase stain in a gel 
assay and purified preparations of recom-
binant AnnAt1 protein display peroxidase 
activity, although the specific activity is 
six orders of magnitude lower than horse-
radish peroxidase.8 They also found that 
protein obtained from overexpression in 
Nicotiana benthamiana had much higher 
activity in comparison with bacterially 
expressed AnnAt1. This result suggests the 
possibility that post-translational modi-
fication or binding to an in vivo partner 
makes the observed peroxidase-like activ-
ity physiologically relevant, but it could 
also be due to different contaminations in 
preparations derived from eukaryotic and 
prokaryotic expression system.

Recently, we again showed that par-
tially purified recombinant AnnAt1 has 
low levels of in vitro peroxidase activity. 
In contrast to previous results,8 however, 
we found that the mutant AnnAt1 pro-
tein, which has the His40 substituted 
with an alanine (H40A), also displayed 
in vitro peroxidase activity.1 We also re-
tested the ability of AnnAt1 to comple-
ment the ∆oxyR mutant during oxidative 
stress and found that indeed AnnAt1 as 
well as the H40A mutant AnnAt1 could 
rescue the E. coli mutant at certain H

2
O

2 

concentrations.1

All of the observations that AnnAt1 
has inherent peroxidase activity are based 
on assays of AnnAt1 preparations puri-
fied with standard chromatography affin-
ity methods to near homogeneity. The 
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hand, they can regulate gene expression 
and other responses to ROS, especially 
during the response to many stress con-
ditions that disrupt cellular homeostasis. 
In this situation the production of ROS is 
significantly enhanced, exceeding the rate 
of their breakdown, due to the increased 
activity of specific enzymatic systems (e.g., 
NADPH oxidase) that catalyze such reac-
tions. This ROS accumulation, the so 
called oxidative burst, is the process that is 
believed to underlay the plant cross-toler-
ance to biotic and abiotic stresses.

One cellular response to oxidative stress 
is S-glutathionylation of cysteine residues 
on target proteins. In plants, the addition 
of a glutathione molecule to target pro-
teins appears to occur by both non-enzy-
matic and enzymatic mechanisms.27 This 
modification can do more than just pro-
vide the modified protein protection from 
irreversible oxidation, as it can also be a 
reversible post-translational modification 
which regulates the activity of proteins 
that participate in redox signaling. Thus 
it would seem that AnnAt1 is a candidate 
for sensing ROS and may be able to mod-
ulate endogenous ROS-response systems 
or serve as a molecular switch between 
calcium mediated and ROS mediated sig-
naling pathways.

ROS are also involved in signaling 
during plant responses to biotic stress. 
Tobacco transgenic lines ectopically 
expressing AnnBj1 showed enhanced resis-
tance against fungal pathogen attack,11 
and had increased message levels of four 
genes important in the defense response 
prior to challenge with a fungal pathogen. 
This result is similar to the observation 
that HeLa cells transfected with AnnAt1 
show altered expression of MnSOD.6 Also, 
it was found that annexin VII knockout 
mice have reduced message levels for the 
inositol 1,4,5-trisphosphate receptor.28 
Can annexins regulate gene expression, 
and if so do they do this as a primary 
effect or a secondary effect? Certainly we 
should at least consider that another pos-
sible way that AnnAt1 and its close rela-
tives function during stress is via altering 
gene expression.

A number of studies have shown that 
AnnAt1 expression is regulated by abiotic 
stresses and abscisic acid (ABA). Other 
stresses, like heavy metals treatment or 

function of plant annexin oligomerization 
remains unclear; however it was proposed 
that it can constitute a structural basis of 
an oxidative stress response.26 The forma-
tion of oligomers by AnnAt1 in vitro can be 
induced by H

2
O

2
 and partially prevented 

by reducing agents.8 Oligomerization of 
mammalian annexin A5 is a sine qua non 
condition for its ability to carry out mem-
brane repair.14

We have found that redox-driven oli-
gomerization of AnnAt1 is achieved not 
via covalent S-S bonding but occurs via 
a different type of interaction.1 However, 
we found that both cysteine residues 
(Cys111 and Cys239) of AnnAt1 protein 
are target for S-glutathionylation in vitro 
(Fig. 1). The molecular weights of col-
lected AnnAt1 samples determined with 
MALDI-TOF were 37,814 and 37,202 
Da for gluthationylated and non-modi-
fied protein, respectively, which suggests 
the incorporation of 2 mol of GSH per 
mol of AnnAt1 (molecular mass change 
of about 600 daltons in AnnAt1 = mass 
change of two glutathione molecules) 
indicating that both Cys111 and Cys239 
cross react with glutathione oxidant. This 
result shows that the cysteine residues are 
reactive and available for modification. Is 
S-glutathionylation of AnnAt1 physiologi-
cally relevant? We addressed this question 
and found that AnnAt1 is glutathiony-
lated in vivo after ABA treatment and that 
S-glutathionylation decreases the calcium 
affinity of this annexin.1 It will be impor-
tant to obtain a crystallized version of the 
glutathionylated form of AnnAt1 in order 
to further determine the structure-func-
tion implications of this post-translational 
modification.

Reactive oxygen species (ROS) are pro-
duced continuously during normal cell 
metabolism. Cell redox homeostasis is 
maintained by the pool of lower molecular 
mass antioxidants, mainly glutathione and 
ascorbic acid. Glutathione is a tripeptide 
(Glutamate-Cysteine-Glycine) and is the 
most abundant non-protein thiol found 
in eukaryotic cells with concentrations 
in the millimolar range. These antioxi-
dant molecules can undergo the reversible 
cycles of oxidation and reduction. Thus, 
on one hand they can protect intracellular 
components (e.g., proteins, lipids) from 
irreversible oxidation, or, on the other 

cation channels (HACC).19 A recent study 
provided further evidence that a certain 
fraction of AnnAt1 associates with mem-
branes in a Ca2+-independent manner and 
that AnnAt1 could serve as an ion channel 
during stress responses.20 More recently, a 
study in maize revealed that annexins are 
able to affect calcium influx indirectly 
and/or directly.9 In this study, maize 
annexins facilitated Ca2+ influx when 
added either to root epidermal protoplasts 
(indicating that extracellular annexins 
could modulate existing Ca2+ channels) or 
lipid bilayers.

Increases in cytosolic Ca2+ occur in 
response to abiotic stress and H

2
O

2
 can 

lead to opening of hyperpolarization-
activated Ca2+ channels in plants.21,22 
These results point to another way in 
which AnnAt1 and other annexins could 
function during stress responses, which 
is via generating and/or modulating the 
stress-induced calcium signals. Again, this 
proposed function is difficult to experi-
mentally prove, and until genetic evidence 
showing that a plant loss-of-function 
mutant has an altered calcium signature 
for a specific physiological response it will 
have to remain only a hypothesized func-
tion for plant annexins.

It has become clear recently that extra-
cellular nucleotides act as important signals 
to regulate plant growth and develop-
ment, and one of the earliest downstream 
steps in extracellular nucleotide signaling 
is an increase in cytosolic calcium levels.23 
It has recently been proposed that plant 
annexins may act as receptors for extracel-
lular ATP (eATP) and may participate in 
Ca2+ influx.24 Root cells of an Arabidopsis 
AnnAt1 mutant, annAt1, show an 
impaired release of ATP into the extracel-
lular matrix (ECM) as well as impaired 
Ca2+ influx during response to salt stress.25 
It needs to be determined if the altered 
calcium signature of the annAt1 mutant is 
directly due to decreased levels of eATP 
or due to altered Ca2+ channel activity or 
both, but further studies of this mutant 
could yield the first genetic evidence that 
AnnAt1 might function directly as a Ca2+ 
channel or as a regulator of a Ca2+ channel 
in plant cells.

AnnAt1 is able to form oligomers, and 
the oligomerization state of AnnAt1 is 
affected by changes in redox state.8 The 
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for participation in glutathionylation 
experiments.

References
1.	 Konopka-Postupolska D, Clark G, Goch G, Debski 

J, Floras K, Cantero A, et al. The role of annexin 1 
in drought stress in Arabidopsis. Plant Physiol 2009; 
150:1394-410.

2.	 Cantero A, Barthakur S, Bushart T, Morgan RO, 
Fernandez P, Chou S, et al. Expression profiling of 
the Arabidopsis annexin gene family during abiotic 
stress, germination and de-etiolation. Plant Physiol 
Biochem 2006; 44:13-24.

3.	 Mortimer JC, Laohavisit A, Macpherson N, Webb A, 
Brownlee C, Battey NH, Davies JM. Annexins: mul-
tifunctional components of growth and adaptation. J 
Exp Bot 2008; 59:533-44.

4.	 Monastyrskaya K, Babiychuk EB, Draeger A. The 
annexins: spatial and temporal coordination of sig-
naling events during cellular stress. Cell Molec Life 
Sci 2009; 66:2623-42.

5.	 Gidrol X, Sabelli PA, Fern YS, Kush AK. Annexin-
like protein from Arabidopsis thaliana rescues delta 
oxyR mutant of Escherichia coli from H

2
O

2
 stress. Proc 

Natl Acad Sci USA 1996; 93:11268-73.
6.	 Jänicke RU, Porter AG, Kush A. A novel Arabidopsis 

thaliana protein protects tumor cells from tumor 
necrosis factor-induced apoptosis. BBA-Mol Cell Res 
1998; 1402:70-8.

7.	 Kush A, Sabapathy K. Oxy5, a novel protein from 
Arabidopsis thaliana, protects mammalian cells from 
oxidative stress. Int J Bioch Cell Biol 2001; 33:591-
602.

provide protection to oxidative stress, and 
the mechanisms for AnnAt1-mediated 
protection may be different in different 
tissues. It is also important to consider that 
in Arabidopsis there are seven other annex-
ins and the expression of each annexin in 
response to any single stress treatment is 
varied (i.e., some annexins are upregu-
lated while others are downregulated), 
so the role of any individual annexin in a 
particular stress response may be different 
and needs to be tested.

Acknowledgements

This work was partially supported by 
grants: NAGW 1519 to S.R. and G.C. 
from NASA and 2P06A 007 29 to D.K.P. 
and PBZMNiSW-213/2006/5 to J.H. 
from the Polish Ministry of Education and 
Science. We also thank Janusz Debski,  
Jacek Oledzki, Agata Malinowska and 
Michal Dadlez from Mass Spectrometry 
Lab and Grazyna Goch from IBB PAS 

wounding, also regulate AnnAt1 and 
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Figure 1. Mass spec analyses of in vitro S-glutathionylated AnnAt1. Purified heterologous wild type AnnAt1-His(6) was dissolved in guanidium-HCl 
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then sequenced with MS-MS to confirm modification of individual cysteine residues.
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