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Nitrogen fixation is an agronomically and environmentally important process catalyzed by bacterial nitrogenase within legume
root nodules. These unique symbiotic organs have high metabolic rates and produce large amounts of reactive oxygen species
that may modify proteins irreversibly. Here, we examined two types of oxidative posttranslational modifications of nodule pro-
teins: carbonylation, which occurs by direct oxidation of certain amino acids or by interaction with reactive aldehydes arising
from cell membrane lipid peroxides; and glycation, which results from the reaction of lysine and arginine residues with reducing
sugars or their autooxidation products. We used a strategy based on the enrichment of carbonylated peptides by affinity chro-
matography followed by liquid chromatography-tandem mass spectrometry to identify 369 oxidized proteins in bean (Phaseolus
vulgaris) nodules. Of these, 238 corresponded to plant proteins and 131 to bacterial proteins. Lipid peroxidation products in-
duced most carbonylation sites. This study also revealed that carbonylation has major effects on two key nodule proteins.
Metal-catalyzed oxidation caused the inactivation of malate dehydrogenase and the aggregation of leghemoglobin. In addition,
numerous glycated proteins were identified in vivo, including three key nodule proteins: sucrose synthase, glutamine synthetase,
and glutamate synthase. Label-free quantification identified 10 plant proteins and 18 bacterial proteins as age-specifically glycated.
Overall, our results suggest that the selective carbonylation or glycation of crucial proteins involved in nitrogen metabolism,
transcriptional regulation, and signaling may constitute a mechanism to control cell metabolism and nodule senescence.

Legumes establish nitrogen-fixing symbioses with soil
bacteria collectively known as rhizobia. The percep-
tion of rhizobial nodulation factors by the host plant
induces a cascade of responses that leads to bacterial
and root cell differentiation and nodule development
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(Oldroyd and Downie, 2008). Nodules provide optimal
conditions for the expression of bacterial nitrogenase,
whose activity contributes fixed nitrogen to ecosys-
tems and croplands (Udvardi and Poole, 2013). These
unique symbiotic organs show a high metabolic rate
to meet the considerable energy demand of nitrogen
fixation. As a result, they produce large amounts of
reactive oxygen species (ROS) that need to be kept
under control by antioxidant enzymes and metabolites
(Becana et al., 2010).

ROS may oxidize proteins reversibly (disulfide bonds,
Met sulfoxides) or induce their irreversible modifi-
cation (carbonylation, advanced glycation). Metal-
catalyzed oxidation (MCO) occurs when free Fe** or
Cu* reacts with hydrogen peroxide (H,0,) and gen-
erates highly reactive hydroxyl radicals through the
Fenton reaction (Halliwell, 2006). These radicals can
oxidize almost any amino acid side chain, although some
of them (Lys, Arg, Pro, and Thr) are particularly sus-
ceptible to carbonylation (Meller et al., 2011; Fedorova
et al., 2014). Carbonyl groups also may be generated
indirectly. In cell membranes, lipid peroxidation takes
place when highly reactive ROS, mostly hydroxyl rad-
icals and singlet oxygen, abstract a hydrogen atom
from polyunsaturated fatty acids to form lipid hydrop-
eroxides. These molecules are unstable and decompose
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Figure 1. Scheme showing the most common mechanisms of carbonylation and glycation of amino acid residues. A, Polyun-
saturated fatty acid (PUFA) oxidation produces unstable lipid hydroperoxides that decompose to secondary products. The
Michael addition of the reactive aldehydes to amino acid side chains (mostly His, Cys, and Lys) generates carbonyl derivatives.
B, Formation of advanced glycation end products on Arg and Lys residues. HNE, 4-hydroxy-2-nonenal; MDA, malondialdehyde;
ONE, 4-oxononenal; P, protein.
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Figure 2. Carbonylation types and sites in the nodule plant proteome. A, Relative abundance (%) of carbonylated amino acid
residues. B, Total modifications. C, Modifications found in Lys, His, Cys, and Arg. The percentages were calculated based on the
analysis of 238 proteins. In A, the percentage denotes the proportion of each carbonylated residue with respect to the total num-
ber of carbonylated residues (377). In B and C, the percentages denote, respectively, the proportion of each modification with
respect to the total number of modifications found in 377 sites and the proportion of each modification on individual residues.
Acro, Acrolein Michael addition (MA); Croto, crotonaldehyde MA; HHE, 4-hydroxy-2-hexenal MA; HNE, 4-hydroxy-2-nonenal
MA; Kox, Lys oxidation to aminoadipic semialdehyde; MDA, malondialdehyde MA; OHE, 4-oxo-2-hexenal MA; ONE, 4-oxo-
2-nonenal MA; Pent, pentenal MA; Pox, Pro oxidation to glutamic semialdehyde; Rox, Arg oxidation to glutamic semialdehyde;

Tox, Thr oxidation to 2-amino-3-ketobutyric acid.

to generate reactive aldehydes and ketones that form
covalent Michael adducts with Arg, Cys, His, and
Lys residues (Fig. 1A; Moller et al., 2011; Farmer and
Mueller, 2013). Moreover, Arg and Lys residues can
react with reducing sugars via the formation of an
imine intermediate, generating Amadori and Heyns
compounds (Hodge, 1955; Heyns and Noack, 1962).
These glycation products are readily oxidized, yield-
ing relatively stable advanced glycation end products
(AGEs). Alternatively, AGEs can be formed by reaction
with a-dicarbonyls. Glyoxal and methylglyoxal are
generated by monosaccharide autooxidation or via the
Namiki pathway (oxidation of imine intermediates),
whereas 3-deoxyglucasone is a product of nonoxida-
tive enolization and dehydration (Fig. 1B).

Protein carbonylation occurs in animal and plant
tissues and contributes to cellular damage caused by
stress conditions and age-associated diseases (Berlett
and Stadtman, 1997; Hohn et al., 2013; Matamoros et al.,
2013; Sun et al., 2014). Recent studies, however, sug-
gest that irreversible protein oxidation might be a
major event regulating protein biological function
and fate (Lee and Helmann, 2006; Oracz et al., 2007;
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Winger et al., 2007). The carbonylation of nodule pro-
teins is likely to be important because nodules contain
high amounts of Fe proteins, such as nitrogenase, cyto-
chromes, and leghemoglobin (Lb), which are prone to
oxidation (Becana et al., 2000).

Protein glycation is well characterized in mammals
under several physiological conditions (Spiller et al.,
2017). In humans (Homo sapiens), the formation of AGEs
accompanies atherosclerosis and diabetes (Hohn et al.,
2013). These modifications target mostly long-living
proteins, like human lens proteins (Smuda et al., 2015)
and collagen (Verzijl et al., 2000), but also plasma
proteins (Greifenhagen et al., 2016). Interestingly, the
analysis of protein hydrolysates revealed high levels
of glycation in plants (Bechtold et al., 2009). This re-
sult was confirmed at the proteome level (Bilova et al.,
2016), especially under abiotic stress conditions (Paudel
et al.,, 2016). Nevertheless, the investigation of protein
carbonylation and advanced glycation in plants is still
in its infancy. The identification of oxidized amino acid
residues in proteins may provide essential informa-
tion about the oxidative mechanisms and metabolic
pathways involved in the loss of cellular viability that
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Figure 3. Functional classification and predicted subcellular localiza-
tion of plant carbonylated proteins. A, Number of plant carbonylated
proteins in different functional categories. Bean nodule proteins were
BLASTed against the Arabidopsis proteome. The closest homologs were
classified according to MapMan (http://www.gabipd.de/projects/Map-
Man). B, Predicted subcellular localization of carbonylated proteins.
The subcellular localization of the closest homologs was determined
according to the SUBA database (Hooper et al., 2017).

occurs during aging and under stress conditions
(Fedorova etal., 2014). Thus, our aim was to gain insight
into these processes in vivo using nodulated plants of
bean (Phaseolus vulgaris), a major grain legume for di-
rect human consumption (Cavalieri et al., 2011). This
legume species also was selected because it was used
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previously to obtain information about the oxidative
stress underlying nodule senescence (Matamoros et
al., 2013). Here, we determined the carbonylated and
glycated protein profiles of nodules and identified
the sites and types of modifications. As a case study,
we examined the effects of carbonylation on two key
proteins in nodule metabolism, malate dehydrogenase
(MDH) and Lb, and provide a detailed quantitative
analysis of protein glycation patterns during nodule

aging.

RESULTS AND DISCUSSION

Carbonylation Types and Sites in the Nodule Plant
Proteome

ROS may regulate cell metabolism by the oxida-
tion of key enzymes and transcription factors. Thus,
the sulfur-containing amino acids Cys and Met may
be oxidized reversibly to form disulfide bridges and
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Figure 4. Effects of MCO on the activity, protein, and carbonylation of
MDH. A, MDH activity after 6 h of MCO at different FeCl, and ascor-
bate (ASC) concentrations. CT, Control omitting ASC and FeCl,; Ox1,
2.5 mm ASC, 10 pm FeCl,; Ox2, 12.5 mm ASC, 50 pm FeCl,; Ox3, 25
mm ASC, 100 pm FeCl;; Ox4, 50 mm ASC, 200 um FeCl; Ox5, 75 mm
ASC, 300 pm FeCl,. Values are means + sk of three replicates. Means
denoted by the same letter are not significantly different at P < 0.05
based on Duncan’s multiple range test. B, Coomassie Blue staining
of purified MDH after 6 h of MCO at different FeCl, and ASC con-
centrations. Each lane was loaded with 5 pg of protein. C, Effects of
MCO on MDH carbonylation. The recombinant protein was subjected
to MCO, derivatized (4 pg) with 2,4-dinitrophenylhydrazine, and sub-
jected to SDS-PAGE. Immunoblotting was performed using an anti-
dinitrophenylhydrazone antibody. B and C show representative gels
and blots, respectively, from three independent experiments.
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Figure 5. Carbonylation of bean nodule Lb. A, Amino acid sequence of Lb in which the carbonylated residues found in vivo
are marked with asterisks. B, Immunoblot of purified Lb after 6 h of MCO at different FeCl, and ascorbate (ASC) concentrations.
CT, Control omitting ASC and FeCl,; Ox1, 2.5 mm ASC, 10 um FeCl; Ox2, 12.5 mm ASC, 50 pum FeCl; Ox3, 25 mm ASC, 100
pm FeCl; Ox4, 50 mm ASC, 200 pm FeCl; Ox5, 75 mm ASC, 300 pm FeCl,. C, Immunoblot of purified Lb after 6 h of MCO at
different FeCl,, ASC, and H,0, concentrations. Ox5, 75 mm ASC, 300 pm FeCl,; Ox6, 75 mm ASC, 300 pm FeCl,, T mm H,0,;
Ox7, 75 mm ASC, 300 pm FeCl,, 5 mm H,O,. Gels were loaded with 10 pg of protein per lane. D, Immunoblot of bean nodule
extracts. Gels were loaded with 50 pg of protein per lane. For B to D, the apparent molecular masses (kD) of the monomer (M),
dimer (D), and tetramer (T) are indicated. The anti-Lb antibody and the secondary antibody were used at dilutions of 1:1,000
and 1:40,000, respectively. Blots are representative of at least three independent experiments.

Met sulfoxide, respectively, as part of redox regulatory may lead to alterations of protein conformation, inhi-
mechanisms shared by numerous metabolic processes bition of protein function, and increased susceptibility
(Tarrago et al., 2009; Couturier et al., 2013). In con- to degradation (Meller et al., 2011).
trast, higher oxidation states of certain amino acid side Direct oxidation of some amino acids residues (e.g.
chains, including carbonylation, are irreversible and Lys, Arg, Thr, and Pro) and Michael addition of reactive
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(Yu etal., 2010).

aldehydes or ketones to Lys, Cys, His, and Arg introduce
the carbonyl moiety in proteins. Supplemental Figure S1
shows an overview of the experimental workflow used
in this study to identify the carbonylated proteins and
the exact modification sites. To avoid artifactual car-
bonylation during protein extraction, we immediately
ground frozen nodules in a buffer containing a mild
reducing agent and a metal ion chelator. We digested
nodule proteins with trypsin and labeled modified
peptides with a carbonyl-specific aldehyde-reactive
probe (ARP). Due to the low abundance of modified
peptides, the derivatization step was necessary be-
cause it facilitated the enrichment of carbonylated
peptides by biotin-avidin affinity chromatography and
provided specific mass increments in the correspond-
ing spectra, thus significantly improving the identifi-
cation rates by liquid chromatography-tandem mass
spectrometry (LC-MS/MS; Bollineni et al., 2013). This
methodology, combined with search engine-assisted
protein identification using the mass increments of
the different posttranslational modifications (PTMs) as
variables (Bollineni et al., 2014a; Griesser et al., 2017),
allowed the identification of 238 carbonylated plant
proteins. We only considered rank 1 peptides iden-
tified with high/medium confidence in at least five
biological replicates. To ensure the reliable identification

Plant Physiol. Vol. 177, 2018

of modified sequences, we randomly selected and man-
ually verified ~20% of the sequences. Supplemental
Figure S2 shows the tandem mass spectra of ARP-
labeled peptides containing the different types of car-
bonyl products analyzed in this study. In each case, the
presence of carbonylated residues was verified by the
consistent m/z shift of the b and y ions with respect to
the theoretical values that would be expected for the
unmodified peptides.

We identified a total of 12 types of carbonylations
affecting six amino acid residues (Supplemental Table
S1). The most commonly carbonylated amino acid was
Lys, which accounted for 58% of all modifications and
was present in 66% of the identified carbonylated pep-
tides, followed by His, Cys, Arg, Thr, and Pro, each
representing 5% to 15% of the total carbonylated amino
acid residues (Fig. 2A). This observation is consistent
with the proteomic analyses of yeast and human cells
(Mpller et al., 2011; Bollineni et al., 2014b; Rao et al.,
2018). The reason for the high level of carbonylated
Lys is unclear. Tekaia et al. (2002) calculated the amino
acid compositions of several organisms. In the Ara-
bidopsis (Arabidopsis thaliana) proteome, the pro-
portion of Lys (6.4%) is similar to that of Arg (5.5%),
Thr (5.1%), and Pro (4.7%) and greater than that of
His (2.3%) and Cys (1.9%). However, the elevated
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number of carbonylated Lys residues cannot be ex-
plained exclusively by a high abundance of this amino
acid in plant proteomes. If the relative abundance of
each amino acid is considered, Lys is still the most sus-
ceptible amino acid, followed by His and Cys (Sup-
plemental Fig. S3). The number of modification types
on Lys residues (nine) also could partially explain its
high level of carbonylation. However, His and Cys
also can be modified in seven different ways (Supple-
mental Table S1) and had much lower levels of carbo-
nylation than Lys (Fig. 2A). On the other hand, when
only carbonylations via direct oxidation of amino
acids were taken into account, Thr was the most sus-
ceptible amino acid (25%), followed by Arg (~20%),
Lys (~20%), and Pro (13%). Similarly, it was reported
recently that the side chains of Thr, Lys, and Arg are
oxidized predominantly to carbonyl groups in the
potato (Solanum tuberosum) tuber mitochondprial pro-
teome (Salvato et al., 2014).

Carbonylation sites can be formed by multiple
mechanisms that generate various modifications
(Meller et al., 2007). Among them, those generated
by the formation of adducts with reactive aldehydes
derived from the oxidation of polyunsaturated fatty
acids were clearly predominant, accounting for 77%
of all the modifications. 4-Hydroxy-2-hexenal and
crotonaldehyde were the most common types, ac-
counting for ~12% of the modifications (Fig. 2, B
and C). His and Cys also were modified frequently
by the addition of 4-hydroxy-2-nonenal, whereas the
major carbonylation type affecting Arg was its direct
oxidation to glutamic semialdehyde (Fig. 2C). En-
dogenous oxidized lipids are produced continuously
during cell metabolism (Meller et al., 2007). This may
be especially true for nodule host cells, which con-
tain large amounts of oxidation-prone symbiosomal
membranes (Puppo et al., 1991). Most studies of lipid
peroxidation in plants and animals have focused on
the toxic effects of lipid-derived carbonyl compounds
(Yin et al., 2010). However, the participation of non-
enzymatic lipid peroxidation products in signaling
mechanisms is increasingly acknowledged (Farmer
and Mueller, 2013). Thus, malondialdehyde (MDA)
and acrolein induce the expression of stress genes
(Vollenweider et al., 2000) and regulate the cell cycle
(Farmer and Mueller, 2013). In this regard, the sig-
nificance of protein carbonylation mediated by lipid
peroxidation products as a regulatory mechanism of
protein activity in legume nodules merits further re-
search. These compounds are quite stable and could
be involved in signaling cascades related to the stress
response downstream of ROS. The extent of carbonyla-
tion induced by lipid peroxidation products could be
regulated by the activities of four carbonyl-scavenging
enzymes: aldehyde dehydrogenases, aldo-keto reduc-
tases, 2-alkenal reductases, and glutathione transferases.
The identification of carbonylated proteins reported
below is a necessary first step to gain important infor-
mation about putative signaling cascades regulated by
ROS and lipid peroxidation products.
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Identification of Plant Carbonylated Proteins and String
Analysis

In this study, we identified 238 oxidized plant pro-
teins containing 377 carbonylation sites in young, ma-
ture, and senescent nodules (Supplemental Data Set
51). The initial objective was to identify proteins that
undergo carbonylation during the aging process. Most
proteins were detected as carbonylated throughout
nodule development, and only a few were detected
uniquely at a specific stage. It is important to bear in
mind that the technique utilized here allowed the iden-
tification of oxidized peptides but not their relative
quantification. However, a general increase in protein
carbonylation levels was reported for senescent nod-
ules (Evans et al., 1999; Matamoros et al., 2013).

The proteins were classified into 27 functional cate-
gories (Fig. 3A) using MapMan (Thimm et al., 2004). A
total of 80 proteins could not be assigned to any cate-
gory because they have unknown functions (21) or are
uncharacterized (59). Interestingly, the three categories
with a greater number of carbonylated proteins were
signaling, transport, and RNA, each of them contain-
ing 10% to 15% of all identified proteins. This value is
considerably higher than the percentages of proteins
belonging to the same categories in the Medicago trun-
catula nodule proteome: ~2% for transport and RNA
and 7% for signaling, including hormone metabolism
(Larrainzar et al., 2007). Our data suggest that the car-
bonylation of nodule proteins may have some specific-
ity, which is supported by previous work by Winger
et al. (2007), who reported some selectivity in the 4-
hydroxy-2-nonenal reaction in the mitochondrial pro-
teome, and by Oracz et al. (2007), who showed that the
dormancy release is associated with the carbonylation
of specific embryo proteins. The implications would
be that selective protein oxidation might represent a
mechanism by which cell metabolism is regulated and
that different modifications would account for specific
changes in protein function. In fact, Meller and Sweet-
love (2010) proposed that oxidatively modified pep-
tides may act as selective secondary ROS messengers
and, thereby, contribute to retrograde signaling.

The high relative amount of transcription factors
and proteins related to gene expression identified in
this study is noteworthy and suggests a putative reg-
ulatory role of protein carbonylation on gene expres-
sion. In a pioneering study, Lee and Helmann (2006)
showed that selective protein oxidation provides a
regulatory mechanism for peroxide sensing in Bacil-
lus subtilis. The mechanism involves the transcription
factor PerR, which controls peroxide-defense genes
in response to H,O,. PerR is highly sensitive to MCO
driven by bound Fe** and H,O,. Oxidized PerR is more
susceptible to degradation, triggering the derepres-
sion of the PerR regulon. In addition to transcription
factors, we identified 16 receptor and protein kinases
as highly susceptible to carbonylation (Supplemental
Data Set S1). Other categories abundantly represented
are protein synthesis and degradation, stress responses

Plant Physiol. Vol. 177, 2018
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Figure 8. Relative abundance of AGE-modified A
sites in plant proteins from nodules at the three de-
velopmental stages. A, Total number of AGE-mod-
ified sites identified in plant proteins from young
(Y), mature (M), and senescent (S) nodules. B,
Number of specific AGE classes identified in gly-
cated peptides differentially abundant in mature
and senescent nodules relative to young nodules.
Abbreviations as in Table 1. Y

(mostly disease resistance proteins), and cell division/
organization. Noteworthy, several pentatricopeptide
repeat proteins were carbonylated. Although classified
within unknown function by MapMan, the pentatri-
copeptide repeat protein family, which is particularly
prevalent in plants, includes many sequence-specific
RNA-binding proteins that seem to be involved in all
aspects of organelle RNA metabolism, including RNA
stability, processing, editing, and translation (Barkan
and Small, 2014). Despite differences in the experimental
setup and the types of modifications analyzed, numer-
ous carbonylated pentatricopeptide repeat-containing
proteins also were detected in the potato mitochondrial
proteome (Salvato et al., 2014). Other proteins found as
carbonylated in both studies include DNA polymerases,
one ATP-dependent RNA helicase, several ribosomal
proteins, Ser hydroxymethyltransferase, and succinate
dehydrogenase.

To investigate whether carbonylation preferentially
affects certain metabolic and/or signaling pathways,
we used STRING, a database of physical and functional
protein interactions (Szklarczyk et al., 2015). The closest
homologs to bean proteins were identified in Arabidop-
sis and used for the STRING analysis (Supplemental
Data Set S1). Two central proteins form major interac-
tion nodes: At5g25930, a receptor-like Leu-rich repeat
protein kinase that interacts with several other kinases
and three ATP-binding cassette (ABC) transporters; and
ABSCISIC ACID-INSENSITIVEL1 (At4g26080), a Ser/
Thr phosphatase involved in abscisic acid signal trans-
duction that also interacts with several other kinases
(Supplemental Fig. S4).

Opverall, our results suggest that selective protein
carbonylation might constitute a mechanism that reg-
ulates gene expression and signaling cascades (e.g. some
kinase pathways) in nodule cells.

Nuclear Proteins Are Important Targets of Carbonylation

In this study, we found that many plant proteins in-
volved in the regulation of gene expression and DNA/
RNA synthesis and processing were carbonylated.
Accordingly, a high proportion of the oxidized pro-
teins were predicted to be nuclear (Fig. 3B). Although
the generation of ROS, in particular H,0,, may occur
in plant cell nuclei (Ashtamker et al., 2007), the main
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source of carbonylation of nuclear proteins was reac-
tive aldehydes produced during lipid peroxidation.
Unlike ROS, these secondary oxidation products can
easily diffuse across membranes and covalently modify
nuclear proteins (Farmer and Mueller, 2013). Recently,
this and other laboratories have reported the presence
in the nucleus of glutathione along with glutathione
peroxidase and thioredoxin isoforms, supporting the
importance of thiol redox signaling in this cellular
compartment (Marti et al., 2009; Vivancos et al., 2010;
Gaber et al., 2012; Matamoros et al., 2013, 2015). The
occurrence of a variety of carbonylated proteins adds
an extra layer of complexity to the redox-dependent
regulation in the nucleus.

A high proportion of oxidized proteins was local-
ized in the plasma membrane (Fig. 3B), consistent with
the abundance of membranes in nodule infected cells
(Puppo et al., 1991). There also were moderate levels
of protein oxidation in the cytosol and plastids. Note-
worthy, only 13 of the oxidized proteins found in this
study were predicted to localize to the mitochondria.
This is surprising and, at first sight, seems to be at odds
with the general observation that mitochondria are a
major source of ROS within the cell (Bartoli et al., 2004;
Rhoads et al., 2006; Moller et al., 2007). It should be
noted, however, that our results do not provide infor-
mation on the relative amount of oxidized proteins
in each subcellular compartment. Consequently, a
different experimental approach should be used to in-
vestigate the relative contribution of mitochondria to
protein carbonylation in nodule cells. In this context,
we have shown that the mitochondria isolated from
mature and especially from senescent bean nodules
contain significantly higher levels of lipid peroxides
and carbonylated proteins than the mitochondria from
young nodules (Matamoros et al., 2013).

Carbonylation Inhibits MDH Activity and May Facilitate
Lb Cross-Linking

MCO is a chief mechanism for protein oxidation in
living organisms (Berlett and Stadtman, 1997; Meller
et al., 2011), but little information is available about
the effect of specific oxidative modifications on pro-
tein structure and function. We have investigated this
issue by assessing the in vitro effect of MCO on two
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Figure 9. Label-free quantification of glycated A (m/z 1182.23, +3) B (m/2970.16, +3)
. ) P¥=0.0325 P=0.0325
peptides of plant proteins from bean nodules at 6.0x107 - 5.0x106 -
different developmental stages. A, GIn synthetase = N 2
. o . . 6 4
PR-1. B, Elongation factor 1-a. The statistical signif- é % g 4040 A
. . . . . = 7 =
icance of differential expression and glycation was o 4040 o 3.0<10° 1 %
confirmed by the Mann-Whitney U test (means + % § \
st of three to five biological replicates; P < 0.05). T 2.0x107 @ 2040
1.0x10° . R
0 ; Lo 0 o e ;
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key nodule proteins, MDH and Lb. The enzyme MDH
catalyzes the reversible oxidation of malate to oxalo-
acetate and is essential for nitrogen fixation because
malate is the primary source of carbon transported
to bacteroids (Udvardi and Poole, 2013). We purified
bean MDH in recombinant form and incubated the
enzyme for 3 to 16 h at 37°C with an MCO system
consisting of ascorbate and Fe®* at various concentra-
tions. Because the incubation times had little effect on
the results, we only show the data after 6 h of MCO
reaction for simplicity (Fig. 4A). Concentrations up
to 100 um FeCl, did not significantly affect enzymatic
activity, but 200 pm caused 75% inhibition and 300 um
suppressed the activity completely. To ascertain that
the activity loss was not caused by protein degradation
or by the oxidation of critical Met or Cys residues, we
conducted two experiments. First, we exposed recom-
binant MDH to MCO for 6 h and analyzed the product
by SDS-PAGE (Fig. 4B). The incubation with FeCl, and
ascorbate did not cause significant protein degradation
or cross-linking. Second, we treated the protein with
different concentrations of H,0,. Treatment with H,O,
alone at concentrations up to 10 mm did not inhibit en-
zyme activity significantly (data not shown), suggest-
ing that protein carbonylation may be responsible for
the decrease in activity. This is consistent with the lack
of critical residues in bean NAD*-dependent MDHs,
which are required for redox regulation and are pres-
ent in homologous enzymes, such as in the cytosolic
and plastid NADP*-dependent MDHs of Arabidop-
sis (Yoshida and Hisabori, 2016). Moreover, using the
anti-dinitrophenylhydrazone antibody, we found that
MDH carbonylation was negatively correlated with
enzyme activity. Concentrations up to 50 um FeCl,

had no effect, but higher concentrations increased car-
bonylation greatly (Fig. 4C). The amino acid residues
found to be carbonylated in vivo were Thr-190, Arg-
196, and Thr-199 (Supplemental Fig. S5; Supplemental
Data Set S1). Of these, Arg-196 is absolutely conserved
in all MDHs because its guanidinium group partici-
pates in the binding and orientation of the substrate at
the active site (Goward and Nicholls, 1994). Therefore,
the oxidation of the guanidinium group to glutamic
semialdehyde observed in vivo could impair MDH
function. However, we cannot entirely rule out that
other side chain oxidations not detected in this study
contribute to the observed decline in MDH activity.
MCO also induced the inhibition of MDH activity in
peroxisomal extracts (Nguyen and Donaldson, 2005),
although to a lesser extent than in our study:.

Lb is another critical protein for nodule function-
ing because it transports oxygen at a low but steady
concentration to the symbiosomes, avoiding the irre-
versible inactivation of nitrogenase (Appleby, 1984; Ott
et al., 2005). In addition, Lb may regulate nitric oxide
levels within the nodules (Herold and Puppo, 2005;
Sénchez et al., 2010; Calvo-Begueria et al., 2018). De-
velopmental and stress-induced nodule senescence
are accompanied by decreases in nitrogen fixation
and increases in proteolytic activity and ROS (Evans
et al., 1999; Groten et al., 2006; Loscos et al., 2008). In
turn, Lb levels decline significantly during nodule se-
nescence, although the mechanisms are still poorly
known. Soybean (Glycine max) Lbs can be modified by
reactive nitrogen species producing in vivo derivatives
bearing nitrated hemes (Navascués et al., 2012) and
nitro-Tyr residues (Sainz et al., 2015). Also, Lbs undergo
cross-linking and dimerization after incubation with

A B
M 3 8

ki

S 6
Figure 10. Relative abundance of AGE-modified H
sites in bacteroid proteins from nodules at the 2 4
three developmental stages. A, Total number of s
AGE-modified sites identified in bacteroid proteins 6 é 2
from young (Y), mature (M), and senescent (S) nod- s 2

e . .ore Y

gles. B, Number of sp_euflc AGE classes |de!1t1f1ed v & & 0\9@ ‘§§< & ‘§$ (}‘y \‘9:2*
in glycated peptides differentially abundant in ma- v &
ture and senescent nodules relative to young nod- A
ules. Abbreviations as in Table 1 and 2. Lys-derived Arg-derived
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H,O, in vitro, but di-Tyr formation seems not to be in-
volved (Moreau et al., 1995). It also would be plausible
that the carbonylation of certain amino acid residues
contributes to dimerization via Schiff base formation
with Lys residues on another Lb molecule, as observed
for other proteins (Madian and Regnier, 2010). We
have detected three amino acid modifications in bean
nodule Lb: Thr-32 and Thr-55 to 2-amino-3-ketobutyric
acid and Lys-42 to aminoadipic semialdehyde (Fig. 5A;
Supplemental Data Set S1; Supplemental Fig. S2).

To further investigate the effects of carbonylation
on Lb, we subjected the purified protein to MCO in
vitro and studied its changes by SDS-PAGE and im-
munoblot analyses using a specific Lb antibody (Fig.
5B). The MCO reaction caused aggregation, which was
dependent on the concentration of Fe** and ascorbate.
In samples incubated without Fe** and ascorbate (con-
trols) or with up to 100 um Fe** and 25 mm ascorbate, a
single band of ~11 kD was detected. The same results
were obtained when Lb was incubated with FeCl, or
ascorbate separately (data not shown). The observed
molecular mass was lower than the theoretical value
(15.6 kD), consistent with the anomalous migration
of Lb by SDS-PAGE reported by Lehtovaara (1978).
At higher Fe** concentrations (200 pm), a weak band
of ~22 kD, probably an Lb dimer, was observed. The
intensity of this band increased at the highest Fe®*
concentration (300 uM), suggesting that the oxidation
of certain amino acids by MCO brings about protein
aggregation. Dimer formation increased further when
H,O, was included in the reaction mixture with Fe’*
and ascorbate (Fig. 5C). Surprisingly, unlike MDH, we
could not detect carbonylated Lb for any treatment
(data not shown). This result suggests either that the
amount of carbonylated Lb is extremely low or that
the epitopes for the antibody recognition are no lon-
ger available due to dimerization caused by MCO.
Furthermore, the existence of dimers and possibly
tetramers in nodule extracts not treated with Fe* and
ascorbate (Fig. 5D), which are similar to those induced
by MCO, can be explained by this mechanism being
responsible for Lb oxidation and oligomerization in
vivo. Additional studies are required to unambiguously
identify the mechanism and the amino acid residues
implicated in the formation of Lb oligomers.

Protein Carbonylation in Bacteroids

The main objective of our study was to characterize
the oxidation profiles of nodule plant proteins. How-
ever, nodule extracts also contained rhizobial proteins
due to bacteroid disruption during nodule grinding.
To our knowledge, there exists no information in the
literature about protein oxidation in nodule bacte-
roids. To obtain a deeper insight into the role of redox-
sensitive irreversible PTMs in nodule physiology, we
included in our study the characterization of oxidized
proteins from the bacterial symbiont.

Regarding the susceptibility of the amino acid resi-
dues to carbonylation, the results were similar to those
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(m/z 791.06, +3)

Figure 11. Label-free quantification of glycated
P1'=0,0317

P 20,0079 peptides of bacteroid proteins from bean nodules
R at different developmental stages. A, Arg biosyn-
R thesis bifunctional protein ArgJ. B, a/B-Hydrolase
fold protein. The statistical significance of differ-
ential expression and glycation was confirmed
by the Mann-Whitney U test (means =+ st of five
biological replicates; P < 0.05).
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obtained with plant proteins and other organisms
(Moller et al., 2011; Bollineni et al., 2014b; this work).
The amino acid most frequently carbonylated was Lys
(44% of all modifications), followed by His and Arg
(15%-20%), and Thr, Pro, and Cys (less than 10%; Fig.
6A). Likewise, Michael adducts with reactive alde-
hydes arising from the oxidation of polyunsaturated
fatty acids in cell membranes accounted for ~70% of
all the modifications. The most common modifications
(10%—15%) of bacterial proteins were caused by MDA,
pentenal, and 4-oxononenal (Fig. 6B). This differs from
theresults observed in plant proteins, where 4-hydroxy-
2-hexenal and crotonaldehyde-derived Michael addi-
tions were the most common types (Fig. 2B). This
could reflect different compositions of polyunsaturated
fatty acids in plant and bacterial cell membranes. Re-
markably, Arg showed contrasting patterns of oxida-
tion in plant and bacterial proteins (Figs. 2C and 6C).
In plant proteins, direct oxidation of Arg to glutamic
semialdehyde accounted for 80% of this residue car-
bonylation, whereas, in the case of bacterial proteins,
Arg was carbonylated mostly through Michael addition
to MDA.

We identified a total of 134 oxidized peptides and
187 carbonylation sites, corresponding to 131 bacte-
rial proteins from bean nodules (Supplemental Data
Set S2). The proteins were classified into 21 functional
categories (Fig. 7A) according to the information depos-
ited in the COG of proteins database (Galperin et al.,
2015). A total of 20 proteins could not be assigned to
any category because they have unknown functions
(six) or are uncharacterized (14). The categories with
more carbonylated proteins were very similar to those
described for plant proteins. Thus, transport, tran-
scription, general function, and signaling categories
each included 9% to 12% of all identified proteins. This
supports the notion that carbonylation targets specif-
ic sets of proteins. Some of the carbonylated proteins
in rhizobia have important functions in the symbiosis.
For example, one of the transcription factors, FixK, is
involved in the activation of the operons required for
bacteroid respiration under the microaerobic condi-
tions of nodules and, therefore, is essential for nitrogen
fixation (Foussard et al., 1997). The nodulation protein
NodU is involved in the synthesis of nodulation fac-
tors required for the recognition of plant and bacteria
at the early stages of symbiosis (Jabbouri et al., 1995;

1522

) X
N o
00

Oldroyd and Downie, 2008). The predicted subcellular
localization of rhizobial proteins was 65% in the cyto-
plasm, 30% in the plasma membrane, and 5% in the
periplasm (Fig. 7B).

Characterization of the Plant Glycated Proteome of
Nodules

Reactive aldehydes arising from lipid peroxidation
represent the major cause of protein carbonylation.
Similarly, the generation of most known AGEs re-
quires oxidative conditions (Fig. 1B; Moller et al., 2011;
Hohn et al., 2013). In animal models, the AGE content
increases in diverse age-related pathologies (Hohn
et al., 2013). However, the current knowledge of pro-
tein glycation in plants is limited. This phenomenon
was first addressed in the plant kingdom only in the late
2000s (Bechtold et al., 2009), and the AGE-modified
proteomes of Arabidopsis and Brassica napus were
reported only recently (Bilova et al., 2016).

To characterize the glycated proteome of bean nod-
ules, we used a phenol extraction procedure to iso-
late the total protein fraction (Isaacson et al., 2006).
Because the formation of AGEs in vitro is favored by
high temperature and high sugar concentration (Ott
et al., 2014), frozen nodules were processed immedi-
ately. This approach provided an excellent recovery
of even strongly hydrophobic membrane proteins. To
reconstitute the dried protein pellets, we employed
Progenta Anionic Acid-Labile Surfactant (AALS 1I), a
degradable detergent compatible with LC-MS analysis
(Frolov et al., 2017b). Supplementation of this reagent
to the shotgun buffer resulted in complete resolubiliza-
tion of the protein pellets. The protein yields were ~0.1
to 0.5 mg g fresh weight (Supplemental Table S2),
which were adequate for reliable analysis. We separat-
ed proteins (5 ug) by SDS-PAGE and stained them with
Coomassie Brilliant Blue G250 (Supplemental Fig. S6).
The subsequent densitometry analysis indicated repro-
ducible whole-lane average intensities (relative sp =
16.2%). Moreover, the patterns were similar between
lanes and age groups (Supplemental Fig. S6). The ef-
ficiency of the tryptic digestion was demonstrated by
the absence of signals in the corresponding SDS-PAGE
analyses (Supplemental Fig. S7). Next, we selected 10
AGEs identified previously in plant proteomes (Bilova
et al.,, 2016) and performed a total of 10 database
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searches per age group (for settings, see Supplemental
Table S3), followed by a multiconsensus analysis. This
permitted an efficient reduction of false positive rates,
and ~46% of the hits could be discriminated in this step
(data not shown). Consequently, only the most reliable
annotations are shown in Supplemental Data Set S3.
The accuracy of the identifications was assessed by
manual annotation of approximately one-third of the
AGE-modified amino acids, based on the characteristic
series of b and y ions observed in the MS/MS spectra
(Supplemental Figs. S8 and S9).

The analysis of the plant glycated proteome from
young, mature, and senescent nodules revealed the
presence of 100 glycation sites, represented by 80 pep-
tides belonging to 69 proteins (Supplemental Data Set
S3). In contrast to previous observations in the Arabi-
dopsis leaf proteome (Bilova et al., 2016), modification
sites on Lys and Arg residues were distributed equally in
the nodule plant proteome. Thus, Arg-derived AGEs
accounted for 52% of the modifications while 48% cor-
responded to Lys. N*-(carboxymethyl)lysine (CML),
Ne-(carboxyethyl)lysine (CEL), and glyoxal-derived
hydroimidazolone (Glarg) were the most common
AGEs, accounting for 28%, 19%, and 15% of the modi-
fications, respectively (Supplemental Fig. S10; Supple-
mental Data Set S3).

The glycated plant proteins were classified into 21
functional categories according to MapMan (Thimm
et al., 2004). A total of 15 proteins were uncharacterized
and five proteins could not be assigned to any category.
The category with the greatest number of glycated pro-
teins was stress response, followed by RNA, protein
synthesis, and signaling (Supplemental Fig. S11). This
is similar to the results obtained with carbonylated
proteins (Fig. 3A). Thus, the selective carbonylation or
glycation of key proteins involved in transcriptional
regulation, stress response, and signaling might con-
stitute a mechanism to control cell metabolism in re-
sponse to redox changes. In this study, we identified
three prominent glycated proteins required for nitro-
gen fixation and ammonia assimilation: Suc synthase,
GIn synthetase, and Glu synthase. Suc derived from
photosynthesis is cleaved by Suc synthase and oxi-
dized further to malate, subsequently transported into
the bacteroids, and used as an energy source to sustain
nitrogen fixation. The resulting ammonia is released
into the cytosol of nodule cells and assimilated into
carbon compounds by GIn synthetase and Glu syn-
thase (Udvardi and Poole, 2013). The posttranslational
regulation of Suc synthase by redox state (Marino et al.,
2008), S-thiolation (Réhrig et al., 2004), and phosphor-
ylation (Duncan and Huber, 2007) has been reported.
Likewise, Gln synthetase activity has been shown to
be regulated by Tyr nitration (Melo et al., 2011), and
both GIn synthetase and Glu synthase are putative tar-
gets of S-nitrosylation in Arabidopsis (Hu et al., 2015).
Here, we show that the glycation of these three en-
zymes might constitute an additional mechanism for
the regulation of carbon and nitrogen metabolism in
legume nodules. Additionally, two proteins involved
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in the regulation of redox homeostasis in nodule
cells, catalase and peptide Met sulfoxide reductase,
were found to be glycated in vivo (Supplemental
Data Set S3).

The overlap between carbonylated and glycated
proteins seems to be quite low. Only four proteins
(disease resistance protein [UniProtKB no. V7CU55],
nucleotide-binding site Leu-rich repeat defense-type
protein [B8R509], cytochrome P450 [V7DO0Z1], and
phosphatidylinositol/phosphatidylcholine transfer pro-
tein [V7ATL9]) were identified as both glycated and
carbonylated. This indicates that these two PTMs are
selective processes and independently target specific
sets of proteins.

Age-Dependent Changes of Glycation in the Nodule Plant
Proteome

To our knowledge, there is only one study about
the effect of stress conditions on protein glycation in
plants, and it shows that osmotic stress causes an in-
crease in protein glycation in Arabidopsis (Paudel et al.,
2016). Subsequently, Bilova et al. (2017) reported an
age-dependent increase of glycation at specific sites of
the Arabidopsis leaf proteome. This points to the exis-
tence of glycation hotspots in plants, as shown earlier
for humans (Thornalley and Rabbani, 2009). During
nodule aging, there is an increase in the concentration
of transition metals and ROS production (Becana et al.,
2010), which is correlated positively to the rate of gly-
cation (Bilova et al., 2016). This prompted us to inves-
tigate the involvement of AGE-related PTMs in nodule
senescence using a quantitative approach.

Because data-dependent acquisition (DDA) experi-
ments are prone to undersampling (incomplete cover-
age of the proteome by MS/MS due to the limitations
of the instrument duty cycle; Soboleva et al., 2017), all
positive hits, identified in individual age groups, were
cross-annotated in other groups. This revealed that the
majority of the glycated residues (59) were identified
in peptides present in young, mature, and senescent
nodules (Fig. 8A). Interestingly, 17 glycated residues
were detected in peptides unique to mature and/or
senescent nodules, suggesting that those modifications
are associated with nodule aging.

Label-free quantification of the 100 glycated sites
revealed that 11 glycated peptides are differentially
abundant in mature and senescent nodules with re-
spect to young nodules (Table 1; Fig. 9; Supplemental
Fig. 512). These peptides contained age-dependent gly-
cated sites representing seven individual AGE classes,
CEL and Glarg being the most common modifications
(Table 1; Fig. 8B). The increase in the amount of gly-
cated peptides can be explained by an age-dependent
increment of protein glycation. Alternatively, it could
reflect changes in the abundance of specific proteins
during nodule development. To clarify this, we com-
pared the alterations in glycation levels at specific sites
with changes in the expression of the corresponding
proteins (the whole-proteome analysis during bean
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nodule development will be published elsewhere). For
two of the 10 glycated proteins (GIn synthetase and
Met-tRNA ligase), we found the corresponding pro-
tein-specific nonglycated peptides. For both proteins,
the increase in glycation levels was much higher than
the increase in protein abundance (Table 1), demon-
strating that certain proteins are differentially glycated
during nodule development and senescence. The
absence of nonmodified peptides for eight glycated
proteins was not unexpected. Indeed, this phenom-
enon was observed in previous studies of the plant
glycated proteome (Paudel et al., 2016; Bilova et al.,
2017) and could be explained by the low number of
trypsin cleavage sites in protein sequences (Guoetal.,
2014), short protein half-life (Brings et al., 2017), or
higher ionization efficiencies of AGE-modified pep-
tides due to a better charge localization on the imid-
azolone moiety.

Our data show that GIn synthetase is glycated in
vivo and that glycation levels depend on the nodule
developmental stage (Table 1; Fig. 9A). The modified
enzyme was found solely in mature nodules, whereas
it was undetectable in young and senescent nodules.
Glycation may alter protein structure and function,
inducing cross-linking and aggregation. Although
the effect of glycation on GIn synthetase activity was
not investigated here, this PTM could be involved in
the control of nitrogen assimilation in nodules. Ad-
ditionally, proteins that participate in signaling, RNA
processing, and protein synthesis were identified as
glycated predominantly in aging nodules, which sug-
gests their involvement in the developmental program
that leads to nodule senescence (Table 1; Supplemental
Fig. 512). Rho GTPase-activating proteins regulate Rho
GTPases that, in turn, are major regulators of signaling
pathways in plants (Kawano et al., 2014). They are ex-
pressed in legume nodules, and a role in the onset of the
nitrogen-fixing symbiosis has been proposed in Lotus
japonicus (Ke et al., 2012). Our data show that one Rho
GTPase-activating protein is glycated predominantly
in aging nodules and, therefore, might be involved in
nodule senescence. Moreover, proteins that participate
in ribosome biogenesis and protein synthesis (elonga-
tion factor 1-a, rRNA-processing brix domain protein,
Met-tRNA ligase, and 60S ribosomal protein) were
identified as glycated predominantly in mature and se-
nescent nodules (Table 1; Supplemental Fig. S12). The
AGE modifications of these proteins could contribute
to the decline in nodule function during senescence.

Protein Glycation in the Bacteroids

To complement our study of the glycated nodule
proteome, we investigated the protein glycation pro-
files in the bacterial symbiotic partner. Notably, despite
a much lower number of sequence database entries,
glycation rates of rhizobial proteins were higher than
those observed for the nodule plant proteome. A se-
quence database search followed by a multiconsensus
analysis revealed the presence of 135 glycation sites in
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92 peptides from 83 proteins (Supplemental Data Set
S4). The proteins were assigned to 18 functional cat-
egories based on the COG database (Supplemental
Fig. S13). Remarkably, Arg-derived AGEs accounted
for 72% of the modifications, whereas only 28% corre-
sponded to Lys modifications (Supplemental Fig. S14).
This clearly differs from the results obtained with plant
proteins, where Lys and Arg residues were involved
in the formation of AGEs at roughly similar levels
(Supplemental Fig. S10). The reasons for this discrep-
ancy are not clear but might reflect the different amino
acid compositions of plant and bacterial proteins or
the metabolic peculiarities of the two symbiotic part-
ners. The most common AGEs detected in bacterial
proteins also differed from those found in plants.
Ne-(carboxymethyl)arginine (CMA), CML, and arg-
pyrimidine accounted for 28%, 22%, and 19% of the
modifications, respectively (Supplemental Data Set S4;
Supplemental Fig. S14). Most glycation sites (73) of
bacteroid proteins were present throughout nodule
development, whereas 19 were unique to peptides
from mature and/or senescent nodules, and six were
found only in senescent nodules (Fig. 10A). Similar to
plant proteins, only three bacteroidal proteins were
identified as both carbonylated and glycated, further
pointing to the selectivity of both PTMs. These proteins
were annotated as alkaline phosphatase (AOA072BWI1),
conjugal transfer protein A (AOA072C238), and the cobN
subunit of cobaltochelatase (AOA072C0V4).

Label-free quantification of the identified glycation
sites revealed 18 age-dependent glycated peptides
demonstrating differential abundance inindividual age
groups (Table 2; Fig. 11; Supplemental Fig. S15). These
peptides contained eight individual AGEs, with CML
and Glarg being the most abundant (Table 2; Fig. 10B).
For five of the corresponding proteins, nonglycated
peptides also were detected (Table 2). The quantitative
analysis revealed the age-dependent glycation of three
proteins: Arg biosynthesis bifunctional protein Arg],
30S ribosomal protein S10, and monophenol monoox-
ygenase. In contrast, the accumulation of MG-H and/or
CMA on Arg-252 in peptidyl dipeptidase could be
explained by an age-related increase in protein ex-
pression (Table 2). Unfortunately, a reliable conclusion
could not be established for the carboxymethylation of
Lys-118 in the 30S ribosomal protein S2, because two
proteotypic nonglycated peptides showed different
quantitative profiles. Nevertheless, the manual inter-
pretation of the corresponding tandem mass spectra
confirmed the sequence assignments of these unique
peptides (Table 2). Other proteins with predicted dif-
ferential glycation levels in senescent nodules include
two transcriptional regulators, one chaperone, and
proteins involved in transport, intracellular trafficking,
and energy production and conversion.

In summary, we have used novel methodological
approaches to identify numerous proteins suscep-
tible to irreversible oxidative modifications (carbon-
ylation and advanced glycation) and to characterize
their modification sites in bean nodules. The effect of
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carbonylation on two key nodule proteins was investi-
gated. In terms of relative abundance, high numbers of
proteins involved in the stress response, the regulation
of gene expression, and intracellular signaling were
detected as carbonylated or glycated. Moreover, sev-
eral proteins were identified as glycated specifically
in aging nodules. We propose that these two redox-
sensitive, stable PTMs are important in the regulation
of nodule metabolism and senescence.

MATERIALS AND METHODS
Biological Material

Bean (Phaseolus vulgaris ‘Contender’) seeds were surface sterilized with
70% (v/v) ethanol and germinated in pots containing a perlite:vermiculite
(1:1, v/v) mixture. After 7 d, seedlings were inoculated with Rhizobium legu-
minosarum bv phaseoli strain 3622 and were grown on a nutrient solution con-
taining 0.25 mm NH,NO, in a controlled-environment chamber (Loscos et al.,
2008). This small concentration of combined nitrogen in the nutrient solution
does not inhibit nodulation and favors plant growth. Nodules were harvested
from plants at three different developmental stages (days after germination):
young (~28 d, late vegetative stage), mature (~40 d, late flowering-early fruit-
ing stage), and senescent (~53 d, fully developed pods). Nodules were kept
at —80°C until use.

Expression, Purification, and Assay of Recombinant MDH

The nodule cDNA sequence encoding bean NAD*-dependent MDH
was PCR amplified using PfuUltra II DNA polymerase (Agilent) and prim-
ers (forward, 5-CACCATGGAGGCAACTGCAGGAGC-3’; and reverse,
5-TTATTTTCTGATGAAGTCTA-3') compatible with pET200 directional
TOPO expression kits (Invitrogen). After transformation by heat shock at
42°C for 30 s, protein expression was induced in Escherichia coli BL21 (DE3)
by the addition of 1 mm isopropyl-f-p-thiogalactopyranoside for 4 h at 37°C.
Bacteria were harvested by centrifugation, resuspended in 50 mm potassium
phosphate buffer (pH 8) containing 300 mm NaCl and 40 mwm imidazole, and
sonicated six times for 30 s each. Extracts were cleared by centrifugation, and
supernatants were loaded onto HiTrap chelating HP Ni-affinity columns (GE
Healthcare Life Sciences). The His-tagged proteins were eluted with buffer
containing 250 mm imidazole, desalted, and concentrated by ultrafiltration.
MDH activity was measured at 25°C by following the decrease in A,,, due
to NADH oxidation. The reaction mixture contained 50 mm potassium phos-
phate buffer (pH 7), 1 mm oxaloacetic acid, and 0.2 mm NADH.

Lb Purification and Immunoblotting

Lb was purified from bean nodules. Briefly, nodules (200 mg) were ground
at 0°C in a mortar with 400 uL of 50 mwm Tris-HCI (pH 8) supplemented with
complete EDTA-free protease inhibition cocktail (Sigma). After centrifugation,
the proteins were separated on 12.5% (w/v) native polyacrylamide gels, and
the red band of Lb was excised and eluted from the gel by incubation with 10
mm ammonium bicarbonate for 16 h at 4°C. The protein was then concentrated
by ultrafiltration.

Immunoblotting was performed following standard protocols. The pri-
mary antibody was raised against bean Lb and the secondary antibody was
goat anti-rabbit IgG horseradish peroxidase conjugate (Sigma). The antibodies
were used at dilutions of 1:1,000 and 1:40,000, respectively. Inmunoreactive
proteins were detected by chemiluminescence (Thermo Scientific).

MCO and Detection of Carbonylated Proteins

MCO was performed as described by Requena et al. (2001) with some mod-
ifications. Briefly, proteins were dissolved at 1 mg mL™ in oxidation buffer
(50 mm HEPES, pH 7.4, 100 mm KCl, and 10 mm MgCl,) and incubated with
different concentrations of ascorbate (12.5-75 mm) and FeCl, (10-300 um) for
6 h at 37°C with shaking at 700 rpm in the dark. The reaction was terminated
by adding 1 mm EDTA, removing the excess reagents by ultrafiltration, and

Plant Physiol. Vol. 177, 2018

Carbonylation and Glycation in Nodules

subsequent freezing at —80°C. Similarly, proteins were incubated with differ-
ent concentrations of H,0, (0-10 mm) in oxidation buffer supplemented with
1 mm EDTA under the same conditions as for MCO. Carbonylated proteins
were detected using the OxyBlot Protein Oxidation Detection Kit (Millipore)
following the manufacturer’s protocol.

Identification of Carbonylated Proteins and Modified
Sites

Proteins were extracted from 200 mg of frozen nodules with 500 pL of
a medium containing 30 mm MOPS (pH 7.2), 1 mm EDTA, 10 mm KH,PO,,
2% (w/v) polyvinylpolypyrrolidone, and 0.14 M p-mercaptoethanol. After
centrifugation, the supernatants were dialyzed in 25 mm ammonium bicar-
bonate containing 0.14 M f-mercaptoethanol. For trypsin digestion, 100 ng of
protein were denatured with 1% (w/v) deoxycholate, reduced with 5 mm
Tris-(2-carboxyethyl)-phosphine at 60°C for 30 min (with shaking at 550 rpm),
and alkylated with 10 mm iodoacetamide at 37°C for 30 min in the dark. Diges-
tion was carried out with 2 pg of Trypsin Gold (Promega) for 16 h at 37°C (with
shaking at 550 rpm). The resulting peptides were labeled at 27°C for 2 h with
10 mm O-(biotinylcarbazoylmethyl)hydroxylamine (ARP; Gerbu Biotechnik)
in 1% (v/v) formic acid. Excess ARP was removed by solid-phase extraction
using Oasis HLB cartridges (Waters). Peptides were eluted with 70% (v/v)
acetonitrile and 0.5% (v/v) formic acid and dried under vacuum. The ARP-
labeled tryptic peptides (100 uL in PBS) were added to spin columns containing
200 pL of monomeric avidin agarose slurry (Thermo Scientific). After washing
with 1 mL of PBS, 1 mL of 10 mm NaH,PO,, and 2 mL of 50 mM ammonium
bicarbonate in 20% (v/v) methanol, the column was rinsed with 1 mL of water,
and the purified peptides were eluted with 30% (v/v) acetonitrile containing
0.4% (v/v) formic acid, vacuum concentrated, and stored at —80°C. Samples
were analyzed on a nano-Acquity ultra-performance liquid chromatography
(UPLC) device (Waters) coupled online to an LTQ Orbitrap XL ETD mass spec-
trometer equipped with a nano-electrospray ionization (ESI) source (Thermo
Scientific). Eluent A was aqueous formic acid (0.1%, v/v) and eluent B was
formic acid (0.1%, v/v) in acetonitrile. Affinity-enriched peptides were load-
ed onto the trap column (nanoAcquity symmetry C,; internal diameter 180
pum, length 20 mm, and particle diameter 5 um) at a flow rate of 10 pL min-".
Peptides were separated on a BEH 130 column (C -phase; internal diameter
75 pm, length 100 mm, and particle diameter 1.7 um) with a flow rate of 0.4 pL
min~' using the following gradient: 3% to 9% (2.1 min), 9.9% (1.9 min), 17.1%
(10 min), 18% (0.5 min), 20.7% (0.2 min), 22.5% (3.1 min), 25.6% (3 min), 30.6%
(5 min), 37.8% (2.8 min), and finally to 81% eluent B (2 min). The transfer cap-
illary temperature was set to 200°C and the tube lens voltage to 120 V. An ion
spray voltage of 1.5 kV was applied to a PicoTip online nano-ESI emitter (New
Objective). Precursor ion survey scans were acquired with an Orbitrap mass
spectrometer (resolution of 60,000) for an m/z range of 400 to 2,000. The colli-
sion-induced dissociation-tandem mass spectra (isolation width 2, activation
Q 0.25, normalized collision energy 35%, and activation time 30 ms) were re-
corded in DDA mode for the six most intense signals in each survey scan with
dynamic exclusion for 60 s using Xcalibur software (version 2.0.7).

The acquired MS/MS spectra were searched against the UniProtKB bean
database using the SEQUEST search engine (Proteome Discoverer 1.4; Thermo
Scientific), allowing up to two missed cleavages and a mass tolerance of 10
ppm for precursor ions and 0.8 D for product ions. Search results were filtered
for rank 1 (ARP-labeled samples), high confidence, and score versus charge
states corresponding to XCorr/z 2.0/2, 2.25/3, 2.5/4, 2.75/5. Only peptides
identified by MS/MS in at least five biological replicates were considered, and
~20% of MS/MS spectra were assigned manually to confirm identifications by
database search. The resulting set of modified proteins was annotated manu-
ally based on their Gene Ontology terms provided by UniProtKB. The BLAST
algorithm (Altschul et al., 1990) was used to select the closest Arabidopsis
(Arabidopsis thaliana) homolog for each bean protein. This was a necessary first
step to take advantage of the bioinformatic resources developed for Arabi-
dopsis research.

Characterization of the Glycated Nodule Proteome

Frozen nodules (~250 mg) were ground in a Mixer Mill MM 400 with
3-mm-diameter stainless steel balls (Retsch) at a vibration frequency of 30 Hz
(2 x 1 min). The total protein fraction was prepared using phenol extraction
as described (Frolov et al., 2017a). The proteins were reconstituted in 100 pL
of shotgun buffer (8 M urea, 2 m thiourea, and 0.2% (w/v) AALS II in 100 mm
Tris-HCl, pH 7.5). Protein concentrations were determined by the 2D Quant
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kit (GE Healthcare), and the results were cross-validated by SDS-PAGE as de-
scribed by Greifenhagen et al. (2016). Protein (30 pg) was diluted with shot-
gun buffer without AALS II to obtain a final volume of 100 pL and reduced
with 10 pL of 50 mm Tris-(2-carboxyethyl)-phosphine for 30 min at 37°C. The
samples were cooled to room temperature, alkylated with 11 pL of 100 mm
iodoacetamide in AALS II-free shotgun buffer in darkness for 60 min at 4°C,
and diluted 8-fold with 50 mm ammonium bicarbonate. Trypsin (0.4 pug pL™
in 50 mM ammonium bicarbonate) was added sequentially in 1:20 and 1:50
enzyme:substrate ratios, and incubations were performed at37°C for 5and 18 h,
respectively. Afterward, 10% (v/v) aqueous trifluoroacetic acid (UV grade)
was added to a final concentration of 1% (v/v), and the digests were incubated
at 37°C for 20 min to eliminate AALS II. The efficiency of the tryptic diges-
tion was determined by SDS-PAGE. The resulting peptides were desalted by
solid-phase extraction using in-house-prepared stage tips (i.e. polypropylene
pipette tips [200 pL] filled with six layers of C ; reverse-phase material
[Empower SPE discs]).

The peptides were reconstituted in 3% (v/v) acetonitrile in 0.1% (v/v)
aqueous trifluoroacetic acid, and aliquots equivalent to 500 ng were loaded on
an Acclaim PepMap 100 C,; trap column (300 pm x 5 mm, 3 um particle size)
during 15 min at 30 upL min™'. Separation was performed at 300 nL min™' on an
Acclaim PepMap 100 C ; column (75 pm x 250 mm, particle size 2 pm) using
an Ultimate 3000 RSLC nano-HPLC system coupled online to a Q Exactive
Q-Orbitrap mass spectrometer via a nano-ESI source equipped with a 30-um
i.d., 40-mm-long steel emitter (Thermo Scientific). The eluents A and B were
0.1% (v/v) aqueous formic acid and 0.08% (v/v) formic acid in acetonitrile,
respectively. The peptides were eluted with linear gradients: from 1% to 35%
(90 min) followed by 35% to 85% eluent B (5 min). The column was washed
for 11 min and reequilibrated with 1% eluent B for 10 min. The nano-LC-MS
analysis was performed in the positive ion mode using the mass spectrometer
settings listed in Supplemental Table S4 and relied on the data-dependent ac-
quisition experiments comprising a survey Orbitrap-MS scan and dependent
Q-Orbitrap-MS/MS scans for the five most abundant signals (at certain reten-
tion times) with charge states ranging from 2 to 6. Peptide identification and
protein annotation were performed by the SEQUEST search engine (Proteome
Discoverer 2.1) against a combined database containing protein sequences of
bean, Lotus japonicus, and Medicago truncatula using the settings listed in Sup-
plemental Table S5. The search against the R. leguminosarum database (www.
uniprot.org) relied on the same search machine and software.

Characterization of the glycated proteome relied on the raw data acquired
as described in the previous section. For this, SEQUEST searches (Proteome
Discoverer 1.4) were run against the legume and rhizobial sequence databases
shown in Supplemental Table S5. Ten search templates, containing both AGEs
and oxidative modifications, were designed (Supplemental Table S3). The false
positive hits were excluded by a multiconsensus search with false discovery
rate < 0.01. The sequence identity was confirmed by manual interpretation
for the annotations with the lowest XCorr values. The identifications were
cross-annotated between experimental groups by exact m/z values and
retention times. For this, the corresponding extracted ion chromatograms
were integrated at specific m/z values by LCquan 2.8 software. The sig-
nificance of intergroup differences was assessed by the Mann-Whitney U
test (Prism 5.0) after data normalization by median. The functional annota-
tion of age-dependently glycated proteins relied on the MapMan software
(http:/ /mapman.gabipd.org).

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers XP_007159190 (MDH) and XP_007144265 (Lb).

Supplemental Data
The following supplemental materials are available.

Supplemental Figure S1. Overview of the experimental workflow fol-
lowed for the identification of the carbonylated and glycated peptides
and of their modification sites in nodule proteins.

Supplemental Figure S2. Tandem mass spectra of the ARP-derivatized
modified peptides.

Supplemental Figure S3. Relative abundance of carbonylated amino acid
residues considering the amino acid composition of the Arabidopsis
proteome.
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Supplemental Figure S4. STRING analysis of carbonylated proteins.

Supplemental Figure S5. Amino acid sequences of NAD*-MDHs from vas-
cular plants.

Supplemental Figure S6. SDS-PAGE of individual protein samples isolat-
ed from nodules of young, mature, and senescent bean plants.

Supplemental Figure S7. SDS-PAGE of tryptic digests of the total protein
fraction from nodules of young, mature, and senescent bean plants.

Supplemental Figure S8. Tandem mass spectra of AGE-modified tryptic
peptides corresponding to the bean nodule plant proteins shown in
Table 1.

Supplemental Figure S9. Tandem mass spectra of AGE-modified tryptic
peptides corresponding to the bean nodule bacteroid proteins shown
in Table 2.

Supplemental Figure S10. Number of glycation sites in each of the AGE
classes detected in the plant proteome of bean nodules by nano-UPLC-
LIT-Orbitrap-DDA-MS/MS.

Supplemental Figure S11. Number of glycated plant proteins from bean
nodules in each functional category.

Supplemental Figure S12. Label-free quantification of glycated peptides
of plant proteins from bean nodules at different developmental stages.

Supplemental Figure S13. Number of glycated bacteroid proteins in differ-
ent functional categories.

Supplemental Figure S14. Number of glycation sites in each of the AGE
classes detected in the proteome of bean nodule bacteroids by nano-
UPLC-LIT-Orbitrap-DDA-MS/MS.

Supplemental Figure S15. Label-free quantification of glycated peptides of
bacteroid proteins from bean nodules at different developmental stages.

Supplemental Table S1. Amino acid modifications generated by direct
oxidation or Michael addition of reactive aldehydes or ketones.

Supplemental Table S2. Protein yields and total protein intensities per
lane calculated for individual samples separated by SDS-PAGE.

Supplemental Table S3. Settings for the SEQUEST database search used
for the identification of glycation sites in plant and bacteroid proteins
from bean nodules.

Supplemental Table S4. Instrument settings applied for ESI-Orbitrap-MS
experiments.

Supplemental Table S5. Combined database used for the SEQUEST search
engine comprising individual sequence databases.

Supplemental Data Set S1. Plant proteins from bean nodules carbonylated
in vivo.

Supplemental Data Set S2. Bacteroid proteins from bean nodules carbo-
nylated in vivo.

Supplemental Data Set S3. Plant proteins from bean nodules glycated in
vivo.

Supplemental Data Set S4. Bacteroid proteins from bean nodules glycated
in vivo.
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