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Abstract

Because of ongoing climate change, drought is becoming the major factor limit-
ing productivity of all plants, including legumes. As these protein-rich crops form
symbiotic associations with rhizobial bacteria — root nodules — they readily lose
their productivity under drought conditions. Understanding the underlying mo-
lecular mechanisms might give access to new strategies to preserve the produc-
tivity of legume crops under dehydration. As was shown recently, development of
drought response is accompanied by alterations in the patterns of protein glyca-
tion and formation of advanced glycation end products (AGEs) that might be a part
of unknown regulatory mechanisms. Therefore, here we address the effects of
moderate drought on protein dynamics and AGE patterns in pea (Pisum sativum)
root nodules. For this, plants inoculated with rhizobial culture were subjected to
osmotic stress for one week, harvested, the total protein fraction was isolated
from root nodules by phenol extraction, analyzed by bottom-up LC-MS-based
proteomics, and AGE patterns were characterized. Surprisingly, despite the clear
drought-related changes in phenotype and stomatal conductivity, only minimal
accompanying expressional changes (14 rhizobial and 14 pea proteins, mostly in-
volved in central metabolism and nitrogen fixation) could be observed. However,
71 pea and 97 rhizobial proteins (mostly transcription factors, ABC transporters
and effector enzymes) were glycated, with carboxymethylation being the major
modification type. Thereby, the numbers of glycated sites in nodule proteins dra-
matically decreased upon stress application. It might indicate an impact of gly-
cation in regulation of transport, protein degradation, central, lipid and nitrogen
metabolism. The data are available at Proteome Xchange (accession: PXD024042).

Keywords: advanced glycation end products (AGEs), drought stress, glycation,
pea (Pisum sativum), polyethylene glycol (PEG), proteomics, root nodules

Introduction

Due to the growing impact of ongoing climate change on crop productivity, the
mechanisms behind drought tolerance of terrestrial plants are in the focus of
modern biology. Indeed, the short-term alterations in daily temperatures are in-
creasing, whereas the amount of precipitation has been continuously decreasing
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Fig. 1. Advanced glycation end products (AGEs), their precursors and intermediates in the context of underlying formation mechanisms. Ab-
breviations: CML, Né-(carboxymethyl)-lysine; CEL, Né-(carboxyethyl)lysine; CEA, Né-(carboxyethyl)arginine; CMA, Né-(carboxymethyl)arginine;
Glarg, glyoxal-derived hydroimidazolone; MG-H1, methylglyoxal-derived hydroimidazolone 1 (N®-(5-methyl-4-oxo-5-hydroimidazolinone-2-yl)-
[-ornithine); Argpyr, argpyrimidine; TH-Pyr, tetrahydropyrimidine; Pyr, pyrraline; GLAP, glyceraldehyde-derived pyridinium compound; MOLD,
methylglyoxal-derived lysine-lysine imidazolium cross-link; DOLD, 3-deoxyglucosone-derived lysine-lysine imidazolium cross-link.

during recent decades (Ummenhofer and Meehl, 2017).
In general, drought can be defined as a form of abiotic
stress, characterized by a decrease of water potential and
directly impacting the functions of plant tissues and or-
gans, resulting in growth inhibition and drop of leaf tur-
gor and water metabolism (Osmolovskaya et al., 2018).
At the level of cell molecules, the plant stress response
is accompanied by an array of adaptive reactions, which
affect photosynthesis machinery, primary and second-
ary metabolism, protein dynamics and patterns of post-
translational modifications (PTMs, Verslues et al., 2006).

Plant response to drought is a multi-step process,
including both systemic and cell-specific reactions (Bi-
lova et al., 2016a). In the first steps of the plant response,
dehydration avoidance (i.e., an array of reactions aimed
at reducing water loss) represents the preferred strategy,
whereas development of drought tolerance is more char-
acteristic for advanced stages of the drought stress re-
sponse (Osmolovskaya et al., 2018). Indeed, even mod-
erate dehydration results in stomata closure, overload of
electron transport chains, enhanced generation of reac-
tive oxygen species (ROS) and development of oxidative

stress (Lushchak, 2011). On the other hand, the drought
tolerance strategy assumes accumulation of osmopro-
tectors — mostly amino acids and reducing sugars (Pau-
del et al., 2016).

The developing oxidative stress in parallel with the
accumulation of drought-related sugar osmolytes trig-
gers carbohydrate autoxidation and lipid peroxidation
resulting in the generation of reactive intermediates
(a-dicarbonyls and hydroxycarbonyls, Paudel et al.,
2016; ALjahdali and Carbonero, 2019). Both reducing
sugars and reactive carbonyl compounds readily react
with free amino groups of proteins — the phenomenon
known as protein glycation (Fig. 1). Reducing sugars
yield Amadori and Heyns products (Bilova et al., 2016a),
whereas reactive carbonyls directly form advanced gly-
cation end products (AGEs, ALjahdali and Carbonero,
2019; Shumilina et al., 2019).

Although formation, metabolism and biological ef-
fects of AGEs are well-studied in animals and humans
(Szoke and Gerich, 2005; Uribarri et al., 2005; Soboleva
etal, 2017a, b), the role of the Maillard protein adducts in
plants still remains mostly unknown, although intensively
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studied (Rabbani et al., 2020). Recently, the dynamics of
protein-bound AGEs was characterized not only in leaves
(Frolov et al., 2018), but also in seeds (Smolikova et al.,
2020) and nodules of legumes (Matamoros et al., 2018).
The role of protein glycation in drought-related meta-
bolic shifts and nutritional properties of mature pea seeds
(P sativum) was addressed (Leonova et al., 2020). Besides,
multiple alterations in AGE patterns of Arabidopsis thali-
ana leaf proteins in response to drought were reported
(Bilova et al., 2016b; Paudel et al., 2016). However, the
changes in root proteome and, especially, in such special-
ized and metabolically diverse structures as root nodules,
have not yet been addressed. Therefore, to fill this gap, here
we characterize the changes in pea root proteome, and,
specifically, AGE proteome, accompanying the response
of these root structures to short-term osmotic stress.

Material and methods
Reagents, plant material and rhizobial culture

Unless stated otherwise, materials were obtained from
the following manufacturers: AMRESCO LLC (Fountain
Parkway Solon, USA):ammonium persulfate (ACS grade),
glycine (biotechnology grade), tris(hydroxymethyl)ami-
nomethane (tris, ultra-pure grade); Carl Roth GmbH
& Co (Karlsruhe, Germany): ammonia solution (25%);
sodium dodecyl sulfate (SDS, > 99%), sodium chloride
(p-a.), sodium phosphate dibasic dehydrate (p.a.), poly-
ethylene glycol (PEG) 8000 (p.a.), tris-(2-carboxyethyl)
phosphine hydrochloride (TCEP, = 98 %), MgSO4.7H,0
(extra pure); Macherey-Nagel GmbH & Co KG (Diiren,
Germany):  N-methyl-N-(trimethylsilyl)trifluoroacet-
amide (MSTFA, MS grade), Chromabond C,s polypro-
pylene cartridges, 3 mL; Reachem (Moscow, Russia): iso-
propanol (reagent grade); SERVA Electrophoresis GmbH
(Heidelberg, Germany): Coomassie Brilliant Blue G-250,
2-mercaptoethanol (research grade), NB sequencing
grade modified trypsin from porcine pancreas; Thermo
Fisher Scientific (Waltham, USA): PageRuler™ Prestained
Protein Ladder #26619 (10-250 kDa). All other chemicals
were purchased from Helicon (Moscow, Russia). Water
was purified in house on a water conditioning and purifi-
cation system Millipore Milli-Q Integral 3 system (Merck
Millipore, Darmstadt, Germany).

Pea seeds of the cultivar SGE and rhizobial culture
(Rizobium leguminosarum bv. viciae CIAM 1026) were
from the collection of the All-Russia Research Institute
of Agricultural Microbiology (St. Petersburg, Russia).

Plant experiments

Pea seeds were stratified at 4°C for two days and germi-
nated at 18°C for a further two days in the dark. After-
wards, the seeds were transferred to vermiculite filled in

1 L pots and inoculated with rhizobial culture (Rhizobium
leguminosarum byv. viciae CIAM 1026). For this, 20 mL
of bacterial culture (OD = 0.3 un. at 620 nm/optical path
length 1 cm) were 100-fold diluted with water. After-
wards, 150 mL of diluted bacterial culture were supple-
mented to each vessel with vermiculite (V = 1.2 L). The
plants were grown at 16 h light/8 h dark regimen at 24°C
under 75 % relative humidity. On the 19 day after inocu-
lation, the plants (n = 6) were transferred to a hydroponic
system (described in detail by Bilova et al., 2016b), i.e., to
aerated aqueous nutritional medium with 5-20% (w/v)
polyethylene glycol 8000 solution (PEG 8000). The con-
trol plants (n = 6) were transferred to a PEG-free medi-
um. The medium contained 0.041 mol/L MgSO4x 7H,0,
0.06 mol/L K,HPOy, 6.5 mmol/L Caz(PO4),, 0.81 mmol/L
H;BO;, 0.25 mmol/L (NHy),MoQO4 0.05 mmol/L
KBr, 0.024 mmol/L CuSO4*5H,0, 0.03 mmol/L KI,
0.0045 mmol/L  Aly(SO4);*18H,O, 0.05 mmol/L
NaCl, 0.0124 mmol/L MnSO4*5H,0, 0.007 mmol/L
7ZnSO4*7H,0, 0.013 mmol/L NiSO4 0.27 mmol/L
NaFeEDTA, pH=7.2. After seven days of treatment, the
nodules were harvested, i.e., rinsed with water, frozen in
liquid nitrogen and ground in a Mixer Mill MM 400 ball
mill with a 20 mm stainless steel ball (Retsch, Haan, Ger-
many) at the vibration frequency of 30 Hz for 1 min. The
ground material was stored at 80 °C until analysis.

Characterization of drought stress

The plant response to osmotic stress was assessed by
alteration of stomatal conductivity and lipid peroxida-
tion. Stomatal conductivity was assessed with a portable
porometer (SC-1 Leaf Porometer, ICT International,
Australia) as described before (Leonova et al., 2020).
Lipid peroxidation was assessed by accumulation of
thiobarbituric acid-reactive substances, which were
quantified as malondialdehyde equivalents (MDA) (see
Chantseva et al., 2019).

Protein isolation

The analysis of the pea root nodule proteome relied on
the nanoLC-MS-based bottom-up proteomics approach
(see Matamoros et al., 2018) with minor modifications.
Briefly, for phenol extraction, approximately 60-100 mg
of frozen material were transferred to a 2-mL polypro-
pylene tube and supplemented with 700 pL of cold (4°C)
phenol extraction buffer (0.7 mol/L sucrose, 0.1 mol/L
KCl, 5 mmol/L ethylenediaminetetraacetic acid (EDTA),
2% (v/v)-mercaptoethanol and 1 mmol/L phenylmeth-
ylsulfonyl fluoride (PMSF) in 0.5 mol/L tris-HCI buffer,
pH 7.5). All manipulations were performed at 4°C. The
samples were vortexed for 30 s, and 700 pL of cold phenol
(4°C) saturated with 0.5 mol/L Tris-HCI buffer (pH 7.5)
were added. Afterwards, the samples were incubated on
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a vertical rotation platform (30 rpm, 30 min, 4°C) and
centrifuged (2500 g, 30 min, 4°C). The upper pheno-
lic phases were transferred to new 2 mL polypropylene
tubes and washed two times with equal volumes of the
phenol extraction buffer with vortexing (30 s), shaken
(30 rpm, 30 min, 4°C) and centrifuged (2500 g, 15 min,
4°C) after each buffer addition. Finally, the phenolic
phases were transferred to new 1.5 mL safe-lock poly-
propylene tubes, supplemented with five volumes of cold
(=20°C) 0.1 mol/L ammonium acetate in methanol, and
kept at -20°C overnight. The next morning, the proteins
were pelleted by centrifugation (15 min, 2500 g, 4°C).
The pellets were washed twice with two volumes of cold
(-20°C) methanol (compared to the phenol phase vol-
ume), and once with cold acetone (with centrifugation at
each step — 2500 g, 10 min, 4°C). The final pellets were
dried under air flow under the hood for 1 h. The protein
pellets were reconstituted in 100 uL of shotgun buffer
(8 mol/L urea, 2 mol/L thiourea in 0.1 mol/L Tris-HCI
buffer, pH 7.5) containing 0.1 % (w/v) anionic acid-labile
surfactant IT (AALS II). The protein concentrations were
determined by the Bradford assay and validated by SDS-
polyacrylamide gel electrophoresis (PAGE) as described
earlier (Greifenhagen et al., 2016).

Tryptic digestion

For tryptic digestion, the aliquots of the total nodule pro-
tein fraction (50 pg) were supplemented with 50 mmol/L
aq. ammonium acetate buffer to obtain a final volume of
90 pL. Then, 10 pL of 50 mmol/L tris(2-carboxyethyl)
phosphine was added, and the resulting mixtures were in-
cubated for 30 min at 37 °C in an orbital shaker (450 rpm).
After cooling the sample to room temperature, 11 pL of
100 mmol/L of iodoacetamide were added, and the mix-
tures were incubated for 1 h at 4°C. Afterwards, 875 uL
of 50 mmol/L ammonium bicarbonate were added. Two
aliquots of trypsin (2.5 and 1.3 pg) were supplemented se-
quentially at the enzyme-protein ratio of 1:20 and 1:40 to
the diluted samples, and digestion was accomplished at
37°C under continuous shaking (450 rpm) for 5and 12 h
(overnight), respectively. The digestion efficiency was ver-
ified by SDS-PAGE according to the procedure described
by Greifenhagen et al. (2016). After decomposition of
ALLS (1% v/v TFA, 20 min at 37°C), the resulted digests
were pre-cleaned by reversed phase solid phase extraction
(RP-SPE) using the elution scheme of Spiller et al., (2017)
and in-house packed StageTips as described by Mamon-
tova et al. (2018).

LC-MS experiments

Individual tryptic digests (500 ng, 10 pL) dissolved in 3 %
(v/v)acetonitrilein0.1 % (v/v)aq. TFAwereloaded ontoan
Acclaim PepMap 100 C18 trap column (300 um x 5 mm,

3 pm particle size) for 15 min at the flow rate of 30 pL/min.
Peptides were separated at the flow rate of 300 nL/min on
an Acclaim PepMap 100C18 column (75 pm x 250 mm,
particle size 2 um) using an Ultimate 3000RSLC nano-
HPLC system coupled on-line to an OrbitrapXL mass
spectrometer via a nano-ESI source equipped with a
30 um ID, 40 mm long steel emitter (all Thermo Fisher
Scientific, Bremen, Germany). The eluents A and B were
0.1% (v/v) aq. FA and 0.08 % (v/v) aq. FA in acetoni-
trile, respectively. The peptides were eluted with linear
gradients ramping from 1% to 35% B over 90 min, fol-
lowed by 35 % to 85 % eluent B over 5 min. The column
was washed for 5 min, and re-equilibrated at 1% eluent
B for 10 min. The nano-LC-Orbitrap-MS analysis relied
on data-dependent acquisition (DDA) experiments per-
formed in the positive ion mode, comprising a survey
Orbitrap-MS scan and dependent MS/MS scans for the
most abundant signals in the following 5 s (at certain
tr), with charge states ranging from 2 to 6. The spectra
were acquired in the m/z range of 300-1500 with the
mass resolution of 120,000 in the positive ion mode. The
ion spray voltage was 1900 V, S-lens voltage was 20 V,
ion transfer tube temperature was 275°C.The MS/MS
spectra were acquired in the data-dependent acquisition
(DDA) mode with the mass resolution of 15000, using
high-energy collision dissociation (HCD) functionality
(27 % relative collision energy) with the isolation width
of 2 m/z. Dynamic exclusion was applied for 60 s with
the width of + 2 ppm. The raw data are available on the
Proteome Xchange platform as the project “Proteins of
Pisum sativum nodules (LC-MS/MS)” (project acces-
sion: PXD024042; DOI: 10.6019/PXD024042).

Processing and post-processing of
the proteomics data

The spectra were searched against the pea (Kreplak et
al., 2019) and rhizobial (Rhizobium leguminosarum bv.
Viciae, Afonin et al., 2017) sequence databases with SE-
QUEST engine operated in the framework of the Pro-
teome Discoverer 2.1 software (Thermo Fisher Scientific,
Bremen, Germany). Seven AGE-related modifications —
N¢-(carboxymethyl)lysine/arginine (CML/CMA,
+58.01/K,R), N*-(carboxyethyl)lysine/arginine (CEL/
CEA, 72.0211/K,R), glyceraldehyde-derived pyridinium
adduct (GLAP, +109.029/K), glyoxal (+39.995/R), —
and methylglyoxal (54.011/R)-derived hydroimidazo-
lones (Glarg and MG-H, respectively), as well as oxida-
tion of methionine and tryptophan (+15.995/M, W), di-,
trioxidation of tryptophan (+31.99/W and + 47.985/W,
respectively) and kynurenin (+3.995/W) — were select-
ed as variable modifications, whereas cysteine carbami-
domethylation (+57.021) was selected as the fixed one.
Label-free relative quantification relied on the Progen-
esis QIP (Waters, Eschborn, Germany) and Proteome
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Fig. 2. Cultivation of pea (P. sativum) plants: germinating seeds (A), seedlings (B), two-week-old plants prior stress application (C), 30-day-old

drought-treated (right) and control (left) plants prior to harvesting (D).

Discoverer 2.0 (Thermo Fisher Scientific, Bremen,
Germany) softwares. Settings for label-free quantifica-
tion (LFQ): max CV < 60.5, fold.change > 1.5, adjusted
p-value < 0.1, g-value < 0.1. Data post-processing was
performed in the statistical programming environment
R (R version — 4.0.2, packages: limma, Biobase, topGO,
KEGGREST, pheatmap, VennDiagram), data annota-
tion relied on well-established online tools (Mercator
MapMan, Blast KOALA for KEGG ontology, BUSCO
for cellular localization). Protein interactions were ana-
lyzed using String database (Szklarczyk et al., 2017).

Results
Establishment of drought stress

The seeds (Fig. 2A) germinated quantitatively and pro-
duced healthy seedlings during the first week of the ex-
periment. All seedlings were successfully transferred to
vermiculite pots immediately after completion of ger-

mination. No abnormalities in plant development were
found after a week of growth on vermiculite (Fig. 2B),
before the plants were successfully transferred to the hy-
droponic system (Fig. 2C, D). No visible difference in
morphology of individual plants could be observed be-
fore stress application (supplementation of PEG 8000 in
the growth medium). However, the drought-treated (i.e.,
subjected to osmotic stress) plants showed the first signs
of dehydration — loss of leaf turgor, chlorosis and necro-
sis (Fig. 2C) already on the second day after drought ap-
plication. Interestingly, roots and nodules of control and
experimental plants did not show any visible differences.

Stress characterization

At the first step, in the series of optimization experiments,
the stress dosage was adjusted to yield moderate stress
severity. For this, two-week-old plants were transferred
to the aerated pots with growth medium supplemented
with 5, 10, 15 and 20% (w/v) PEG 8000 and were grown
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Fig. 3. Characterization of the stress response in pea (P. sativum) plants by stomatal conductivity (A) and contents of TBA-reactive substances
(expressed as MDA equivalents, B). The plants were grown at 16 h light/8 h dark regimen at 24 °C under 75 % relative humidity on vermiculite.
On the 19t day after inoculation the plants (n = 6) were transferred to the hydroponic system containing 5-20 % (w/v) polyethylene glycol
8000 solution (PEG 8000). *Differences were statistically significant (p < 0.05), as was determined by the Mann-Whitney U-test.

for a further week. The supplementation of 5% (w/v) PEG
resulted in a slight (approximately 22 %), but significant
(p <0.05) drop of stomatal conductivity (Fig. 3A). Further
increase of the PEG content in growth medium resulted in
progressing suppression of transpiration, manifested with
up to six-fold reduction of stomatal conductivity, when the
highest concentration of the polymer was applied. The ob-
served stress-related drop of stomatal conductivity was ac-
companied by an increase in leaf contents of TBA-reactive
substances (Fig. 3B). Thus, 5% (w/w) PEG caused minimal
drought stress in pea, whereas 10 % (w/w) resulted in mod-
erate stress. Therefore, for proteomics experiments, osmot-
ic stress was established by supplementation of 10 % (w/w)
PEG to the culture medium to simulate moderate drought.

Protein isolation and tryptic digestion

The total protein fraction was successfully isolated from
the pea nodules by the phenol extraction procedure.
The protein concentrations were in the range of 0.87-
2 mg/mL, whereas the yields were in the range of 9.2
159.3 mg/g fresh weight (Table S1-1)!. The precision of
protein determination was estimated by SDS-PAGE. For
this, 5 pg of each protein sample (calculated based on
the results of the Bradford assay) were loaded on paral-
lel lanes (Fig. S1-1A). The whole lane average intensi-
ties demonstrated relatively low variability, as could be
judged by relative standard deviation (RSD = 7.3 %). The
protein samples were successfully hydrolyzed by tryp-
sin — the proteolysis was quantitative, as no bands could

! Supplemental material to the article is available at
https://biocomm.spbu.ru/article/view/10086

be seen when SDS-PAGE was performed with tryptic di-
gests (Fig. S1-1B).

Analysis of protein dynamics in root nodules in
response to osmotic stress

In total, 862 plant (Fig. 4A) and 582 rhizobial (Fig. 4B)
non-redundant proteins were identified by MS/MS spec-
tra in pea root nodules (Supplementary information 2,
Tables S2-1 and S2-2). These proteins were represented
by 2734 and 2352 individual peptides corresponding to
1830 and 596 possible individual polypeptides, respec-
tively (Fig. S1-2 and S1-3, Tables S2-3-S2-6). Iden-
tification of peptide sequences relied on tandem mass
spectrometry (MS/MS) in DDA experiments. However,
it needs to be taken into account that drought-specific
annotation of proteins by DDA-MS/MS can be related to
the intensity bias or intrinsic restrictions of the method.
Due to this well-known limitation of the DDA algorithm
(usually referred to as undersampling, Mamontova et al.,
2018), the differences in the patterns of protein identi-
fication obtained in DDA experiments need to be con-
firmed by the label-free quantification (LFQ) approach.

Indeed, label-free relative quantification of protein
abundance profiles revealed only minimal differences
between drought-treated and control groups. Thus, only
five pea nodule proteins were up-regulated and nine were
down-regulated (Table 1), i.e., only 14 of 862 identified
pea proteins (1.6% of annotated pea nodule proteome)
could be confirmed as affected by osmotic stress. As the
numbers of differentially expressed proteins were low, we
increased the confidence level from p <0.05 to p <0.1. The
up-regulated proteins were involved in central metabo-
lism (fructose-bisphosphate aldolase and malate dehydro-
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Fig. 4. Non redundant pea (A) and rhizobial (B) proteins identified in
the root nodules of the control (C) and stress-treated pea (S) (P. sati-
vum) plants. The database search relied on pea (P. sativum, Kreplak et
al 2019) and rhizobial (R. leguminosarum, Afonin et al., 2017) sequence
database in Proteome Discoverer 2.1.

genase), nitrogen fixation (leghemoglobin) and Golgi to
plasma membrane protein transport (Golgin subfamily A
member 4-like protein). On the other hand, the most pro-
nounced down-regulation (three-fold) was observed for
S-adenosylmethionine synthase and pathogenesis-related
protein 10b, involved in abscisic acid signaling. Most of the
other down-regulated plant proteins were involved in pro-
tein synthesis (ribosomal structure) and folding (Table 1).
For all differentially abundant proteins the MS/MS spec-
tra were manually verified (Figs. S1-4 and S1-5). Thereby;,
about 20-24 % of all polypeptides were identified by MS/
MS solely in nodule protein isolates from drought-treated
plants (Fig. 4A, B), although the corresponding signals
could be detected at the MS level in all treatment groups.
Surprisingly, a similar quantitative result was observed
for the rhizobial nodule proteome. In this case, five proteins
were up-regulated and nine were down-regulated upon ap-
plication of osmotic stress (Table 2). The up-regulated pro-
teins were mostly involved in regulatory processes — phos-
phorylation, dephosphorylation and interaction with DNA
(transcriptional activatior AOA1IQ8HJ66 and nucleoside
diphosphate kinase). Further polypeptides were involved
in nitrogen (amino acid ABC transporter substrate-bind-
nig protein) and energy metabolism (glycerol-3-phospha-

tase and malate dehydrogenase). Down-regulation was
less pronounced in the bacterial symbiotic partner — all
changes were within a two-fold span. Similar to the plant
proteome, the pathways of central energy and nitrogen me-
tabolism were suppressed. Nitrogen fixation was the main
function down-regulated in the rhizobial proteome: not
only were nitrogenase and nitrogenase molybdenum iron
protein affected, but also glutamate metabolism (succinate-
semialdehyde dehydrogenase and 4-aminobutyrate trans-
aminase) was suppressed and the involvement of glutamate
in protein synthesis was blocked (Table 2).

Analysis of non-enzymatic posttranslational
protein modifications in root nodules in
response to osmotic stress

Glycation of nodule proteins was assessed by charac-
teristic marker modifications, derived from the major
glycation intermediates, characterized in our previous
work (Bilova et al., 2016b; Paudel et al., 2016). There-
by, mono-, di-, trioxidation of tryptophan and kyn-
urenin were considered here as oxidative modifications,
whereas glyceraldehyde-derived pyridinium compound
(GLAP), N*-(carboxymethyl)- and N*-(carboxyethyl)
lysine (CML and CEL, respectively), glyoxal- and meth-
ylglyoxal-derived hydroimidazolones (Glarg and MG-
H, respectively) were selected as the major plant AGEs.
The modifications of plant and rhizobial nodule pro-
teins were searched against both the pea and rhizobial
sequence databases (Supplementary information 3).

Patterns of glycation and oxidation in
the pea nodule proteome

The search against pea sequence database altogether re-
vealed 90 glycated peptides, representing in total 71 pro-
teins, whereas 48 peptides in 38 proteins were oxidized by
tryptophan residues. Surprisingly, the search revealed a
dramatic (37 % overall) decrease in AGE identification rates
after one-week exposure to osmotic stress in comparison
to untreated controls (Fig. S1-6A). Tryptophan oxidative
modifications were less represented, although in the relative
scale, the drop of the oxidative modification number upon
stress application was comparable (Fig. S1-6B). Among
AGEs, CML and CMA formed the most representative
group (37 peptides, Fig. 5A). Interestingly, half of these pro-
teins (19 entries) were not detected as modified in stressed
plants. Carboxymethylated proteins represented several
functional groups, dominated with regulatory kinases,
transcription factors, effector enzymes and cytoskeleton.
Glyceraldehyde 3-phosphate kinase was strongly glycated
(CML-modified), and characteristic glycation site was rep-
resented by two peptides. Carboxymethylation also affected
E3 ubiquitin-protein ligase RNF185 and ABC transporter
STD2 (Table S3-1). All of the other glycative modifications
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Fig. 5. Numbers of individual glycated peptides, containing Né-(carboxymethyl)lysine and Né-(carboxyethyl)lysine (CML and CEL, A), glyceralde-
hyde-derived pyridinium compound (GLAP, B), glyoxal-derived hydroimidazolone (Glarg, C) and methylglyoxal-derived hydroimidazolone (MG-
H, D) residues, and identified by nanoLC-MS-based proteomics analysis of pea (P. sativum) nodule protein tryptic digests obtained from control
(C) and PEG-treated (stressed, S) plants. The data were acquired by nanoHPLC-LIT-Orbitrap-MS operated in the positive DDA mode. Identifica-
tion of glycated peptides and annotation of glycated proteins relied on Sequest search against pea (P. sativum) sequence database (Kreplak et
al., 2019) in Proteome Discoverer 2.1 software with implementation of characteristic modification-specific increments.

were two-fold less abundant in site occupancy under stress
conditions (Fig. 5B-D), although some functional aspects
of their patterns attract special attention. Thus, an impor-
tant enzyme of cell wall biosynthesis was strongly modified
with GLAP, whereas MG-H glycation patterns included
DNA-binding proteins (Tables S3-2, S3-4).

Oxidation of tryptophan was widely represented
in pea nodule proteome with single oxidation strongly
dominating (20 vs 11, 5 and 12 doubly, triply oxidat-
ed and kinurenine-containing peptides, respectively,
Figs. S1-6A-C, S1-7). Half of this group was detected
specifically in the stressed plant. Among these stress-in-
duced oxidative modifications were three sites in leghe-
moglobines, one site in lipoxygenase and one in alpha-L
arabinofuranosidase (Table S3-6). Interestingly, aspar-
tate amino transferase and E3 ubiquitin protein ligase
were strongly oxidized by tryptophan residues.

Patterns of glycation and oxidation in
rhizobial pea nodule proteome

The search against the rhizobial sequence database re-
vealed altogether 106 glycated peptides, representing
97 proteins, whereas 50 peptides in 38 proteins were

oxidized by tryptophan residues. This search revealed
higher numbers of tryptic peptides, annotated as AGE-
modified and oxidized, which might indicate higher
amenability of rhizobial proteome to non-enzymatic
modifications. However, reduction in the occupancy of
glycation sites upon stress application was even higher
in comparison to the pea part of the nodule proteome —
45 % of rhizobial glycation sites could not be detected at
the MS/MS level in the nodules of the plants subjected
to osmotic stress (Fig. S1-8). In contrast, the difference
in the profiles of rhizobial protein oxidation between the
control and stress-treated nodules was less striking (Fig.
S1-6D-F).

Similar to the plant part of the glycated nodule
proteome, carboxymethylation at lysine and arginine
residues was the dominating modification and could be
detected at 39 sites in different proteins (Fig. S3-9). The
two functional groups of proteins most strongly affected
by this type of modification were transcription factors
and ABC transporters, although effector enzymes were
also found to be intensively glycated. Surprisingly, most
of these proteins were found unglycated after applica-
tion of osmotic stress (Fig. 6A and Table S3-9). The high
glycation occupancy in the groups of transporters was
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Fig. 6. Numbers of individual glycated peptides, containing Né-(carboxymethyl)lysine and Né-(carboxyethyl)lysine (CML and CEL, A), glyceralde-
hydes-derived pyridinium compound (GLAP, C), glyoxal-derived hydroimidazolone (Glarg, D) and methylglyoxal-derived hydroimidazolone (MG-

H, E) residues, and identified by nanoLC-MS-based proteomics analysis of rhizobial (R.

leguminosarum) nodule protein tryptic digests obtained

from control (C) and PEG-treated (stressed, S) plants. The data were acquired by nanoHPLC-LIT-Orbitrap-MS operated in the positive DDA mode.
Identification of glycated peptides and annotation of glycated proteins relied on Sequest search against pea (P. sativum) sequence database
(Afonin et al., 2017) in Proteome Discoverer 2.1 software with implementation of characteristic modification-specific increments.

also characteristic for other AGEs (Table S3-10, S3-11),
although the overall numbers were lower for each of
the further (besides CML and CMA) adduct types
(Fig. 6B-D).

The rhizobial patterns of protein oxidation were
similar to those of the pea part of the nodule proteome
(Fig. S1-7). Thereby, single oxydation was the dominat-
ing tryptophan modification in the nodule rhizobial
proteome, although the occurrence of kynnurenine was
higher in comparison to the pea part of the nodule pro-
teome. It can be noticed that nitrogenase, the principal
actor in the process of nitrogen fixation, was strongly
oxidized (Tables S3-16). The further targets of oxida-
tion were transcription factors, ABC transporters and
enzymes of central metabolism.

Discussion

Based on our previous experience with application of
PEG 8000 in agar infusion and hydroponic models (Fro-
lov et al., 2017; Leonova et al., 2020), we decided for this
high-molecular weight osmotically active compound
to ensure the absence of plasmolysis and to provide
adequate interpretation of the results. For stress char-
acterization, two markers, addressing different aspects

of plant response to drought and relying on orthogonal
techniques, were employed. Stomatal closure represents
an early abscisic acid (ABA)-mediated reaction (Finkel-
stein, 2013), which was clearly observed in this study al-
ready with minimal stress dosage (Fig. 3A). These data
corresponded well to the increase of MDA levels due to
the development of oxidative stress (Fig. 3B), known to
accompany plant response to drought (Osmolovskaya
et al., 2018). In order to obtain more pronounced ef-
fects (which would be desirable for this proof of concept
study) and to avoid artifacts, we decided on moderate
drought and rejected minimal osmotic stress as deliver-
ing less contrasting differences between treatment and
control groups. On the other hand, severe dehydration
designs could yield artifacts and were therefore avoided
as well.

Surprisingly, the experimental setup applied here
revealed only few differentially expressed proteins,
28 altogether in both plant and rhizobial proteomes
(Tables 1 and 2), although the overall numbers of identi-
fied non-redundant proteins (Fig. 4) were in agreement
with the data reported for other legumes and even ex-
ceeded the published values (Gonzalez et al., 2020). This
relatively low amount of differentially abundant proteins
in comparison to high protein identification rates deter-
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Table 1. Changes in plant protein abundance patterns of pea (Pisum sativum) root nodules associated with osmotic stress
Protein Metrics

dynamics | # Protein ID? Protein name Functional annotation fold
rofile2 ° pi | ik
p change®
1 |AOA2Z6NNA7 | Fructose-bisphosphate aldolase Glycolytic process 1.8 0.03 |0.05
2 |B7FQ4 Malate dehydrogenase Carbohydrate metabolic process 1.9 0.06 |0.07
Up- 3 | P93851 Leghemoglobin K Oxygentransport, nitrogen fixation 1.6 0.009 | 0.05
regulation
4 | AOA2K3NSTO | Leghemoglobin Oxygentransport, nitrogen fixation 1.8 0.05 |0.07
5 | AOA2ZKIMYZ6 Golg|r_1 subfamily A member 4-like | Golgi to plasma membrane protein 12 007 |0.07
protein transport
6 | AOA2K3MWHO |S-adenosylmethionine synthase ;%‘i‘;:?sy'meth"m'”e biosynthetic 31 | 002 |005
7 | AOA2K3NWF8 | Protein disulfide-isomerase Protein disulfide isomerase activity 1.4 0.07 |0.07
8 | ADA1S2YB61 Serine hydroxymethyltransferase | Glycine biosynthetic process from serine 1.8 0,04 |0.05
9 |B7FMK4 40S ribosomal protein S24 Translation 2.2 0.01 |0.05
Down-
regulation |10 | AOA396)GV3 Putative ribosomal protein L7 Maturation of LSU-rRNA/RNA transcript 1.9 0.02 |0.05
11 | AOA1S2Y9D8 | Aminopeptidase Metallopeptidase activity 1.4 0.04 |0.05
12 | AOA2K3NQWS3 | Calreticulin Protein folding 1.4 0.02 |0.05
13 | AOA2P4IHJ4 Tubulin Microtubule cytoskeleton organization 1.8 0.04 |0.05
14 | K4LMW7 Pathogenesis-related protein 10b | Abscisic acid-activated signaling pathway 3.2 0.001 |0.01

aprotein clustering based on Progenesis QI software and ANOVA one-factor dispersion analysis calculated for integral protein content; ?protein
annotation was based on sequence database from Uniprot: Pisum sativum; "the change rate (fold change) corresponded to the protein abun-
dance (expression) difference between the stressed and unstressed conditions; ‘p values (here filtered for adjusted p < 0.1) were obtained with
the single-factor ANOVA dispersion analysis using Progenesis QI software; kq values were obtained with the single-factor ANOVA dispersion

analysis using Progenesis QI software.

mined by MS/MS can be explained by two main reasons.
On the one hand, due to duty cycle limitations, the DDA
algorithm suffers from the well-known phenomenon of
undersampling (Mamontova et al, 2019), i.e., less abun-
dant peptides present in all samples are involved in frag-
mentation only in some of them. On the other hand, re-
liable label-free quantification (LFQ) protocols are based
on at least two peptides, whereas only one confidently
identified peptide is sufficient for protein annotation.
Nevertheless, for the bacterial symbiosis partner, the
patterns of differential protein abundance were in agree-
ment with the data of Larrainzar et al., obtained with
a classical object, Medicago truncatula (2007). Similarly
to our work, the authors found the rhizobial enzymes
involved in central metabolism and nitrogen fixation
down-regulated. Thereby, the numbers of differentially
expressed proteins and degree of alterations were similar
to our work, where it was maximally two-fold (Table 2).
Remarkably, the authors used the stop watering ap-
proach, i.e., a completely different drought setup. Thus,
the alterations obtained in our work might reflect the
general drought-related tendencies common for differ-
ent legume species and various drought models. Based
on the results of the String database analysis, the main

tendency might be down-regulation of rhizobial central
metabolism. Thereby, malate dehydrogenase played the
key role in the observed changes, being the functional
link between all other metabolic shifts (Fig. 7). The most
remarkable metabolic alteration was the clear suppres-
sion of nodule amide metabolism, which is known to be
more pronounced in drought-sensitive legume cultivars
(Furlan et al.,, 2017). Here this suppression can be seen at
several levels: not only nitrogenase and succinate semi-
aldehyde dehydrogenase enzymes were affected, but also
generally energy supply and translation were involved.
In contrast, for plant proteins, striking differences
could be seen between our observations for pea nod-
ule proteome and the data obtained by the Wienkoop’s
group for M. truncatula and P. max (Furlan et al., 2017).
Indeed, the proteins #1-4 in Table 1 (representing cen-
tral metabolism and nitrogen fixation machinery), found
drought-dependently up-regulated here, were strongly
expressionally suppressed in M. truncatula upon applica-
tion of water deficit. Interestingly, leghemoglobins were
not affected in P.max nodules. Remarkably, although
the protein synthesis function was drought-dependently
suppressed in all plants, in pea nodules it was repre-
sented by other proteins than in ones obtained from
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Fig. 7. Network of protein-protein structural and functional relationships between the pea nodule proteins representing Rhizobium legumino-
sarum bv. viciae proteome. Protein interactions were analyzed using String database (Szklarczyk et al., 2017). The edges indicate both functional
and physical protein associations. Line colors indicate the type of interaction evidence: green — gene neighborhood, red — gene fusions,
purple — gene co-occurrence, black — co-expression, blue — known interactions from curated databases, pink — experimentally determined

interactions, yellow — text mining (co-mentioned in Pubmed abstracts).

M. truncatula. It is known that legume-rhizobial sym-
biosis changes the proteome patterns of drought stress
response (Turetschek et al., 2020). Thus, such changes
might be species- and, probably, even cultivar-specific,
although the model-related bias of the protein dynamics
profiles seems to be the most probable.

Although the response of pea plants to drought was
comprehensively characterized recently (Castillejo et al.,
2016), the drought-related alterations of pea nodule pro-
teome were described here, to the best of our knowledge,
for the first time. Obviously, in future, our results need
to be complemented by the data acquired for the same
pea cultivar with other drought models. This would al-
low more reliable conclusions about the origin of the
observed inconsistence with the data on plant nodule
proteome obtained by the Wienkoop’s group.

At the next step, we addressed the nodule protein
glycation patterns and their alterations in response to
drought. Here we selected specific lysine- and arginine-
derived AGEs, which proved to be characteristic for the
leaf of drought-treated Arabidopsis plants (Paudel et al.,
2016). As triose phosphates are featured with very high
glycation potential (Bilova et al., 2016b), we included
glyceraldehyde-derived pyridinium compound (GLAP)
in this study as well. In line with earlier published re-
sults (Paudel et al., 2016), CML and CMA comprised
the most represented AGE group, accounting for 41 and
37% of glycated peptides identified in the database

search against pea and rhizobial fasta files, respectively
(Supplementary information 3). In contrast, Glarg and
MG-H were the least abundant modifications, account-
ing for only 20 and 18 % of identified glycated peptides,
respectively. This pattern was in agreement with the
ratios observed in our previous study with Arabidop-
sis leaf (Paudel et al., 2016). Thereby, glycated proteins
mostly represented enzymes and transcription factors
or other regulatory molecules (mostly modified at argi-
nine residues, Tables S3-1-4). Accordingly, Glarg- and
MG-H-modified proteins were mostly represented by
the polypeptides interacting with nucleic acids. As hy-
droimidazolone moiety might affect protein pI and ter-
tiary structure, formation of these AGEs in transcription
factors can underlie regulation of corresponding genes.

Recently, Chaplin et al. published a list of Arabidop-
sis leaf proteins glycated under stress conditions (2019).
However, most of them were not detected here. It can
be explained by species and (more probably) organ/tis-
sue specificity of this list. Interestingly, some proteins
matching to the list of the Bechtold’s group, like glyc-
eraldehyde-3-phosphate dehydrogenase, were found in
control samples, but some sites were not observed un-
der drought conditions (Table S3-1). Interestingly, li-
poxygenase was found glycated in Bechtold’s study and
oxidized here, whereas this enzyme of lipid metabolism
was shown to be affected (down-regulated) in M. trun-
catula nodules under drought conditions (Gonzélez et
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Table 2. Changes in rhizobial protein abundance patterns of pea (Pisum sativum) root nodules associated with osmotic stress

Protein Metrics
dynamics | # Protein ID? Protein name Functional annotation fold
rofile? 0 pii qik
p change®
1 | AOA1Q8HP36 | Glycerol-3-phosphatase dephosphorylation 2.2 0.008 | 0.05
Amino acid ABC transporter )
2 | AOATQ8HNR1 substrate-binding protein nitrogen compound transport 1.5 0.0008 | 0.02
Up-
regulation |3 |AOA1Q8HJ66 |Transcriptional regulator Transcriptional regulator 1.2 0.16 | 0.16
4 | AOATQ8HKT2 | Nucleoside diphosphate kinase CTP biosynthetic process 1.8 0.01 | 0.05
5 | AOATQ8HBN9 | Malate dehydrogenase Carbohydratemetabolicprocess 1.3 0.02 | 0.04
Succinate-semialdehyde gamma-aminobutyric acid catabolic
6 |AOATQBHIED dehydrogenase (NADP(+)) process 1.6 0.01 1005
7 |AOATQ8HBE8 [ATP synthase subunit beta ATP synthesis 1.3 0.03 | 0.05
8 | ADA1Q8HD96 |Uncharacterized protein Unreviewed 1.5 0.01 | 0.05
9 | ADA1Q8HIC5 |4-aminobutyrate transaminase Aminotransferase 1.5 0.05 | 0.06
Down- 10 |AOATQ8HEV3 |Aconitate hydratase tricarboxylic acid cycle 1.5 0.05 |0.07
regulation - -
11 |AOATQ8H)B2 | Catalase-peroxidase e pero?ade_ 1190 e e 1.7 0.05 | 0.07
response to oxidative stress
12 | AOAT1Q8H6F8 | Nitrogenase protein alpha chain nitrogen fixation 1.6 0.02 | 0.05
13 | AOATQ8HIJ8 Glutamate-tRNA ligase glutamyl-tRNAaminoacylation 1.8 0.03 | 0.05
14 | AOATQsHeF7 | Nitrogenase molybdenum-iron nitrogen fixation 14 0.01 | 0.05
protein beta chain

aprotein clustering based on Progenesis QI software and ANOVA one-factor dispersion analysis calculated for integral protein content; ?protein
annotation was based on sequence database from Uniprot: Rhizobium leguminosarum bv. viciae (proteome, unassembled proteome compo-
nent, Whole Genome Shotgun (WGS)); "the change rate (fold change) corresponded to the protein abundance (expression) difference between
the stressed and unstressed conditions; ‘p values (here filtered for adjusted p < 0.1) were obtained with the single-factor ANOVA dispersion
analysis using Progenesis QI software; q values were obtained with the single-factor ANOVA dispersion analysis using Progenesis QI software.

al., 2020). This aspect needs to be addressed in more
detail in future studies with employment of targeted
proteomics techniques. Although drought is assumed to
accelerate ageing (Munné-Bosch et al., 2001), no match
between the proteins identified here and those discov-
ered in our recent study of bean nodule ageing (Matam-
oros et al., 2018) was observed.

On the other hand, several further important pea
nodule proteins were found to be glycated as well. Thus,
carboxymethylation of E3 ubiquitin-protein ligase and
ubiquitin carboxyl-terminal hydrolase might impact
protein degradation. This might give an explanation for
lower glycation rates upon stress application. Indeed,
glycation of these effector proteins might enhance deg-
radation of (glyc)oxidatively damaged protein in 26S
proteasome — the mechanism already demonstrated in
animal cells (Uchiki et al., 2012), but still not described
in plants. Moreover, Moheimani et al. proposed that age-
dependent decrease in proteasomal activity might be
related to formation of carbonyl-derived adducts with
active sites of B-type subunits (2010), although involve-
ment of other players of the proteasomal protein degra-
dation machinery cannot be excluded. Activation of the

proteosomal protein degradation pathway can be at least
partly controlled by glycation/deglycation events. This
can also be an explanation for dramatic drought-related
decrease in the numbers of glycation sites: it might indi-
cate enhanced protein turnover rates under stress condi-
tions and accelerated degradation of glycated proteins.

Another interesting group of proteins, found here to
be glycated, were transport proteins. For example, ABC
transporter (polar-amino-acid-transporting ATPase)
and nodulin MtN21/EamA-like transporter family pro-
tein could be identified (Tables S3-1-2). Under drought
conditions, the first was deglycated and the second one
was glycated. Also, cytoskeleton proteins were AGE-
modified — villin, tubulin and microtubule-associated
TORTIFOLIA-like protein (Tables S3-1-4). Thus, trans-
port function is another aspect prospectively affected by
glycation.

Evaluation of the rhizobial glycated proteome re-
vealed strong predominance of metabolic enzymes,
transcriptional regulators and transport proteins as the
targets of AGE formation. Thereby, many of these pro-
teins were deglycated under stress conditions (Tables
§3-9-12). Among the enzymes, the players of the central
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metabolism pathways represented a pronounced group.
Thus, glycolytic enzymes triosephosphate isomerase,
enolase and glyceraldehyde-3-phosphate dehydrogenase
(GPDH), as well as pyruvate dehydrogenase E1 compo-
nent subunit beta (a part of the pyruvate dehydroge-
nase complex) were found to be glycated in absence and
deglycated (excepting GPDH) upon stress application.
Analogously, rhizobial nitrogen metabolism was affect-
ed by glycation. Thus, creatinase, amidase and aspartate
aminotransferase family protein were deglycated upon
drought application, whereas amidohydrolase was gly-
cated under stress conditions.

The AGE-modified transport proteins demonstrat-
ed unexpected drought-related dynamics of modifica-
tion (Tables S3-9-12). Proteins such as peptide ABC
transporter substrate-binding protein, D-xylose ABC
transporter ATP-binding protein, ectoine/hydroxyec-
toine ABC transporter ATP-binding protein EhuA, MFS
transporter AOA1IQ8HMG?2, metal ABC transporter
permease and multidrug ABC transporter ATP-binding
protein were deglycated under stress conditions. On
the other hand, ABC transporter ATP-binding protein
A0A1Q8HHTY, ABC transporter ATP-binding protein
AOA1Q8HPS6, sugar ABC transporter permease and
efflux pump membrane transporter were up-glycated
upon drought application. Finally, only MFES transporter
AO0A1Q8H6LY could be detected as glycated drought-
independently. Interestingly, deglycated sites were most-
ly carboxymethylated in controls, whereas the sites of
drought-related glycation were mostly related to hydro-
imidazolone modifications. Thus, the bacterial data con-
firm the assumption that glycation might be involved in
regulation of membrane transporters. Earlier, we found
three rhizobial ABC transporters to be up-glycated dur-
ing nodule ageing in bean (Matamoros et al., 2018). The
glycation response to drought seems to differ from the
events accompanying ageing and mostly pronounced as
deglycation of the effector molecules.

Considering oxidized proteins, it can be seen that
modification of tryptophan residues mostly occurs in
catalytically active proteins. Thereby, nitrogen fixation
is one of the primary targets for tryptophan oxidation.
Indeed, in rhizobia such critically important proteins
as NADP-dependent succinate-semialdehyde dehydro-
genase, multiple sites in a chain of nitrogenase, p chain
of molybdenum-iron nitrogenase and aspartate amino-
transferase were oxidized. However, these modifications
were observed both in stress and control groups and
might be, therefore, unrelated to drought.

Conclusion

Although glycation of plant proteins has been intensive-
ly studied over the whole recent decade, it still remains
mostly an underexplored area. Recently, the Maillard

reaction was shown to be involved in plant response to
environmental stress and ageing. Here, to the best of our
knowledge, for the first time we report the patterns of
glycation in indeterminate nodules of pea. These pat-
terns were different from those we reported earlier for
ageing in determinate nodules of common bean (Mat-
amoros et al., 2018). And, in contrast to the ageing pro-
cess addressed in our earlier works, drought resulted in
essential suppression of glycation of nodule proteins,
both representing plant and rhizobial proteomes. More-
over, this stress-related deglycation could be demon-
strated for several functional classes of proteins (the
most pronounced of which were transport, protein deg-
radation, glycolysis and nitrogen metabolism), each rep-
resented by multiple accessions. This fact brings us to the
assumption that glycation might be involved in stress-
related events in root nodules, which is in line with the
hypothesis proposed earlier for glycated leaf proteome
of Arabidopsis (Paudel et al., 2016; Chaplin et al., 2019).
As the next step, the observed phenomenon needs to be
addressed at the quantitative level, using label-free or
label-based techniques. For the confirmed hits, experi-
ments with bacterial and/or pea mutants with changed
potential glycation sites can be done. The disturbance of
regulatory networks by this approach will allow unam-
biguous proving of this concept.
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