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Abstract. Annexins as Ca?*/phospholipid-binding proteins are involved in the control of many biological processes
essential for plant growth and development. In a previous study, we had shown, using a proteomic approach,
that the synthesis of two annexins is induced in pea roots in response to rhizobial inoculation. In this study, phy-
logenetic analysis identified these annexins as PsAnn4 and PsAnn8 based on their homology with annexins from
other legumes. The modeling approach allowed us to estimate the structural features of these annexins that might
influence their functional activity. To verify the functions of these annexins, we performed comparative proteomic
analysis, experiments with calcium influx inhibitors, and localization of labeled proteins. Essential down-regulation
of PsAnn4 synthesis in a non-nodulating pea mutant P56 (sym10) suggests an involvement of this annexin in the
rhizobial symbiosis. Quantitative RT-PCR analysis showed that PsAnn4 was upregulated at the early stages of sym-
biosis development, starting from 1-3 days after inoculation to up to 5 days after inoculation, while experiments
with the Ca* channel blocker LaCl; revealed its negative influence on this expression. To follow the PsAnn4 protein
localization in plant cells, it was fused to the fluorophores such as red fluorescent protein (RFP) and yellow fluo-
rescent protein (YFP) and expressed under the transcriptional regulation of the 35S promoter in Nicotiana bentha-
miana leaves by infiltration with Agrobacterium tumefaciens. The localization of PsAnn4 in the cell wall or plasma
membrane of plant cells may indicate its participation in membrane modification or ion transport. Our results
suggest that PsAnn4 may play an important role during the early stages of pea-rhizobial symbiosis development.
Key words: legume-rhizobial symbiosis; pea annexins; three-dimensional modeling; proteomics; calcium inhibitors;
localization.
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AHHoTauuA. AHHeKCrHbI ABnatoTca Ca2t/gocdonmnua-ceasbiBaowmmy 6eKkamm, KOTopble BOBJIEUEHbI B KOHTPOJTb
MHOTUX 6MONOrMYECKMX NPOLLeCCcoB, HEOOXOANMbIX ANA POCTa U Pa3BUTUA pacTeHui. PaHee BbIMOMHEHHbIN NPO-
TEOMHbI aHaM3 MO3BOMW HaM BbISIBUTb iBa aHHEKCUHA, CUHTE3 KOTOPbIX YCU/IMBAETCA B OTBET Ha pr306UanbHyo
NHOKynAumio. B 3Tol paboTe ¢ nomoLbto GUNoreHeTNYeCKOro aHanmsa ABa aHHeKcrHa 6binm KnaccnduumpoBaHbl
Kak PsAnn4 1 PsAnn8 Ha OCHOBaHMM UX FTOMOSIOTUM C aHHEKCMHaMy Apyrux 6060BbIx pacTeHnin. C NOMOLLbio MO-
NeKyNAPHOro MOAENNPOBAHNA Mbl U3YUUSIN CTPYKTYPHbIE OCOOEHHOCTI STUX aHHEKCUHOB, KOTOPbIE MOTYT BANATH
Ha X GYHKLMOHaNbHY0 aKTMBHOCTb. AN aHanm3a dyHKumn PsAnn4 n PSAnn8 Gbinu NpoBefieHbl CPaBHUTENbHBbI
NPOTEOMHbIV aHaNU3, SKCNEPUMEHTbI C UHFMOVTOPaMK NMOCTYMSIEHWA KanbUMA B KNETKY U NOKanu3aumna B TKaHAX
pacteHuii. OTCYTCTBME aKTBaLMKN cCMHTe3a PsAnn4 y myTaHTa ropoxa P56 (sym10), He cnoco6Horo popmmnpoBaTb
Kny6eHbKW, NpeAnonaraeT yyacTme 3Toro aHHeKkcrHa B 6060B0-pr3oburansHom cumbrose. KonnuectseHHas MLP,
COBMelLleHHasi ¢ 06paTHON TPaHCKPUNUKMEN, NMoKasana, YTo 3KCNpeccus reHa PsAnn4 yBennuvBaeTca Ha paHHUX
CTaAMAX PasBUTUA CUMOMO3a HauMHasA ¢ 1-3-To AHA NOC/e UHOKYIAUMK A0 5-T0 AHA, Toraa Kak 6nokatop Ca2* ka-
Hana LaCl3 nogaBnaet 3Ty akcnpeccuto. ns nyyeHuns nokanusaumv PsAnn4 B KneTkax pacteHuii 6b11m nonyyeHbl
KOHCTPYKLMW AN CMHTe3a 3TOoro 6enKa, CIMTOro ¢ TakumMmn pnyopodopamu, Kak KpacHbli driyopecLeHTHbI 6enok
(RFP) 1 >enTblii dpnyopecLeHTHbI 6enok (YFP) npu TpaHCKPUMNLMOHHOW Perynsauny nog npomotopom 35S B nu-
ctbsix Nicotiana benthamiana npwv nnounstpaunn Agrobacterium tumefaciens. llokanusauma PsAnn4 B KneToyHom
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DurnoreHeTUYECKNI 1 CTPYKTYPHBIN aHanu3
aHHEKCMHOB Y ropoxa

CTEHKe WJIN M1a3MaTUyYecKoll MeMbpaHe KNeToK pacTeHUi yKa3blBaeT Ha BO3MOXKHOCTb Y4YaCTUs 3TOrO aHHEKCMHA B
VNOHHOM TpaHcnopTe unv moandrkaumm membpanbl. O6Cy»KAaeTcs BO3MOXKHasA posib aHHeKcMHa PsAnn4 B peryns-

LV PaHHKX CTaguid pa3BuTUA CMbK1O3a y ropoxa.

Kniouesble cnosa: 606OBO-pI/I306I/IaJ'IbeIIh CMMOM03; AaHHEKCUHDI ropoxa; 3D—Mo,qen|/|posaH|/|e; npoTeoMunKa; NHIrn-

6VITOpr KanbuUWA; IOKann3auma.

Introduction

Annexins are of particular research interest due to their abili-
ty to regulate various aspects of plant growth and develop-
ment. Annexins belong to the evolutionarily conserved
superfamily of proteins that are involved in Ca?*-dependent
or Ca%*-independent binding with membrane phospholipids
(Laohavisit, Davies, 2011; Davies, 2014). Most annexins
have four putative annexin repeats of around 70 amino acids,
with the conservative repeat GXxGT-(38 residues)-D/E, which
confers Ca2*/phospholipid-binding activity to these proteins
(Gerke, Moss, 2002; Laohavisit, Davies, 2011). In addition,
some plant annexins have motifs demonstrating F-actin bind-
ing and peroxidase and ATPase/GTPase activities (Mortimer
et al., 2008; Konopka-Postupolska et al., 2011).

Despite the general structural similarity of these proteins,
the functions of annexins are diverse, and individual annexins
may have specific activities. Annexins are involved in a wide
variety of essential cellular processes, including the regulation
of membrane organization, vesicle trafficking, cytoskeletal
dynamics, exocytosis, cell cycle control, ion transport, and
signal transduction (Laohavisit, Davies, 2011; Clark et al.,
2012; Davies, 2014). Annexins as phospholipid-binding pro-
teins are being implicated in the fusion of membrane vesicles,
as was shown for annexins from bell pepper and cotton (Clark
et al., 2012; Lizarbe et al., 2013). They are also involved in
the regulation of exocytosis, e.g., annexins in Zea mays root
cap cells (Carroll et al., 1998). Moreover, annexins can func-
tion as cationic channels activated by various stimuli in cells.
Annexins can influence the Ca?* influx in plant cells, as was
demonstrated for a Capsicum annuum annexin, which has
Ca?*-channel activity (Hofmann et al., 2000). The Arabidopsis
thaliana annexin AtAnnl, which is expressed in root cells,
exhibits pH-dependent cation-channel activity, while Z. mays
annexins cause active conductivity of Ca2* in lipid bilayers
at slightly acidic pH (Gorecka et al., 2005; Laohavisit et al.,
2009). Since annexins can be Ca%* sensors, these proteins are
likely to be involved in signal transduction; for example, the
annexin from Triticum aestivum was suggested to be engaged
in low-temperature signaling (Breton et al., 2000).

Participation of annexins in the responses to cold, oxida-
tive, and saline stresses is well-studied in plants (Mortimer et
al., 2008; Clark et al., 2012; Espinoza et al., 2017). The an-
nexin AtAnnl from A. thaliana is involved in plant protection
against oxidative stress (Konopka-Postupolska et al., 2009).
The overexpression of AtAnn has been found to confer tole-
rance to drought and salt stresses and fungal attack in trans-
genic plants (Konopka-Postupolska et al., 2009). Similarly,
the overexpression of the wild tomato (Solanum pennellii)
annexin SpAnn2 in cultivated tomato Solanum lycopersicum
enhances drought and salt tolerance through the elimination
of reactive oxygen species (ROS) (ljaz et al., 2017).

Some annexins are also known to be activated in plants
during interaction with plant-growth promoting bacteria

(Kwon et al., 2016) and the development of mutualistic sym-
bioses (De Carvalho-Niebel et al., 1998, 2002; Wienkoop,
Saalbach, 2003; Manthey et al., 2004; Talukdar et al., 2009;
Limpens et al., 2013; Breakspear et al., 2014; Carrasco-
Castilla et al., 2018). During legume-rhizobial symbiosis,
physiological changes occur, which are necessary for rhizobial
infection and nodule organogenesis, such as the stimulation
of ion fluxes, membrane depolarization, ROS production,
cytoplasm alkalinization, perinuclear calcium oscillations,
and cytoskeletal rearrangements. In Medicago truncatula, the
transcription of MtAnnl is activated directly by Nod factors
or inoculation with rhizobia in epidermal cells and later in
cortical cells (De Carvalho-Niebel et al., 1998, 2002; Break-
spear et al., 2014). Studies using confocal microscopy showed
GFP-labeled MtAnnl to be localized in the cytoplasm, but
protein accumulation in response to inoculation occurred at
the periphery of the nucleus. MtAnn1 has been shown to be
able to bind to the membrane phospholipid phosphatidyl-
serine. Therefore, MtAnn1 is probably related to the events
occurring at the early stages of symbiosis, leading to bacte-
rial infection or nodule organogenesis (De Carvalho-Niebel
etal., 2002).

Transcriptome profiling of roots inoculated with rhizobia
revealed enhanced expression of MtAnn2, as well as MtAnn1
(Manthey et al., 2004). The expression of the MtAnn2 gene is
associated with cell division in the nodule primordium (Man-
they et al., 2004). Proteomic analysis revealed the MtAnn2
protein presence in lipid rafts from root plasma membrane
preparations (Lefebvre et al., 2007). Another annexin MtAnn3
was found to be important for root hair deformations in
M. truncatula (Gong etal., 2012). The increased expression of
MtANnn1 and MtAnn2 is also associated with the early stages
of AM fungal symbiosis, which corresponds to the stages of
pre-infection and infection in this type of symbiosis (Manthey
et al., 2004). This may indicate the general role of these an-
nexins in the regulation of signaling pathways that lead to the
development of two types of symbiosis.

Aprotein homologous to MtAnn1 —PvAnnl from Phaseo-
lus vulgaris — is activated at the early stages of symbiosis
development (Jauregui-Zufiga et al., 2016; Carrasco-Castilla
et al., 2018). The stimulation of Ca?* ion transfer through
the plasma membrane and ROS production caused by Nod
factors constitute an early response in the signal transduction
pathway. Analysis of PvAnn1-RNAI transgenic roots inocu-
lated with rhizobia showed a decrease in ROS production
and Ca?* influx into the cells, which resulted in impaired
progression and decreased numbers of infection threads and
nodules (Carrasco-Castilla et al., 2018). Taken together, these
findings point to the involvement of PvAnnl1 in the regulation
of signal transduction at early stages.

Previously performed proteomic analysis in pea (Pisum
sativum L.) allowed us to reveal two annexins, the synthe-
sis of which was increased in response to inoculation with

FEHETUKA PACTEHUI / PLANT GENETICS 503



O.A. Pavlova, I.V. Leppyanen
D.V. Kustova, A.D. Bovin, E.A. Dolgikh

Rhizobium leguminosarum bv. viciae RCAM1026 in 24 h
(Leppyanen et al., 2018). In this work, searching in the
recently released pea genome database using available cod-
ing sequences for annexin genes from M. truncatula and
P. vulgaris revealed 15 annexins in pea. Phylogenetic analysis
showed the relationship among members of the annexin su-
perfamily in other legumes and allowed the identification of
two previously revealed pea annexins responsive to rhizobial
inoculation as PsAnn4 and PsAnn8 based on their homology
with the M. truncatula and P. vulgaris proteins. To verify the
function of these annexins, we performed comparative pro-
teomic analysis using pea mutant P56 (sym10) unable to form
symbiosis and wild type cv. Frisson. The approaches employed
included quantitative RT-PCR, experiments with calcium
channel inhibitors, and localization of labeled proteins.

Materials and methods

Plant material and bacterial strain. Pea Pisum sativum L.
seeds cv. Frisson were sterilized with sulphuric acid for
5 min, washed with water 3 times, transferred on 1 % water
agar plates and germinated at room temperature in the dark.
4-5 days-old seedlings were transferred into pots with ver-
miculite saturated with Jensen medium (van Brussel et al.,
1982), grown in a growth chamber at 21 °C at 16 h light/
8 h dark cycles, 60 % humidity. For experiments with inhibi-
tor, the Ca?* channels blocker LaCl,, the plants were grown
in pots saturated with Jensen medium with 100 pM CacCl, x
2 H,0. The Rhizobium leguminosarum bv. viciae strain
RCAM 1026 (WDCM 966) was cultivated at 28 °C on TY
(Orosz et al., 1973) agar medium with 0.5 mg/ml of strepto-
mycin. Fresh liquid bacterial culture was grown in B-medium
(Van Brussel et al., 1977) and the optical density of the sus-
pension at 600 nm (ODg,,) was adjusted to 0.5. Pea seedlings
were inoculated with 2 ml of R. leguminosarum bv. viciae
per plant. Pea roots (segments of main roots susceptible for
rhizobial infection without lateral roots) were harvested 1 day
after inoculation (dai).

Nicotiana benthamiana seeds were surface sterilized with
10 % hypochlorite for 10 min, washed with water 5 times
and left for imbibition on a plate with sterile filter paper at
4 °C. All seeds were germinated in a large plastic box with
soil for seven days, and then transferred into individual pots
with soil. Plants were grown at 23 °C with 16 h light/8 h dark
cycles, 60 % humidity.

Phylogenetic analysis. Multiple sequence alignments were
performed using ClustalQ http://www.clustal.org/omega/
(Sievers et al., 2011). The phylogenetic tree was generated
with the Maximum Likelihood method using MEGA X https://
www.megasoftware.net/ with 1000 bootstrap replicates. The
domain composition of the corresponding encoded proteins
was assessed using PFAM https://www.sanger.ac.uk/science/
tools/pfam (Bateman et al., 2004).

Protein homology modeling was performed in Modeller
9.20 https://salilab.org/modeller/9.20/release.html (Webb,
Sali, 2016). Visualization of the three-dimensional structure
was obtained using the PyMol program https://pymol.org/2/
(Ordog, 2008). The three-dimensional crystal structure of the
GhAnn1 G. hirsutum protein (Hu et al., 2008) was used as
a template for building the model. To refine the model, the
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energy was minimized twice by the conjugate gradient method
(VTFM) and the method of molecular dynamics in vacuum.
The reliability of the model was calculated by the formula

P =(1-F(2))100 %,

where Z is the estimation of discretely optimized protein ener-
gy, F is the Gaussian function with u =0 and 6% = 1.

Isolation of total protein from pea roots. A modified me-
thod was used to isolate proteins from pea roots (Dam et al.,
2014). 100 mg of the roots were ground in liquid nitrogen,
then extraction buffer (0.1 M tris-HCI (pH 8.0), 30 % sucrose,
10 mM dithiothreitol (DTT), 2 % sodium dodecyl sulfate
(SDS), a mixture of protease inhibitors (Sigma-Aldrich, USA)
was added to the material and extraction was performed at
+4 °C. After centrifugation at 12000 g for 15 min, the super-
natant was mixed in a 1:1 ratio with phenol (pH 8.0) (Thermo
Fisher Scientific, USA), centrifuged at 12000 g for 5 min.
The upper phase was taken for precipitation of proteins. Five
volumes of cold 200 MM ammonium acetate in methanol were
added and incubated for 30 min at —20 °C. After centrifuga-
tion at 12000 g for 5 min, the pellet was washed twice with
100 mM ammonium acetate in methanol and twice with 80 %
acetone. The precipitate was dried in air and dissolved in the
buffer for isoelectric focusing (25 mM tris-HCI (pH 8.0), 9 M
urea, 4 % CHAPS, 50 mm DTT, 0.2 % ampholytes (Bio-Rad
Laboratories, USA)). Protein concentration was measured
using Bradford assay (Bradford, 1976).

Two-dimensional differential gel electrophoresis. Two-
dimensional differential gel electrophoresis (DIGE) of pro-
teins was performed using staining of samples with various
fluorescent dyes (Voss, Haberl, 2000). The samples were con-
jugated for 30 min on ice with fluorescent dyes Cyanine 2
or Cyanine 5 (Cy2 or Cyb5) in various combinations. The in-
cubation solution contained 400 pM of each dye dissolved
in dimethylformamide for 30 min on ice. The reaction was
stopped by adding 10 mM L-lysine (Sigma-Aldrich), fol-
lowed by incubation on ice for 10 min. After that, the control
and experimental samples were mixed, DTT and ampholytes
(50 mM DTT, 0.2 % ampholytes (Bio-Rad Laboratories)
were added. Passive in-gel rehydration with immobilized
pH gradient (Bio-Rad Laboratories) was performed overnight
at room temperature. The total amount of sample applied to
7 cm gel (pH 3-10, Bio-Rad Laboratories) was up to 100 ug.
Isoelectric focusing (IEF) was performed in a Protean IEF
system (Bio-Rad Laboratories) at a temperature of 20 °C, the
samples were desalted at 250 V for 15 min, after which the
voltage was linearly increased to 4,000 V for 2 hours, then
IEF was carried out with increasing voltage up to 10000 V.
Before electrophoresis in polyacrylamide gel (PAGE), pro-
tein recovery was carried out in buffer with DTT (6 M urea,
0.375 M tris, pH 8.8, 2 % SDS, 20 % glycerol, 2 % DDT) for
10 min followed by alkylation in iodoacetamide buffer (6 M
urea, 0.375 M tris, pH 8.8, 2 % SDS, 20 % glycerol, 2.5 %
iodoacetamide) for 15 min. The second direction of two-di-
mensional electrophoresis was carried out in tris-glycine buf-
fer (25 mM Tris-HCI, 192 mM glycine, 0.1 % SDS, pH 8.3)
in 15 % polyacrylamide gel using a 4 % stacking gel. After
separation of proteins the gels were visualized using a laser
scanner Typhoon FLA 9500 (GE Healthcare, Germany).
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Table 1. List of primers used in this study

Gene name Forward primer
Ubiquitin 5"-ATGCAGATC/TTTTGTGAAGAC-3
psmna 5'-CATCTTTGGGCACTTGAATCC-3'
psamns 5"-GAACATGGCGTCTCCGTCAGTAA-3'
psknods 5'-CGATACTATCGATGTAGTGG-3
NN 5'-CCGCAAAGAGCATCGGTGTATG-3

Mass spectrometry. The proteins were rehydrated in tryp-
sin solution (20 ng/ul trypsin, 30 mM tris, pH 8.2) on ice for
1 h and then incubated for 1 h at 56 °C. The peptides were
extracted from the gel with 50 % acetonitrile, 0.1 % formic
acid. This solution was evaporated in vacuum concentrator
CentriVap (Labconco) at 4 °C and dissolved in phase A (5 %
acetonitrile, 0.1 % formic acid). Mass spectrometry was per-
formed using Agilent ESI-Q-TOF 6538 UHD (Agilent Tech-
nologies) combined with high performance liquid chromato-
graph Agilent 1260 (Agilent Technologies). Chromatography
was performed in system water — acetonitrile in the presence
of 0.1 % formic acid (phase A -5 % acetonitrile with 0.1 %
formic acid, phase B — 90 % acetonitrile with 0.1 % formic
acid) in the gradient of acetonitrile (from 5 to 60 % phase B
for 25 min and to 100 % phase B for 5 min) on Zorbax 300SB-
C18 column 3.5 um, 150 mm length (Agilent Technologies)
with flow rate 15 pl/min.

RNA extraction and quantitative reverse transcription
PCR (RT-PCR). RNA extraction and RT-PCR were per-
formed as described previously (Kirienko et al., 2018). The
quantitative RT-PCR analysis was performed on a CFX-96
real-time PCR detection system with C1000 thermal cycler
(Bio-Rad Laboratories). All primer pairs (Table 1) were de-
signed using the Vector NTI program and produced by the
Evrogen company (www.evrogen.com). PCR amplification
specificity was verified using a dissociation curve (55-95 °C).
MRNA levels were normalized against Ubiquitin and values
were calculated as ratios relative to non-inoculated root ex-
pression levels. The data of two-three independent biological
experiments were analysed. Statistical analysis was conducted
by Student’s test (p < 0.05) to assess the differences between
variants.

Genetic constructs for plant transformation. To obtain
the pBIN19 vector for plant transformation, carrying the gene
of interest, the coding sequence of PsAnn4 gene without stop-
codon has been amplified using cDNA as a template with
corresponding primers (see Table 1). Total RNA was isolated
from 2 dai pea roots of cv. Frisson. Amplification was done
using Phusion Flash High-Fidelity PCR Master Mix (Thermo
Scientific). The amplified products were restricted with Xbal
and EcoRI and subcloned in the pMON vector under 35S
promoter in the frame with the sequences encoding RFP or
YFP and nopaline synthase terminator (Tnos). The inserts were
verified by sequencing. The cassette composed of the 35S
promoter, gene of interest fused with RFP or YFP and Tnos
was excised from pMON using Hind 111, Smal and cloned in
the pBIN19. All verified constructs were transferred into the
Agrobacterium tumefaciens LBA4404.
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Reverse primer

Transient protein expression in N. benthamiana leaves.
A. tumefaciens strain LBA4404 was used for infiltration in
N. benthamiana leaves. Bacterial culture was grown at 28 °C
overnight, then centrifuged at 3000 g and resuspended in
10 mM MES-KOH, 10 mM MgCl, and 0.5 mM acetosyrin-
gone up to culture density ODg,, = 0.5. Bacterial cells were
infiltrated into the leaves of 3-week-old N. benthamiana.
Plants were analyzed 48—96 h after infiltration.

Results

Phylogenetic analysis of annexins

in pea and other legumes

The search of the sequences presumably coding for annexins
in legumes was performed using BlastX with 8 previous-
ly revealed M. truncatula and 13 P. vulgaris nucleotide
sequences encoding these proteins (Kodavali et al., 2013;
Carrasco-Castilla et al., 2018) as queries against different
plant sequence databases: https://phytozome.jgi.doe.gov/pz/
portal.html for M. truncatula and P. vulgaris, http://Awww.
kazusa.or.jp/lotus/ for L. japonicus, and the URGI data-
base v. 1 https://urgi.versailles.inra.fr/blast for P. sativum L.
(Clark et al., 2001; Carrasco-Castilla et al., 2018; Kreplak
et al., 2019). As a result, we were able to identify 18 cod-
ing sequences (CDSs) for annexins in M. truncatula, 15 in
P. sativum L., and 13 in L. japonicus (Table 2). Twenty-three
genes had been previously found to encode annexins in soy-
bean (Feng et al., 2013). The coding sequences for annexins
from P. sativum were named based on their phylogenetic
relationships with the corresponding homologous sequences
from M. truncatulaand P. vulgaris (see Table 2) (Clark et al.,
2012; Kodavali et al., 2013; Carrasco-Castilla et al., 2018).

The phylogenetic analysis (Fig. 1) was performed using
the deduced amino acid sequences of annexins found and
annotated for P. sativum along with those of other legumes
(M. truncatula, P. vulgaris, Lotus japonicus, and Glycine
max) and non-legumes (A. thaliana, G. raimondii), which
were available in the Phytozome database v. 12.1 and other
databases.

Based on our analysis, the previously found MtAnnl
(Medtr89038210) and PvAnn1 (Phvul.011g209300) clustered
in the subclade with proteins corresponding to P. sativum
Psat4g147120 and Psat4g191080, named PsAnnla and
PsAnnlb (see Table 2). Revealed in M. truncatula MtAnn2
(Medtr8g038220) and P. vulgaris PvAnn2 (Phvul.011g209200)
clustered in the subclade with Psat4g191040, named PSAnn2.

Two previously described pea annexins induced in roots
in response to rhizobial inoculation (Leppyanen et al., 2018)
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Table 2. Accession numbers and annotations of annexin sequences in P. sativum, M. truncatula, P. vulgaris, and L. japonicus

Gene accession number Protein Gene accession number Protein Gene accession number Protein Gene accession number
P.vulgaris M. truncatula P. sativum L. japonicus

Phvul011G2093001  PvAnnl  Medu8g0382101 MeAnni  Psatdgl471201, PsAnnla,  Lj0g3v0203419.1

Psat4g191080.1 PsAnn1b
Phvul011G2092001  PvAnn2  Medti8g0382202  MtAnn2  Psatdg191040.1 PsAnn2  Lj0g3v0363079.1
Phvul011G2095001  PvAnn3  Medti8g0381501 MtAnn3  Psatdgi469201 PsAnn3  Lj0g3v0203449.1
Phvul005G030100.1  PvAnnd  Medt3g0187801 MeAnnd  Psatsg2174401 PsAnnd  Lj0g3v0261959.1
Phvul004G146900.1  PvAnS  Medtr6g0715952 MtAnns  Psat1g028960.1 PsANNS  L2g3v0636730.1,
Lj4g3v2858470.1
Phvul005G0302001  PvAnn6  Medt3g018790.1 MtAnn6  Psatsg2179201 PsAnnG  Lj0g3v0261939.1
Phvul002G3322001  PvAnn7  Medt8g107640.1 MtAnn7  Psat7go006g0.l PsAnn7  Ljdg3v31174101
Phvul008G1731001  PvANn8  Medt5g063670.1 MtAnng  Psat2g0749601 PsAnNg  LjOg3v0166899.1
phvu|OO6G1234001 ........... vanng ....... Medtrzgo319801 ............... MtAnng ...... Psaﬂg1643601 ................... PSAnng ......... S
Phvul003G0137001  PvAnN1O Medtr1g033560.1 MtAnn10 Psat6g0954401 PsANNIO  Lj2g3v0062280.1,
Lj593v0768290.1

Phvul011G2094001  PvAnn1l  Medugg038170.1 MtAnnt1 Psatdgl469601 PsAnnil  Lj0g3v0203439.1
Phvul002G2557001  PvANn12 Medtr027650050.1  MtAnni2 Psat7g0s4960.1 PsAnn12  Lj4g3v28233701
Phvul004G0522001  PvANN13  Medtr6g028030.1 MtAnn13 Psatigoodgool PsAnR1z -
................................................................... Medtr890381801MtAnn14psat4g147ooo1psAnnM_
................................................................... Medtr3go18920]MtAnn]5___
................................................................... Medtr1g1125201MtAnm6___
................................................................... Medtr6go716051MtAnm7___
................................................................... Medtr6go716151MtAnn18___

were identified as proteins corresponding to Psat5g217440
and Psat2g074960 coding sequences using a new database
https://urgi.versailles.inra.fr/blast for P. sativum (see Table 2)
(Kreplak et al., 2019). The phylogenetic analysis depicted an
additional branch in the phylogenetic group with MtAnn1/
PvAnnl and MtAnn2/PvAnn2, comprising MtAnn4
(Medtr3g018780), PvAnn4 (Phvul.005g030100), and their
homolog Psat5g217440, named PsAnn4 (identified by pro-
teomic screening) (see Table 2). Another previously found
pea annexin, Psat2g074960, might be closely related to
Medtr5g063670 and Phvul.008G173100.1, defined as MtAnNn8
and PvAnn8 based on phylogenetic analysis (see Table 2).

Analysis of the domain composition of pea annexins

and modeling of three-dimensional structure

of PsAnn4 and PsAnn8

Analysis of the domain composition of the corresponding
proteins in pea showed the presence of four typical domains
of plant annexins (Fig. 2). This suggests that the annexin gene
family indeed comprises several members in pea. Although
plant annexins have four putative annexin repeats, not all Ca2*-
binding matifs in these repeats seem to be functional. In plant
annexins, the Ca2*-binding site is highly conservative in the
first (I) repeat but is not conservative in the second (II) and
third (111) repeats, while in the fourth (1) repeat moderate
conservatism is preserved (see Fig. 2).
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The crystal structure of the Gossypium hirsutum annexin
GhAnNn1 bound to calcium was obtained in an earlier study
(Huetal., 2008). Since PsAnn4 and PsAnn8 may be involved
in regulation of pea-rhizobial symbiosis, we modeled the
three-dimensional (3D) structure of these two annexins using
GhAnn1, with 50 % sequence identity for PsAnn4 and 78 %
sequence identity for PSAnn8 as a template (Fig. 3, a, b).
The resulting 3D structures of PsAnn4 and PSAnn8 proteins
indicated the coordination of calcium ions in the first and
fourth annexin repeats. In the first repeat of both proteins, the
calcium-binding site of the type Il was coordinated by three
carbonyl oxygen atoms of the residues Phe-23, Gly-25, and
Gly-27, and carboxylate of Glu-67 in PsAnn4 and PsAnn8
(see Fig. 2 and 3, c, d), as was shown earlier for GhAnnl
(Hu et al., 2008).

We suppose that the second calcium ion is bound in the loop
of the fourth annexin repeat of PsAnn4 and PsAnn8 proteins. It
is coordinated in the binding site of type 11 by lle-254, Lys-256,
and Gly-258 in pea annexins (see Fig. 2, 3, e, f). The third
calcium ion (in the binding site of type I11) is coordinated by
two oxygen atoms of the residues Val-296 and Thr-299 and
carboxylate of Glu-304 in this protein (similarly, Val, Thr,
and Glu are involved in Ca2* binding in the fourth repeat of
GhAnNN1) (see Fig. 2, 3, g) (Hu et al., 2008). However, in the
fourth repeat of PsAnn4 protein, the Val-296 is replaced by
Ser and Glu-304 by Lys (see Fig. 2). This might potentially
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0.A.NaBnoB.a, M.B. lennaxexH
[1.B. KycToBa, A.[l. bosuH, E.A. fonrux

67 %) Glyma.13G199500.1
Glyma.15G237800.1
Phvul.011G209200.1 PvAnn2
Medtr8g038220.2 MtAnn2
@ Psat4g191040.1 PsAnn2
1j0g3v0363079.1
Lj0g3v0261959.1
Glyma.11G153800.1
Phvul.005G030100.1 PvAnn4

Medtr3g018780.1 MtAnn4
i
Glyma: 99800.
Glyma.15G238200.1
Phvul.011G209300.1 PvAnn1
1j0g3v0203419.1
Medtr8g038210.1 MtAnn1

@ Psat4g147120.1 PsAnnla
@ Psat4g191080.1 PsAnnlb

@ Psat4g147000.1 PsAnn14
Glyma.04G140900.1
Phvul.005G030200.1 PvAnné
Lj0g3v0261939.1

@ Psat5g217920.1 PsAnn6
Medtr3g018790.1 MtAnn6
00 o= Medtr3g018920.1 MtAnn15
57%,—zGorai.0116212700.1
|0—‘Gorai.01 1G212900.1
At5G12380.1 AtAnn8
Gorai.009G077400.1
Medtr2g031980.1 MtAnn9
@ Psat1g164360.1 PsAnn9
Phvul.006G123400.1 PvAnn9
Glyma.09G029600.1
Glyma.15G135400.1

68% Medtr59063670.1 MtAnn8
Glyma.T3G088700.
Lj0g3v0166899.1

68%

Phvul.008G173100.1 PvAnn8
Gorai.009G237900.1
At1G35720.1 AtAnn1

68% 57— Gorai.007G060900.1
01 |TGDrai.007G239000,1

77%

X Glyma.08G136200.1

Phvul.002G255700.1 PvAnn12
Lj4g3v2823370.1

@ Psat7g054960.1 PsAnn12
Medtr0276s0050.1 MtAnn12
X74947 MsAnn
Medtr89038150.1 MtAnn3
@ Psat4g146920.1 PsAnn3
1j0g3v0203449.1
Phvul.011G209500.1 PvAnn3
Glyma.13G200100.1
Glyma.15G238500.1
Gorai.009G295800.1
At2G38760.1 AtAnn3
Gorai.009G295900.1
Gorai.009G296000.1

— At2G38750.1 AtAnn4
Medtr8g038170.1 MtAnn11
@ Psat4g146960.1 PsAnn11
1j0g3v0203439.1
Phvul.011G209400.1 PvAnn11
Glyma.13G200000.1
Glyma.15G238400.1
Glyma.13G191200.1
Phvul.004G052200.1 PvAnn13
Medtr69028030.1 MtAnn13
@ Psat1g094800.1 PsAnn13
Gorai.013G194300.1
Gorai.005G219600.1
1j2g3v0062280.1
Lj593v0768290.1
Medtr1g033560.1 MtAnn10
@ Psat6g095440.1 PsAnn10
Phvul.003G013700.1 PvAnn10
Glyma.20G011800.1
Glyma.07g28080
At1G68090.1 AtAnn5
Gorai.009G329000.1
Gorai.001G068900.1
Gorai.006G190800.1
Glyma.08G056500.1
Phvul.002G332200.1 PvAnn7
Lj4g3v3117410.1
Medtr8g107640.1 MtAnn7
@ Psat7g000680.1 PsAnn7
Glyma.07G106600.1
Glyma.09G171600.1
Phvul.004G146900.1 PvAnn5
Lj2g3v0636730.1
Lj4g3v2858470.1
Medtr6g071605.1 MtAnn17
Medtr6g071615.1 MtAnn18
Medtr1g112520.1 MtAnn16
@ Psat1g028960.1 PsAnn5
Medtr6g071595.2 MtAnn5
Y1134 MsAnn

Fig. 1. Phylogenetic tree of annexin sequences from legumes (P. sativum,
G. max, M. truncatula, and P. vulgaris) and non-legumes (A. thaliana, G. bar-
badense, and G. hirsutum).

The phylogenetic tree was generated with the maximume-likelihood method
using MEGAX with 1,000 bootstrap replicates. PsAnn4 and PsAnn8 are indi-
cated in boxes. The annexin sequences from P. sativum are indicated with blue
circles.
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obstruct the binding of the calcium ion, as was shown in our
modeling (see Fig. 3, g). Although we cannot rule out that this
might be due to low homology between PsAnn4 and GhAnn1,
which was used as a template in the modeling, the results sug-
gest the potential difference in Ca2* binding between PsAnn4
and PsAnn8 proteins.

Comparative analysis of protein patterns

in wild-type and non-nodulating pea mutant

To verify whether the stimulation of synthesis of PsAnn4 and
PsAnn8 proteins depends on Nod factor perception, the pro-
tein patterns were analyzed in wild-type pea cv. Frisson and
a P56 mutant with a defective sym10 gene (which encodes a
putative Nod factor receptor) (Madsen et al., 2003).

Two-dimensional differential in-gel electrophoresis-based
proteomics was used to characterize the pattern of protein
distribution (Fig. 4). Two spots corresponding to the location
of the previously characterized annexins (Leppyanen et al.,
2018) were excised from the gel. Mass spectrometric analysis
confirmed their identity to annexins Psat5g217440 (PsAnn4)
and Psat2g074960 (PsAnn8). Enhanced level of PsAnn4 was
found in the inoculated roots of wild type pea plants (cv. Fris-
son) compared to the inoculated P56 mutant roots.

The amount of PSAnN8 protein was also slightly higher in
response to inoculation in the wild type than in the P56 mutant,
but not as essential as for PsAnn4. In accordance with this,
low amounts of PsAnn4 and PsAnn8 proteins were found in
the roots of the P56 mutant and didn’t change in response to
inoculation. This suggests that the up-regulation of both an-
nexins may depend on Nod factor recognition in pea plants
and may be connected with the functioning of these annexin
during symbiotic interaction of plants with rhizobia at early
stages. Since the increase in the amount of PSAnn4 protein
was more significant in response to inoculation, we focused
on this annexin in our next experiments.

PsAnn4 expression pattern in response to rhizobial
inoculation and treatment with CaZ* inhibitors
The PsAnn4 expression pattern in response to rhizobial ino-
culation was analyzed in our experiments (Fig. 5, a). A quan-
titative RT-PCR analysis revealed that Rhizobium infection
enhanced the PsAnn4 gene expression at the early stages of
nodulation, starting from 1-3 days after inoculation up to
5 days after inoculation, but thereafter their transcript levels
did not significantly change upon nodule development (see
Fig. 5, a). In our experiments the expression of another an-
nexin gene, PsAnnla, the closest homolog of MtAnnl gene
was also analyzed (see Fig. 5, b). As it was expected, the
PsAnnla gene expression was primarily enhanced at the
early stages of symbiosis development and reached the high-
est levels in the nodules. Similar pattern had been previously
found for MtAnn1 (De Carvalho-Niebel et al., 1998, 2002).
Therefore, up-regulation of PsAnn4 expression may be related
to the early stages of nodulation. The upregulation of the
PsAnn4 transcription level was not as significant as it was
at the protein level, which implies that the regulation of this
annexin can be mainly achieved at the post-transcriptional
and translational level.

To verify the influence of calcium inhibitors on the regula-
tion of PsAnn4 gene, its expression level was estimated after
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O.A. Pavlova, I.V. Leppyanen Phylogenetic and structural analysis

D.V. Kustova, A.D. Bovin, E.A. Dolgikh of annexins in pea
1 103
MtAnnl (1) ~-MATLVVQDSTA-SVQDAELLHKSFEGRETDEKTVITI LGHRNSNOIQOT RKAYEGT YNEDLIKRLESETIKG==mmmmmmmm DFEKAVYRWILEPAERDAVL
MtAnn2 (1) --MATLIAPINHS-PVADARALHGAFKGWGTDEKSVITILGHRNYYQRQQTRKSYQEIYQEDILKRLESELSG--= DFERAVYRWMLEPADRDAVL
PvAnnl (1) --MATLIAPSNHS-PQEDAEALRKSFEGWGTDENTITATLGHRTVHQORQOTRRAYEEI YQEDLVKRLESEIKG=—— DFEKAVYRWILEPADRDATL
PvANn2 (1) --MATLIAPITFS-PGADAEDLHKAFKGWGTDEKTVIAILGHRNVYQRQOTRKIYEEIYQRELLKRLESELTG=== DFERSVYRWMLEPADRDAVL
PsAnnla (1) --MATLIAPSNHS-POEDAESLRKAFEGHGTDERTVITILGHRNSHOIQOIRKAYEEIYQEDLIKRLESELKG= DFEKAVYRWILEPADRDAVL
PsAnnlb (1) ~-MATLIAPSNHS-POEDAESLRKAFEGHGTDERTVITILGHRNSHQIQQIRRAYEEIYQEDLIKRLESELKG= DFEKAVYRWILEPADRDAVL
PsAnn2 (1) --MATRIAPTNHS-PLADAFALHKAFKGWGTDEKSVITILGHRSVYQRQQTRKTYQETYQEDLLKRLESEISG==~ DFERAVYRWMLEPADRDAVL
PsAnn3 (1) --MASLKLPEVVESPT(QDSERLRNAFQGIGTDEKELTLVLGHRNAQORKETRETYH)I YKESLVDSLOSELSG=== DFRNATVLWTCDESERDAKL
PsAnn4 (1) --MATIVAPSQIS-PVEDAEALRLAFKGHG!DNKATIATLGHRNVHQRQQTRKAYDELFEEDLLKRLESE] SG-—=-=——-—— DFERAVYRWILEPADRDAVL
PsAnn5 (1) ~-MATLILPPIPPSPRDDAMQLYRAFKGEGCDTTAVINILAHRDAAQRAYLOHEYKATYSEELSKRLYSELSG==mmmmmmmm KLETAVLLWLHDPAGRDAET
PsAnn6 (1) --MASLMAPSKHS-PVEDAEALQRAVKGNGADEKAIIAILGHRNGTQRTQIRQAYYDLYQEDLIKRLESELSG--- DFERAMYRWILEPAEREALL
PsAnn7 (1) --MSTLVLPPVPPSPKDDATELHRAFKGFGCOTGAVINI LAHRDAAQRAYLUQEYRAI YYEDLIKRLASELSG=~~ NAVLLWMADPAGRDAVI
PsAnn8 (1) ~--MSTLTVPHPLEPVSDDVEQLRKAFSGNGTNEDLIISILGHRNGSQRKAIREGYAQTYGEDLLKALDKELTS- DFERLVHLWALESAERDAFL
PsAnn9 (1) --MASLIDAKDFS-PIEDAETIMNACKGEGTNETVLISILANRNAAQRKLVRLAYQEVYHODLIELLESELSG- NFERAICLWTMDPAEREATL
PsAnnl10 (1) --MTTLTIPBTIFSPREDAMKLHKAFKGLGCDTTRVIQILAHRNSEQRSLICQEYETTYSEPLSKRLSSEIRG-~~——————~ HLEKALLLWLHDPPTRDAKI
PsAnnll (1) =mmmmmmm——— MAFN(ELEAITOAFSGHGVDEKSLATILGHWD PVERETYRKNT SNEFVEDHERK FOKWNDHHVRLLKHEFVEFENAVVLWSMH EWERDARL
PsAnn12 (1) --MATLKIPSHVPHPSEDSEQLRGAFQGWGTNEGLIISILAHRNASQRKAIRETYAYTHGEDLLKDLDKELSS-----———— DEEKAVLLATLDPAERDAFL
PsAnnl3 (1) MATTNILTMMTNNNFELDCKKIHDSLSGL--SLSQLIPSLESLTILERKQLRETYKEVYGEDLINGLY FSSMKFSTLSLWMLCPHDRDAFT
PsAnnl4 (1) --MATLVAPEHFT-PEDDAIVLYKAVKGRGTDESAT TATMGHRNATORQQIRQIYEDMYEEDLIKRLESELSG========= NFEKAMYRWILEPSDCYAVL

Repeat |
104 206
MtAnnl  (91)  ANVAIKSG-KN YNVIVEISAVLS PEELLNVRRAYVKRYKHSLEEDLAAHT S-GHLROLLVGL
MtAnn2  (91)  ANVAIKDGSKS YHVIIEIVSVLS PEEVLAMRRAYHNRYKHSLEEDLAAHTT-GHLROLLVGL
PvAnnl  (91)  ANVAIKSG-KN YNVIVEIATINSPEELLAVRRAYLHRYKHSLEEDLAAHTT-GPLROLLVGL
PvAnn2  (91)  ANVAIKSGSKG YHVIVEIACVLS SEELLAARRAYHNRYKRSLEEDVATHTS-GDLROLLVGL
PsAnnla (91) ANVALKSG-KN ¥YNVVVEIASILSPEELFNVRRAY IKRYKHSLEEDLATHTS-GHLROLLVGL
PsAnnlb  (91) AHVALKSE-KN YNVVVEIASILSPEELFNVERAY IKRYKHSLEEDLATHTS-GHLRQLLVGL
PsAnn2  (91) ANVAIKDGSKG YPVIIEIVSVLSPEEVLALRRAYHNRYKHSLEEDVAAHTT-GHLRQLLVGL
PsAnn3  (92) ARDALKAKEKG IKQLQILVE I ACATSPNHLMAVROTYCALYDCSLEEDIIASYVS-PPLTKILVGL
PsAnn4  (91) INVATKHGGKD TASVLSAEELLAVRRAYRNRYKRS IEEDVSANTT-GHLROLLVGL
PsAnn5  (92)  IFQSLIVI- EVICSRTPEQLOHLKOLYHSKFGYY LEHETEANTS-GDLOK TLLKY
PsAnn6  (91)  ANIALKNANMN YHVIVEISCVSSPDELE IVRRAYHNRYKRSMEEDVATNTT-GHLRQLLVGL
PsAnn7  (92) INQSLIVI--- KILDAATEVICSRTPAQLQYLROIYHAKFGDFVDHDIERNTS-GDHKKILLAY
PsAnn8  (92) ANEATKKWTIS NQVLVETACTRSSDOLFSAKKAYHVLYKKS LEEDVAHHTT-GDYRKLLLPL
PsAnn9  (91) INEALKKATED YKVIIEIACTKNSEELLAVKRSYQSLYKHSLEEDVASQTI-GDIRKLLVAV
PsAnnl0  (92) THSALIS V-- VDNQATTET ICSRTPSQLRRLKEVYLSNY HSPLERDIENQT S -GDHKK LLLGY
PsAnnll  (92) AFEALKKGE 5 YNVLIEIACTRSSEELLGARKAYHSLFUHS IEEDVASHIH-GIDRKLLVAL
PsAnnl2  (92) ANQATKMLT NNAITMEIASTRSPLELLKETLDPAERDAFLANQATKMLTSNNAIIMEIASTRSPLELLKAKSAYQSRFKKSLEEDVAYHTS-GDIRKLLVEL
PsAnnl3  (97) AEALLQUEIN FKALVEVEVGRH S5HVGLITOAY LKMFRROLDODIMNLDFPPHPF QK T LMAL
PsAnnl4  (91)  ANVALEN/SED YHVIVEIASVLKPEELVNVRRAYQYRFHHSLEEHVARHT SSGYFROFLVGL
Repeat Il

207 309

MtAnnl (151) VTAFRYVGDEINPKLAQTEMGILHESVK---EKKGSHEE-ATRILTTRSKTOLIATFNRYRETHGTSITKKLLDEGSDEFQKALYTTIRS FNDHVKY YEKVVR
MtAnn2 (152) VISFRYGGAEINPKLAKTEADI LHESIK~--EKKGNHEE-ATRILTTRSKTOLLATFNRYRDDHGI SITEKLLDNASDDFHKALHTTIRCINDHKKYYEKILR
PvAnnl (151) VISFRYVGDEINPKLAQNEREI LHDAVE~~~EKKSSYEE-ATRVLTTRSKTOLVATFNRYREIHGGS ISKKLVDEGSDDFEKALHTTIRE INDHEFKY YEKVVE
PvAnn2 (152) VTSYRYGGDEINARLAKTEADILHSSIK=---EKKGNHEE-AIRILTTRSKTQLLATFNRYRDDHGT S ITKKLLDDASDDFREALHTAIRCTNDHKKY YEKVLR
PsAnnla (151) VTAFRYVG DDVNARLF\QSE.-";DIL]iEAW{---E}_{K_G_SQEE-AVRI LTTRSKAQLIATFNRYRETHGTS ITKKLLEEGSDDFQRALYTTIRS FNDHVEY YEKVVER
PsAnnlb (151) VTAFRYVGDDVNARLAQSEADILHEAVE---EKKGSQEE-AVRILTTRSKAQLIATFNRYRETHGTS ITKKLLDEGSDDFQKALYTTIRS FNDHVKY YEKVVR
PsAnn2 (152) VSSFRYGGDEINPKLAKTEADI LHESIK---EKKGNYEE-AIRILTTRSKTQLLBTF‘NRYKDDHGTS ITKKLLDNASDDFHKALHTAIRCISDHKKYYEKVLR
PsAnn3 (156)  VSSYRHDKVIVNSEVAKSEAEKLHEAIK---NKQLEDDH-VVWILCTRNFFQLRETFTCYKOLYNNTFEEDIKVCGRGDLASLLNVVVHCT DR PEKHFAKVIR
PsAnn4 (152) VSSFRYEGDEINPKLAQSEAHIIHESLK---EKKGNNEEEVIRILTTRSKTQLVATENRYRDEHGVSVSKKLLDOTSDDFHKALHTATIRSINDHKKY YEKVLR
PsAnn5 (152)  ISTPRHEGPEVNREVAQHDAKVLFKAGE---KKLGTDEKTFVOIFSERSSVHLAAVSSYYHDMYGHSLEKAVENEASGNFGLALLT ITECANNPAKY FAKVLY
PsAnn6 (152)  VSSFRYGGSEVNARLAESEADILHEAIK---NKNHNHEE-VIRILTTRSKTQLVATFNCYRHDHGIAITKKLLDEGSDDFHKALRIATSCINDHKKY YEKVLR
PsAnn7 (152) LNTPRHEGPETNRDMAENDAVALYHAGE---KKLGTDEKIFVOIFSGHSARQLARINQCYNTKYGHSLEKAIKNETSGHFAHALSTIVOCAENPARY FAKVLR
PsAnn8 (153) VSCHRYEGDEVNLTIAKAEAKILHEK ~KKAYNDDD-LIRILATRSKAQVNATLNHYKDAFGKDINKDLKEDPK DEFLELLRSTVKCLTEPEKYFAKIIR
PsAnn9 (152) ISTYKYDGEEFDENVAHSEANILHQLIE---RKAFNDDE-MIRILSTRSKKQLSVTFNIFKDLFGTTINKGLLASTTDEYIGALRTIVRCINDEQRYLAKVLC
PsAnnl0 (153) ITTPRYEGPEFDHLMVEEDAKQLYKSGE---KKIGTDEKTFIRIFTERSTTHLAAVSSAYTASFGNSLDKAIKSETSGEFMRGLLTILRCATDSNMY FAKLLR
PsAnnll (153) VSAYRYEGSKEVKDDTAKSEAKTLANAT HNDQKKP}_:I'EDDE‘.VIRIL,—'\TRSKLJE}..QAI SKHYKEISGKNLEEDLNDLR====FKET===VOCLCTPQVYFSKVLD
PsAnnl2 (194)  VGTFRYEGDEVNMTLAKSEAKLLHDK IA---DKAYNHED-LIRIVITRSKAQLNATLNHYNNAFGNVIDKDLETGSEDEYLKLLKARIKCLTYPEKYFEELLR
PsAnnl13 (159)  sSASHKAHQVDISHHISKCDARRLYESGER--SLGAIDEAVVLETLSKRSIQOLKLTFLSYKHIYGHDYTKS IKRGHYGOFGKALMVVVKCICHORHY YAKGLY
PsAnnl4 (153) VSSFRYDGDYIHPSLAKYEAEILHEAI(---NKNGNLDE-VIRILTTRSKKQLKATFNRYRDDHGYSISKRLLNEESDDFLKAAHVATRCIDDHKKY YEKVLR

Repeat Il

310 384
MtAnnl (250) DAIKKVGID--EDALTRVIVSRAQHDLKVISDVYYKRNSVL-LEHVVAKETSGDYKKFLLTLLGKEE========
MtAnn2 (251) GALKRVGTD—EDGLTRVVVTRAEKDLKDIKELYYKRNSVH-LEDAVAKEISGDYKKFILTLLGKOD=
PvAnnl (250) NAIKKVGTD—EDALTRVVVSRAEKDLKTVEEVYYKRENSVL-LEHAIAKEISGDYKKFLLTLLGKED=======m
PvAnn2 (251) NAMKEVGTD——EDALTRVVVSRAEKDLRNIAEIYYKRNSVH-LEDAVAKEISGDYKKFILTLLGKDV-—mmm==m
PsAnnla (250) DAVKKVGTD—EDALTRVIVSRAQHDLKAISDVYHKRNSVP-FEHVVAKETSGDYKKLLLTLLGUED- -
PsAnnlb (250) DAVERIGTD—-EDALTRVIVSRAQOHDLKAISDVYHKRNSVP-LEHVVAKETSGDYKKLLLTLLGUED- --
PsAnn2 (251) SALKRIGTD—-EDGLTRVVVTRAEKDLKDIKEVYYKRNSVH-LEDAIAKEISGDYKKFILTLLGK——————====
PsAnn3 (255) DSIVGIGTD--EDSLNRGIVIRAEIDLLKVRFEYANMFKTN-LDDDVIGDTSGDYKEFLLTLLGKGPKGD-
PsAnnd (252) NAIKEFGTD—EDALSRVIVTRAEKDLKDIKELYYKRNSVH-LEDAVSKETSGDYRKFILALLGKOE===~====
PsAnn5 (252) KAMKGMGTN--DDTLIRVIVSRTEIDMOYIKAEYSKKYKKT-LNDAVESETSGNYRAFLLALLGPNH=
PsAnn6é (251) NAMEIVGTD—-EDALTRVIVIRAEKDLEDIKKVYYKRNSVH-LEHAVAKETSGDYKKFLLTLMAKEE=
PsAnn7 (252) KSMKGLGTD——DTKLIRVIVTRCEIDLHYIKAEYLKKYKKT-LNDAVHSETSGUYRTIFLLTLLGSNG-
PsAnn8 (252) LSINRRGID—EGALTRVVATRAEIDLKIVGDEYORRUSVP-LDRAIVKDTTGDYEKMLLAILGHDDA-----—-
PsAnn® (251) NATNELVNE—DDALNRVIVIRAEKDLKEIKDHFLKRNNTS=-IHDSVORETWGNYKTFLLHLLGKE======n==
PsAnnl0 (253)  KSMKGIGTD——DHRLIRVIVTRTEIDMVHIKALYYSOYGKP-LTHAVRSDTSGHYEDFLIHLLGI DY~
PsAnnll (249) ASLKIBVDKNVKKSLTRVIITRADVDMKDIKTEY(KLYGVS-LPQKIEETAKGNYKDFLLTLIARGG-
PsAnn12 (293)  LAINKMGTD—ELALTRVVITRAEVDLORTAEEYORRNSVP-LDRATDNDTSGDYOKILLALLGRED==rrmm==
PsAnn13 (260) TSIKKG--RRDICTLARVLVSRADIDMDEIRSVEKEKYEKELGDVICESIPCGDYRDOFLVALATKS---SYIFTN
PsAnnl4 (252) GALEKRIGTD—-EDELTRVVVTRAEKDLKDIKELYYHRNSVR-LEDAVASEISGDYKRFLVTLIGREY---=-===

Repeat IV

Fig. 2. Multiple sequence alignment of the amino acid sequences of 15 presumable P. sativum annexins, 2 M. truncatula annexins (MtAnn1,
MtAnn2), and 2 P. vulgaris annexins (PvAnn1, PvAnn2) by ClustalQ.

Four annexin repeats are underlined. Yellow highlights indicate potential calcium-binding motifs. In the calcium-binding motif of the first annexin re-
peat, the conservative tryptophan (W) necessary for binding to the membrane is indicated in gray. Important for calcium binding amino acid residues
in the calcium-binding site of the type Il (repeat I, Phe-23, Gly-25, Gly-27, and Glu-67) as well as in the calcium-binding site of the type IIl (repeat IV,
lle-254, Lys-256, Gly-258, and Val-296, Thr-299, Glu-304) are indicated in bold and underlined. P. sativum annexins PsAnn4 and PsAnn8 are marked in red.
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Fig. 3. Modeling of the three-dimensional structures of PsAnn4 (a) and PsAnn8 (b) using the crystal structure of G. hirsutum annexin (GhAnn1, PDB code
3BRX) as a template and their binding with calcium ions in the first (¢, d) and fourth repeats (e, f, g).

The 3D structures of PsAnn4 and PsAnn8 proteins indicated the coordination of calcium ions in the first (¢, d) and fourth (e, f, g) annexin repeats.

" . -
PsAnn4 - PsAnnd =

pH 10.0 < pH3.0 pH100 < pH 3.0

Fig. 4. Comparative analysis of protein patterns in wild-type pea plant and P56 mutant with an impaired sym10 gene using two-dimen-
sional differential gel electrophoresis 1 day after inoculation (1 dai).

The protein extract from wild type pea roots inoculated with R. leguminosarum bv. viciae RCAM1026 was labelled with Cy2 (red) and protein
extract from inoculated roots of P56 mutant was labelled with Cy5 (green) (a) and conversely the extract from inoculated wild type roots was
labelled with Cy5 (green) and protein extract from inoculated roots of P56 mutant was labelled with Cy2 (red) (b).

PsAnnla

Relative expression

NI-1 N5 1dpi 3dpi 5dpi 7dpi 9dpi 11dpi 14dpi 21 dpi NI-1 N5 1dpi 3dpi 5dpi 7dpi 9dpi 11dpi 14dpi 21 dpi

Fig. 5. Quantitative RT-PCR analysis of PsAnn4 (a) and PsAnn1b (b) expression in pea roots upon nodulation. mRNA levels were normalized against
Ubiquitin and values were calculated as ratios relative to non-inoculated root (NI) expression levels.

The data of three independent biological experiments were analyzed. Bars represent the mean +SEM of two biological replicates. Asterisks indicate significant
differences compared to non-inoculated roots, based on Student’s t-test and p-value less than 0.001 is flagged with three asterisks (***).
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Fig. 6. PsAnn4, PsEnod5, and PsNIN expression levels in pea roots after
inoculation (1 dai) with R. leguminosarum bv. viciae RCAM1026 (RIv) and
after treatment with the CaZ+ channel blocker LaClz (Rlv+LaClz). mRNA
levels were normalized against Ubiquitin and values were calculated as
ratios relative to non-inoculated root expression levels (NI).

The data of three independent biological experiments were analyzed. Bars
represent the mean + SEM. Asterisks indicate significant differences between
treated (RIv+LaCls) and non-treated (RIv) roots, based on Student’s t-test and
p-values less than 0.001 and 0.01 are flagged with three (***) and two (**) as-
terisks, respectively.

plant treatment with the Ca?* channel blocker LaClj (Fig. 6).
Two previously described as symbiosis-specific genes PSNIN
and PsEnod5 were also used in our experiments as a control
for effective inoculation. In pea roots, the upregulation of
PsAnn4 expression in response to inoculation was revealed
in 1 dai, corresponding with experiments on the dynamics of
this gene expression upon nodulation. The significant decrease
in the expression of PsAnn4 was found in our experiments in
the presence of LaCl,. Down-regulation of symbiosis-specific
genes PsEnod5 and PsNIN was also observed, which indicated
the importance of Ca?* influx for their regulation. Therefore,
the influx of calcium ions into the cell, which is observed at
the early stages of symbiosis development, may affect the
expression level of PsAnn4 in pea roots (see Fig. 6).

Subcellular localization of pea PsAnn4 annexin

To follow the PsAnn4 protein localization in plant cells, it
was fused to the fluorophores such as red fluorescent protein
(RFP) and yellow fluorescent protein (YFP) at the C-terminus
and expressed under the transcriptional regulation of the 35S
promoter in N. benthamiana leaves by infiltration with A. tu-
mefaciens (Fig. 7, a, b). The infiltration of constructs for the
synthesis of proteins fused with RFP and YFP allowed us to
visualize the protein in leaf tissues after transformation. In the
cells of N. benthamiana leaves, PsAnn4 protein was localized
in the plasma membrane or in the cell wall. In addition, we also
estimated the presence of PsAnn4 in different cell fractions
by Western-blot hybridization using anti-YFP or anti-RFP
antibodies. PsAnn4-YFP was found in insoluble fraction of
leaf tissue pelleted at 36000 g (see Fig. 7, ¢). It suggests that
PsAnn4 may be involved in cell wall or membrane modifica-
tion as well as in ion transport.
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Fig. 7. Localization of PsAnn4 fused to red fluorescent protein (RFP) (a)
and yellow fluorescent protein (YFP) (b) at the C-terminus under the tran-
scriptional regulation of the 35S promoter in N. benthamiana leaves by in-
filtration with A. tumefaciens LBA4404. Scale bars are 200 pm. Immuno-
blot analysis of different cell fractions obtained from the N. benthamiana
leaves after infiltration of PsAnn4-YFP with A. tumefaciens LBA4404 (c).

IS-1 - insoluble fraction was pelleted at 36 000 g; IS-2 — insoluble fraction was
pelleted at 100000 g; S - soluble fraction at 100000 g; MW - molecular weight
marker.

Discussion

Available pea genome information (Kreplak et al., 2019) al-
lowed us to determine the composition of the annexin gene
family in this legume. Database searches revealed 15 annexin
genes in P. sativum L., 18 in M. truncatula as well as 13 in
both P. vulgaris and L. japonicus. Based on the phylogenetic
analysis of these annexins, close homologs can be identified
among these legume species (see Fig. 1).

At present, only one pea annexin, p35, has been functional-
ly characterized (Clark et al., 1992). The localization of this
annexin in root cells involved in active secretion suggests its
function in exocytosis. Subsequently, the use of antibodies
against this protein revealed its localization in epidermal
cells of the leaf and stem (Clark et al., 1998, 2000). However,
annexins involved in nodulation have not been characterized
in P. sativum. In contrast, in M. truncatula, two annexins,
MtAnn1 (Medtr8g038210) and MtAnn2 (Medtr8g038220),
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demonstrated a high level of expression during nodulation
and were found to be involved in controlling bacterial infec-
tion and nodule organogenesis (De Carvalho-Niebel et al.,
1998, 2002; Manthey et al., 2004; Breakspear et al., 2014).
Another annexin, MtAnn3 (Medtr4g097180), was found to be
important for root hair deformations in M. truncatula (Gong
etal., 2012). At the same time, close homologs of MtAnnl —
PvAnn1 (Phvul.011g209300) and LjAnn1 (LjO0g3v0203419),
which belong to the same phylogenetic group as MtAnn1, play
important roles in the symbiotic process in P. vulgaris and
L. japonicus (Wienkoop, Saalbach, 2003; Jauregui-Zufiiga et
al., 2016; Carrasco-Castilla et al., 2018).

In our earlier work, two annexins activated at the early
stages of symbiosis development in pea were found using the
proteomics approach (Leppyanen et al., 2018). This approach
might be helpful for the identification of new regulators of
signal transduction pathways at the initial stages of nodulation
in pea. Our present analysis revealed that these two identi-
fied annexins of pea belong to different phylogenetic groups,
defined as homologs of MtAnn4, PvAnn4 and MtAnn§,
PvANn8, respectively. Although PsAnn4, and MtAnn4 and
PvAnn4 have high levels of homology with MtAnnl and
PvAnn1, they belong to another group of annexins based
on phylogenetic analysis. PsAnn8 belongs to a less studied
phylogenetic group. Therefore, two previously unknown an-
nexins were identified in our study. In addition to stimulation
during rhizobial inoculation, the dependence of PsAnn4 and
PsAnnS activation on the LysM-receptor-like kinase SYM 10,
encoding a putative Nod factor receptor, was revealed in the
present study (see Fig. 4), which suggested that rhizobial
signaling molecules Nod factors may be important for their
activation. It also suggests the participation of these two
annexins in the development of the symbiotic interaction of
plants with rhizobia.

Phylogenetic analysis and prediction of the overall 3D
structure of PsAnn4 and PsAnng proteins showed differences
in the Ca2*-binding motif in the fourth annexin repeat of these
proteins, and therefore, in the potential ability to bind calcium
ions. This can potentially influence the binding of these an-
nexins to phospholipids by means of a calcium bridge mecha-
nism. It was predicted that three calcium ions were coordinated
in the first and fourth repeats, which is consistent with the data
of the canonical binding of the G. hirsutum annexin GhAnn1
and animal annexins to the phospholipids of membranes
using the mechanism of calcium bridges (Hu et al., 2008). In
the predicted structures of Arabidopsis annexins (AtAnnl,
AtAnn3, and AtAnn4), the canonicity of the Ca2*-binding
motif in the first repeat and the presence of modified motifs
in the fourth repeats of AtAnn1 and AtAnn3 were also shown,
while AtAnn4 had no recognizable Ca%* — or phospholipid-
binding motifs (Konopka-Postupolska, Clark, 2017).

Since the level of PsAnn4 synthesis in response to inocula-
tion was more significant in the roots of wild type pea plants
compared with mutant defective in symbiosis, we carried out
the analysis of this annexin in more detail. It was shown that
the regulation of PsAnn4 annexin in pea could be achieved
at the transcriptional level as well as post-transcriptional
and translational levels, probably. Significant activation of
MtANnn1 and MtAnn2 gene expression level was found in the
roots of M. truncatula treated with Nod factors or inoculated
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with rhizobia (De Carvalho-Niebel et al., 1998, 2002; Man-
they et al., 2004; Breakspear et al., 2014). Meanwhile, the
expression of PvAnnl in P. vulgaris was slightly upregulated
in developing nodules (Carrasco-Castilla et al., 2018). How-
ever, a phosphoproteomic approach revealed that PvAnnl was
a phosphorylated protein with enhanced levels of synthesis
during nodulation (Jauregui-ZUfiga et al., 2016). Hence, the
regulation of annexins involved in nodulation might be dif-
ferent and is probably connected with different functions that
annexins fulfil in this process.

Localization of annexins might differ depending on their
function. Some annexins show cytoplasmic and nuclear lo-
calization, while other annexins are associated with various
plant membranes, including the plasma membrane, endoplas-
mic reticulum, and nuclear membrane (Laohavisit, Davies,
2011; Clark et al., 2012; Davies, 2014). Some annexins may
be embedded in the membrane in the form of monomers or
oligomers. One of the distinctive characteristics of annexins
is their ability to change their cellular localization in response
to various stimuli. In our experiments, the localization of
annexin 4 (PsAnn4) in the cell wall or plasma membrane
was shown, suggesting the participation of this annexin in
processes associated either with membrane modification or
ion transport at the early stages of symbiosis establishment in
pea. Similarly, the localization of the other annexin, MtAnn2,
involved in nodulation in M. truncatula, was revealed to be
associated with the plasma membrane, particularly with lipid
rafts from root plasma membrane preparations (Lefebvre et
al., 2007). In addition, the annexin PvAnn1 is essential for
ROS-dependent regulation of Ca?* influx into the cells of
P. vulgaris, which strongly suggests the localization of this
protein in the plasma membrane. Therefore, specific subcel-
lular localization of annexins might be associated with their
function signal transduction at the early stages of symbiosis.

Conclusion

In this study, phylogenetic analysis of the pea annexins
PsAnn4 and PsAnn8 was performed based on their homology
with annexins from other legumes. The modeling approach
allowed us to estimate the structural features of these annexins
that might influence their functional activity. To verify the
functions of these annexins, we performed comparative pro-
teomic analysis, experiments with calcium influx inhibitors,
and localization of labeled proteins. Essential down-regulation
of PsAnn4 synthesis in a non-nodulating pea mutant P56
(sym10) suggests an involvement of this annexin in the rhizo-
bial symbiosis. The localization of PsAnn4 in the cell wall or
plasma membrane of plant cells may indicate its participation
in membrane modification or ion transport.
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