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SUMMARY

Substantial formation of reactive oxygen species (ROS) is inevitable in aerobic life forms. Due to their extre-

mely high reactivity and short lifetime, hydroxyl radicals are a special case, because cells have not devel-

oped enzymes to detoxify these most dangerous ROS. Thus, scavenging of hydroxyl radicals may only

occur by accumulation of higher levels of simple organic compounds. Previous studies have demonstrated

that plant-derived sugars show hydroxyl radical scavenging capabilities during Fenton reactions with Fe2+

and hydrogen peroxide in vitro, leading to formation of less detrimental sugar radicals that may be subject

of regeneration to non-radical carbohydrates in vivo. Here, we provide further evidence for the occurrence

of such radical reactions with sugars in planta, by following the fate of sucralose, an artificial analog of

sucrose, in Arabidopsis tissues. The expected sucralose recombination and degradation products were

detected in both normal and stressed plant tissues. Oxidation products of endogenous sugars were also

assessed in planta for Arabidopsis and barley, and were shown to increase in abundance relative to the

non-oxidized precursor during oxidative stress conditions. We concluded that such non-enzymatic reactions

with hydroxyl radicals form an integral part of plant antioxidant mechanisms contributing to cellular ROS

homeostasis, and may be more important than generally assumed. This is discussed in relation to the

recently proposed roles for Fe2+ and hydrogen peroxide in processes leading to the origin of metabolism

and the origin of life.
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INTRODUCTION

As sessile organisms in a continuously changing environ-

ment, plants are inevitably subjected to a diverse array of

biotic and abiotic stresses (Keunen et al., 2013), often lead-

ing to disturbance of the oxidative balance are a result of

increased levels of reactive oxygen species (ROS), which

damage essential cell components (nucleic acids, proteins,

lipids). However, some ROS species such as hydrogen per-

oxide (H2O2) fulfill a signaling role, leading to stress adap-

tation and cellular ROS homeostasis (Mittler et al., 2004;

Møller and Sweetlove, 2010). The dual function of ROS

implies the strict control of cellular homeostasis.

In addition to H2O2, the most prominent ROS are super-

oxide the hydroxyl radical (˙OH) and singlet oxygen (1O2).

They are continuously produced as by-products of cellular

aerobic metabolism in chloroplasts, mitochondria, peroxi-

somes, the cell wall and possibly the vacuole (Van den

Ende and Valluru, 2009; Peshev et al., 2013). ROS levels

typically further increase under stress (Xiong et al., 2002).

To achieve ROS homeostasis, living organisms implement

two strategies: (i) prevention of ROS formation, and (ii)

ROS detoxification. The latter is performed by enzymatic

and non-enzymatic systems (Mittler, 2002; Gill and Tuteja,

2010). Interestingly, the most reactive and dangerous ROS,

the ˙OH molecule, cannot travel far within a cell but typi-

cally reacts with organic matter within approximately 1 nm

of the site of radical production (Griffiths and Lunec, 1996).

Consequently, ˙OH may only be neutralized by non-enzy-

matic systems (Gechev et al., 2006; Peshev et al., 2013). In

addition to its generally detrimental nature, the reaction

between cell-wall polysaccharides and ˙OH has been pro-

posed to be beneficial for cell-wall loosening, which is a

critical process during germination, elongation and fruit

ripening (Fry et al., 2001; Mueller et al., 2009). Additionally,

non-enzymatic reactions with ˙OH have recently been
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proposed to fulfill a key role in the conversion of proline to

c–aminobutyric acid during abiotic stress responses (Sign-

orelli et al., 2015). Therefore, plants require an array of

mechanisms that strictly control ˙OH concentrations, both

in their apoplastic and symplastic environments (Richards

et al., 2015).

In plants, small sugars not only function as substrates

for energy production, but, together with hormones, form

an integral part of the plant signaling network regulating

stress and defense responses (Rolland et al., 2006; Van

den Ende and El-Esawe, 2014), as well as cell-cycle and

cell-division programs (Koch, 2004; Bihmidine et al., 2013).

In addition to indirect sugar signaling events, sugars have

been proposed to play a direct role in ROS-scavenging

mechanisms (Van den Ende and Valluru, 2009). In recent

years, sugars have become more widely recognized as

members of the non-enzymatic antioxidant family (Nishiza-

wa et al., 2008; Sinkevich et al., 2010; Foyer and Shigeoka,

2011; Stoyanova et al., 2011; Keunen et al., 2013; Peshev

et al., 2013). Under stress, soluble carbohydrates, such as

hexoses, sucrose (Suc), fructans (fructose-based oligo- and

polysaccharides), raffinose family oligosaccharides and

sugar-like compounds (e.g. mannitol, sorbitol, etc.) may

assist in osmotic adjustments as well as in membrane and

protein stabilization (Tarczynski et al., 1993; Hincha et al.,

2002; Amiard et al., 2003). Fructans may be also involved

in vacuolar ROS-scavenging systems (Peshev et al., 2013),

while raffinose family oligosaccharides may play a role in

ROS detoxification in chloroplasts (Nishizawa et al., 2008;

Schneider and Keller, 2009). Moreover, invertase-mediated

Suc cleavage in the cytosol and in organelles may also

contribute to cellular homeostasis under stress (Xiang

et al., 2011). Sugars are also known to contribute to cellu-

lar ROS homeostasis in other eukaryotes. Trehalose, for

example, is a recognized key metabolite in the yeast anti-

oxidant system (Jamieson, 1998; Benaroudj et al., 2001).

In our previous work, mechanistic insights were gained

regarding the nature of the carbohydrate/˙OH reaction in vi-

tro. The predominant outcome of such reactions is the

splitting of disaccharides and oligosaccharides, and the de

novo formation of new saccharides with the same or a

higher degree of polymerization (DP) (Peshev et al., 2013).

In the present study, these insights are used to predict the

formation of products derived from sucralose (SucR), an

artificial Suc analog, during the carbohydrate/˙OH reaction

in planta. For this purpose, Arabidopsis thaliana plants

were fed with SucR and subjected to additional oxidative

stress. MS analysis was performed to search for break-

down products of SucR in vivo and the formation of new

compounds with a higher molecular mass. Oxidation prod-

ucts of Suc and oligofructans potentially formed by reac-

tion with the ˙OH were also assessed by MS analysis in

Arabidopsis and Hordeum vulgare (barley). We discuss our

data on non-enzymatic plant antioxidant mechanisms in

the context of an evolutionary conserved process that may

contribute to cellular ROS homeostasis.

RESULTS AND DISCUSSION

Previously, we performed in vitro studies on the reaction

between the ˙OH radical and carbohydrates to test a possi-

ble role for carbohydrates as ROS scavengers, especially

under stress conditions, and discussed the possible radical

(non-enzymatic) reactions involved (Peshev et al., 2013).

By focusing on 1–kestose, the smallest inulin-type fructan

derived from Cichorium intybus (chicory), both breakdown

and de novo formation of new oligosaccharides was

observed. However, it is difficult to relate these observa-

tions directly to an in planta situation due to the presence

of endogenous enzymes that are able to generate the same

products. The combined action of fructan exohydrolases

and invertases is expected to lead to production of the

same degradation products (Van den Ende et al., 1996),

and fructosyltransferases involved in fructan biosynthesis

are able to perform de novo synthesis of compounds with

higher DP but the same molecular weight as non-enzy-

matic oligosaccharide recombination products, making it

virtually impossible to discriminate between products of

enzymatic and non-enzymatic origin (Peshev et al., 2013).

Using SucR as a marker in planta: Arabidopsis protein

extracts cannot degrade SucR

To resolve the problem of high backgrounds originating

from endogenous enzymatic activities, we wished to use an

artificial sugar analog that is readily taken up in the plant

but not subject to degradation by endogenous plant

enzymes. We considered SucR, an analog of Suc, as a candi-

date in this respect. SucR consists of a 4-mono-chlorinated

galactose (GalCl) moiety linked to a 1,6-dichlorinated fruc-

tose (FruCl2) moiety. SucR is used as an artificial sweetener

in foods. SucR is not metabolized in humans and accumu-

lates in the environment because it is not subject to micro-

bial degradation (AlDeeb et al., 2013; Omran et al., 2013).

As a prerequisite before performing experiments with

SucR in vivo in the model plant Arabidopsis thaliana, we

needed to demonstrate that protein extracts of Arabidopsis

plants are unable to degrade SucR in vitro. Crude protein

extracts were prepared for this purpose, and soluble as

well as cell wall-associated protein fractions were incu-

bated with SucR at 30°C for 24 h, followed by carbohydrate

analysis. No changes in the initial SucR concentration were

detected (Figure 1), in line with the general belief that cells

do not contain enzymes that degrade SucR (AlDeeb et al.,

2013; Omran et al., 2013).

Arabidopsis plantlets take up SucR, and accumulate it in

leaves

As a second prerequisite, prior to investigating the effects

of oxidative stress (e.g. paraquat, UV–B treatment) on
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SucR-containing leaves, it was necessary to demonstrate

that Arabidopsis readily takes up SucR through the roots

and transports it to the leaves. We cultivated Arabidopsis

plants in hydroponic culture on SucR-containing medium.

MS analysis of leaf extracts revealed accumulation of

SucR relative to 1–kestose as an internal standard. Table 1

shows that the level of SucR increased as a function of

time in the leaves of plants fed with SucR via the roots.

Interestingly, the level of chlorinated galactose (GalCl), a

SucR breakdown product, increased in parallel as a func-

tion of time. Moreover, the value of a de novo recombina-

tion product (DP3; SucR+GalCl) slightly increased

(Table 1). As SucR is not subject to endogenous enzymatic

activities (Figure 1), we anticipate that these breakdown

and recombination products rely on radical (non-enzy-

matic) reactions. According to the theoretical study of Her-

nandez-Marin and Mart�ınez (2012) and the in vitro studies

of Peshev et al. (2013), carbohydrates predominantly scav-

enge ˙OH through hydrogen atom transfer (hydrogen

abstraction), forming a carbon-centered radical. When the

interacting carbohydrate consists of two or more moieties,

the prominent outcome is splitting of these molecules (Fry

et al., 2001; Tudella et al., 2011; Peshev et al., 2013). The

de novo formation of complex carbohydrates by recombi-

nation has been described previously in vitro (Peshev

et al., 2013). Similar processes may be expected to occur

for ˙OH-mediated hydrogen abstraction from SucR.

The fate of SucR in vitro in reaction with ˙OH radicals

As a first step to investigate the possible role of carbohy-

drates as genuine ˙OH scavengers in vivo, Fenton reactions

with SucR were performed in vitro, in which ˙OH is pro-
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Figure 1. HPAEC-PAD chromatograms of sucralose (SucR)/crude enzyme reactions.

Crude protein extracts from Arabidopsis thaliana were prepared. Three conditions were tested: potential soluble protein-based SucR breakdown activity at pH

5.0 and pH 7.5, and potential cell wall-associated SucR breakdown activity at pH 5.0, after 0 and 24 h. The SucR peak is indicated. SucR breakdown was not

observed under any conditions. nC, nanoCoulombs.

Table 1 SucR accumulation in Arabidopsis leaves and effect of
additional paraquat treatment on the formation of SucR deriva-
tives [GalCl+H]+ and [SucR+GalCl+Na]+

Treatment SucR GalCl SucR+GalCl

Time 0 – – –
24 h SucR 0.18 � 0.01 0.06 � 0.03 0.02 � 0.002
36 h SucR 0.32 � 0.02 0.03 � 0.02 0.05 � 0.001
48 h SucR 0.37 � 0.11 0.29 � 0.01 0.05 � 0.02
72 h SucR 0.76 � 0.22 0.28 � 0.01 0.07 � 0.03
36 h SucR + 12 h
paraquat

0.26 � 0.07 0.07 � 0.05 0.04 � 0.01

48 h SucR + 24 h
paraquat

0.38 � 0.07 0.23 � 0.002 0.06 � 0.02

72 h SucR + 48 h
paraquat

0.45 � 0.17 0.25 � 0.01 0.09 � 0.04

Data are normalized to 1–kestose ([1-kestose+K]+, m/z 543) as an
internal standard. Values are means � standard error.
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duced by decomposition of H2O2 in the presence of transi-

tion metals (e.g. Fe2+) (Walling, 1975). The products formed

by reaction with SucR were followed by MS (Figure 2).

Based on the literature and our previous work, the

expected molecular weights and structures of SucR-

derived reaction products were predicted (inserted table in

Figure 2).

According to this prediction, ˙OH is expected to abstract

an H atom from a SucR molecule yielding H2O and a SucR

radical, which may be oxidized before or after splitting into

two entities, one of which is a radical and the other not

(Figure 3). Additionally, the SucR radical may recombine

with other sugar radicals (a SucR radical or a scission radi-

cal product), producing compounds of higher DP (Fig-

ure 3). As predicted, partial breakdown of SucR into its

chlorinated monosaccharide entities was observed during

a Fenton reaction (Figure 2). In particular, the H+-chlori-

nated galactose ([GalCl+H]+) adduct (m/z 199) and the K+-

dichlorinated fructose ([FruCl2+K]
+) adduct (m/z 255) were

detected (Figure 2a). In addition, newly formed [GalCl+Gal-

Cl+H]+ (m/z 379) and [SucR+GalCl+Na]+ (m/z 599) adducts

and putative [FruCl2+GalCl+H]+ (m/z 397) adducts were

found (Figure 2a), representing DP2 and DP3 compounds

that are most probably derived from combination of two

SucR-derived radicals as shown in Figure 3. These break-

down and recombination products were not detected in

reactions containing SucR only or in a Fenton reaction

lacking SucR (Figure 2). We generally observed adduct

ions generated with permutations of the various cations

(H+, and in particular K+ and Na+) for the respective molec-

ular structures. The uneven formation of cation adducts in

such reactions is well-known (Tudella et al., 2011) but

poorly understood.

We proved the identity of the observed breakdown

products by comparing the MS fragmentation patterns

of the [GalCl+H]+ adduct ion (m/z 199) isolated from

either the ˙OH/SucR reaction or from SucR hydrolyzed

overnight (Figure 2b). Both fragmentations resulted in

generation of two characteristic product ions (m/z 85

and 121). Similarly, MS fragmentation of the DP3 prod-

uct ion (m/z 599, [SucR+GalCl+Na]+) isolated from the

˙OH/SucR reaction resulted in generation of product ions

with m/z 419, 221 and 239, corresponding to [SucR+Na]+,

[GalCl+Na]+ and [FruCl2+Na]+, respectively (Figure 2c).

This is in accordance to the MS fragmentation pattern

obtained for the [SucR+Na]+ ion (m/z 419) from the ˙OH/

SucR reaction (Figure 2c). The [SucR+Na]+ molecular ion

(m/z 419) rather than the [SucR+K]+ molecular ion (m/z

435) was selected for this purpose because a non-SucR-

related contaminating molecular ion with m/z 435 was

also detected in planta, and the protonated SucR

remained undetected (see Figure 4). Our data are in

agreement with recently published accurate mass mea-

surements (e.g. m/z 221.0187 and m/z 238.9848) that pro-

vided the exact structural confirmation of the sodiated

SucR fragments obtained (Ferrer et al., 2013).

Sugar radicals have been reported to react further with

O2 to produce the ˙OOH radical and an oxidized sugar moi-

ety with the molecular weight of the sugar precursor

minus 2 Da (keto group, Mw–2; von Sonntag and Schuch-

mann, 2001). The presence of such Mw–2 oxidized sugars

(for instance m/z 597, 253 and 235) was confirmed (Fig-

ure 2a). Further, decomposition of a peroxyl radical in the

presence of hydroxyl radicals and Fe2+ has been reported

to lead to the formation of a stable hydrate with the molec-

ular weight of the sugar precursor plus 16 Da (Tudella

et al., 2011). Consistent with these results, we observed

the corresponding molecular ion with addition of one extra

oxygen to SucR during the Fenton reaction (Figure 2d,

[SucR+O+K]+, m/z 451).

The fate of SucR in vivo

To further investigate the proposed ˙OH/SucR reaction

and test the possible action of carbohydrates as ˙OH scav-

engers in planta, especially under stress conditions, we

grew Arabidopsis plants in hydroponic culture and fed

them with SucR. Paraquat and UV–B treatments were cho-

sen to subject plants to oxidative stress. Paraquat is

known to specifically target the photosynthetic machinery,

leading to formation of O��2 radicals (Yoon et al., 2011),

which are detoxified to H2O2 by chloroplastic superoxide

dismutases (Queval and Foyer, 2012). Under extreme

stress conditions, excess production of H2O2 leads to

strongly increased cytosolic H2O2 levels. Experimental

data suggested that excess H2O2 may leak out into the

apoplast and into the vacuole (Foyer and Noctor, 2013;

Peshev et al., 2013).

To explore the effects of additional oxidative stress,

leaves of treated and control plants were harvested,

extracted and subjected to MS analysis. MS spectra

obtained from plants loaded with SucR + paraquat (Fig-

ure 4) and SucR + UV–B (Figure 5) compared with those

treated with paraquat only (Figure 4), UV–B only (Figure 5),

SucR only and untreated controls (Figures 4 and 5) are

shown. In both experiments, the accumulation of SucR in

the leaves was notable, as reflected by the high abundance

of the [SucR+K]+ ion with m/z 435 (Figures 4 and 5). The

SucR breakdown product [GalCl+H]+ (m/z 199; Figures 4b

and 5b) and the de novo formed DP3 product [SucR+Gal-

Cl+Na]+ (m/z 599; Figures 4c and 5c) were also clearly

detected in the plant extracts.

The molecular ions with m/z 199 ([GalCl+H]+) and m/z

599 ([SucR+GalCl+Na]+), derived from plants treated with

SucR + paraquat and Suc + UV–B and their SucR only

counterparts, were selected for further analysis, because

they produced the strongest signals in the in vitro experi-

ment (Figure 2a), and there was no detectable background

in control extracts (see Figures 4b,c and 5b,c).
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[SucR+K]+

m/z 435

Compound
Type of adduct (m/z)

H+ Na+ K+

GalCl 199 221 237

FruCl2 217 239 255

SucR 397 419 435

SucR + O 413 435 451

SucR + GalC 577 599 615

FruCl2 + FruCl2 415 437 453

GalCl + GalCl 379 401 417

Compounds of interest

[FruCl2+K]+

m/z 255

[SucR+GalCl+Na]+

m/z 599

[GalCl+H]+

m/z 199

[SucR+GalCl+Na]+

m/z 599
m/z 121

m/z 85

m/z 85

m/z 121

[GalCl+H]+

m/z 199

[SucR+K]+

m/z 435

SucR only

Fenton - SucR

Fenton + SucR

MS/MS 
Fenton + SucR

m/z 199  

MS/MS
SucR hydrolyzed

[SucR+Na]+

m/z 419

[SucR+Na]+

m/z 419

[FruCl2+Na]+

m/z 239[GalCl+Na]+

m/z 221

[GalCl+Na]+

m/z 221
[FruCl2+Na]+

m/z 239

[SucR+GalCl-2H+Na]+

m/z 597
[GalCl-2H+K]+

m/z 235
[SucR+Na]+

m/z 419

[FruCl2-2H+K]+

m/z 253
[GalCl+GalCl+H]+

m/z 379

[SucR+Na]+

m/z 419

MS/MS 
Fenton + SucR

m/z 599  

m/z
430 432 434 436 438 440 442 444 446 448 450 452 454 456 458 460

%

0

100
20150118_SucR_MINUSH2O2_01 71 (1.318) TOF MS ES+ 

538436.9687
434.9786
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(b) (c)

(a)

(d)

Figure 2. ESI-MS and MS/MS spectra of Fenton-mediated ˙OH/SucR reactions in vitro.

(a) SucR only reactions showing the presence of the [SucR+K]+ (m/z 435) and [SucR+Na]+ (m/z 419) adducts that are absent in a Fenton reaction lacking SucR. In

a Fenton reaction with SucR, unique products are formed that are not observed in control. These products include the splitting products H+-chlorinated galac-

tose [GalCl++H] (m/z 199) and K+-dichlorinated fructose [FruCl2+K]
+ (m/z 255), as well as the newly formed recombination products [SucR+GalCl+Na]+ (m/z 599)

and [GalCl+GalCl+H]+ (m/z 379) (see also Figure 3). Oxidized forms of most of these compounds were also detected [see Figure 3b: GalCl [GalCl-2H+K]+ (m/z

235), [FruCl2-2H+K]
+ (m/z 253) and [SucR-GalCl-2H+Na]+ (m/z 597)]. The [GalCl+H]+ (m/z 199), [SucR+Na]+ (m/z 419) and [SucR+GalCl+Na]+ (m/z 599) molecular

ions were selected for further fragmentation analysis.

(b) MS fragmentation patterns of the [GalCl+H]+ molecular ion with m/z 199 isolated from the ˙OH/SucR reaction and from a hydrolyzed SucR sample. Two char-

acteristic SucR product ions are indicated (m/z 85 and 121).

(c) MS fragmentation patterns of [SucR+Na]+ (m/z 419) and [SucR+GalCl+Na]+ (m/z 599) isolated from the ˙OH/SucR reaction. [SucR+Na]+ is fragmented to major

product ions with m/z 221 and 239, corresponding to [GalCl+Na]+ and [FruCl2+Na]+, respectively. The molecular ion with m/z 599 isolated from the ˙OH/SucR

reaction is fragmented to product ions with m/z 419, 221 and 239 ([SucR+Na]+, [GalCl+Na]+ and [FruCl2+H]
+).

(d) Addition of one extra oxygen to SucR during the Fenton reaction as observed from the formation of the [SucR+O+K]+ molecular ion with m/z 451.

The molecular weights of SucR and Fenton-derived reaction products are shown in the inserted table.

© 2015 The Authors
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MS fragmentation of the molecular ions m/z 199 and m/z

599 isolated from SucR + paraquat and SucR-only plants

(Figure 4d,e) yielded similar spectra as those observed for

the in vitro reactions (Figure 2b,c). This strongly suggests

that the in vivo and in vitro m/z 199 and m/z 599 peaks rep-

resent the same SucR-derived products ([GalCl+H]+ and

[SucR+GalCl+Na]+). Similar results were obtained from

UV–B-treated plants (Figure 5).

However, full MS spectra derived from direct injections

as presented above do not provide a means for quantita-

tive estimation of the levels of observed compounds

obtained under the various treatments. We therefore

expressed the levels of these compounds relative to an

internal standard, 1–kestose (Table 1). We observed that

SucR loading itself led to GalCl and SucR+GalCl accumula-

tion, thus reflecting an important basal level of ˙OH gener-

ation. Furthermore, application of paraquat did not

significantly increase the levels of the GalCl and SucR+Gal-

Cl products originating from SucR/˙OH radical reactions

(Table 1). Several explanations for these observations may

be proposed. One is that SucR may have limited excess to

the symplastic environment where the paraquat-mediated

(1) H abstrac�on, par�al hydrolysis, and oxida�on products with a keto group (Mw–2 Da)  

(2) Oxida�on (keto group, Mw–2 Da), H abstrac�on and par�al hydrolysis 

•OH H2O

H2O

•OH H2O

H2O

H2O

or or

or

or

or

or

O2 HO2
•

O2 HO2
•

or

or

O2

or

•OH

(3) Oxida�on with hydrate product forma�on (Mw+16 Da)

Fe2+

(4) Recombina�on and forma�on of DP2 and higher DP products

H2O
+

Recombina�on

H2O

+

SucR+GalCl (e.g. m/z 599)

Oxidized SucR+GalCl (e.g. m/z 597)

FruCl2+GalCl 
(e.g. m/z 397)

FruCl2+FruCl2

(e.g. m/z 415)

O2

•OH H2O

Sucralose
Oxidizedstatus (Mw–2 Da)

GalCl FruCl2
Radical status

Combined status on same or different monosaccharide unit + or
Oxidizedstatus (Mw+16 Da )

H2O
+

GalCl+GalCl
(e.g. m/z 379)

Figure 3. Schematic presentation of possible reac-

tions between SucR, ˙OH and O2.

(1) The ˙OH radical abstracts a hydrogen (H) atom

from the FruCl2 or GalCl unit of SucR, leading to

formation of SucR radicals that partially (dashed

arrow) hydrolyze into monosaccharide non-radical

and radical products. The monosaccharide radical

products may be subjected to further oxidation

leading to derivatives containing a keto group

(Mw–2).
(2) The SucR radical is oxidized first, on either its

FruCl2 or GalCl unit, followed by partial hydrolysis,

or by hydrogen abstraction and further partial

hydrolysis. As a result, monosaccharide non-radical

and radical products with or without a keto group

(Mw–2) are formed.

(3) The SucR radical is oxidized in the presence of

iron, leading to hydrate product formation

(Mw+16).
(4) Radicals may recombine with each other to form

unique oligosaccharides of higher DP (DP2 and

DP3). In addition, non-oxidized DP2/DP3 SucR deriv-

atives may be transformed into their oxidized ver-

sions by the processes shown in (1) to (3).
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hydroxyl radical generation occurs (Babbs et al., 1989;

Smirnoff and Cumbes, 1989). Another possibility, in which

SucR entry in the symplastic environment is assumed, is

suggests that 1% SucR in itself causes considerable meta-

bolic perturbations and oxidative stress in planta. This is

not surprising as it is a ‘non-self’ type of molecule that

may interfere with Suc transport, metabolism and signal-

ing (Reinders et al., 2006). While some Suc translocators

are known to be able to transport SucR across the plasma

membrane or tonoplast (Reinders et al., 2012), other Suc

translocators are strongly inhibited by SucR (Sun et al.,

2007). Another explanation is that addition of paraquat

leads to fast degradation of starch (Scarpeci and Valle,

2008) and rapid accumulation of small sugars that out-

compete SucR as ˙OH radical scavengers (see also below).

Endogenous interaction of sugars with ˙OH in Arabidopsis

(a non-fructan accumulator)

˙OH cannot be detoxified enzymatically, and therefore

detoxification has been proposed to depend on the pres-

ence of higher concentrations of organic compounds, such

as the sugars and sugar alcohols that often accumulate in

stressed plants (Babbs et al., 1989; Smirnoff and Cumbes,

1989; Orthen et al., 1994; Shen et al., 1997a,b).

During the reaction of carbohydrates with ˙OH, an array

of non-radical oxidation products are formed (Tudella

et al., 2011). The molecular masses of the main non-radical

oxidation products as observed in the ESI-MS spectra in

this study are summarized in Table 2. First, we studied the

reaction of Suc with ˙OH during a Fenton reaction in vitro

[GalCl+H]+

m/z 199

[SucR+GalCl+Na]+

m/z 599
[SucR+K]+

m/z 435
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Figure 4. MS analysis of Arabidopsis thaliana leaves loaded with SucR and subjected to treatment with a herbicide (paraquat).

(a) ESI-MS spectra of Arabidopsis thaliana leaves grown on medium containing SucR and treated with paraquat, SucR alone, paraquat alone or untreated.

(b) Magnification of the region between m/z 195 and m/z 260, showing the presence of the m/z 199 fragment ([GalCl+H]+) in the SucR-treated samples and its

absence in the paraquat only and untreated samples.

(c) Magnification of the region between m/z 400 and m/z 620, showing the presence of the m/z 599 adduct ([SucR+GalCl+Na]+) in the SucR-treated samples and

its absence in the paraquat only and untreated samples.

(d, e) Molecular ions with m/z 199 and 599 were selected for MS fragmentation: (d) SucR + paraquat; (e) SucR only. Based on interpretation of the results

obtained in Figure 2, the MS fragmentation patterns confirmed that the in planta m/z 199 and m/z 599 represent [GalCl+H]+ and [SucR+GalCl+Na]+. Characteristic

SucR-related product ions, such as m/z 85 and 121 in the case of [GalCl+H]+ and m/z 221, 239 and 419 for [SucR+GalC+-Na]+ (see also Figure 2), are indicated by

arrows.
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(Figure 6). In the Suc control, [Suc+Na]+ (m/z 365) was

observed as the major molecular ion, together with minor

signals for [Suc+K]+ (m/z 381), [Suc+H]+ (m/z 343) and [Suc-

H2O+H]+ (m/z 325). During Fenton-mediated ˙OH/Suc

reactions, unique products are formed that were not

observed in the control samples. We observed Suc oxida-

tion products resulting from introduction of one oxygen

atom ([Suc+O+Na]+, m/z 381) or two oxygen atoms

([Suc+2O+Na]+, m/z 397). Also, oxidation products with a

loss of 2 Da (Table 2) were observed for all afore-men-

tioned molecular ions (namely m/z 323, 341, 363, 379 and

395), together with the splitting products [Hexose+Na]+ (m/

z 203) and [Hexose+O+Na]+ (m/z 219) and their correspond-

ing oxidation products (m/z 201 and 217). We selected the

molecular ions with m/z 365, m/z 381 and m/z 397 for MS

fragmentation to further validate the molecular structure of

those signals. MS fragmentation of [Suc+Na]+ m/z 365

from control and Fenton-treated samples led to formation

of the hexose splitting product (m/z 203) and its water loss

molecular ion (m/z 185). Similarly, MS fragmentation of

[Suc+K]+ m/z 381 from control samples led to formation of

the hexose splitting product with m/z 203. In the MS

fragmentation pattern of [Suc+O+Na]+ (m/z 381) and

[Suc+2O+Na]+ (m/z 397) from the Fenton-treated sam-

ples, molecular ions of the respective oxidation products

resulting from introduction of one oxygen atom ([Hex-

ose+O+Na]+, m/z 219) or two oxygen atoms ([Hex-

ose+2O+Na]+, m/z 235) (Table 2) were also observed

(Figure 6b).

To provide further evidence that endogenous sugars

react with and detoxify ˙OH, we investigated the formation

of specific oxidation products in Arabidopsis leaf extracts.

The formation of disaccharides (sucrose, maltose) with a

keto group was followed by detection of oxidation prod-

ucts with the molecular weight of the sugar precursor

minus 2 Da (Mw–2). In Figure 7, ESI-MS spectra obtained
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Figure 5. MS analysis of Arabidopsis thaliana leaves loaded with SucR and subjected to UV–B irradiation.

(a) MS spectra obtained from plants loaded with SucR and irradiated with UV–B, loaded with SucR only, irradiated with UV–B only or untreated (control).

(b, c) Magnification of the regions between m/z 180–260 (b) and m/z 400–610 (c).

(d, e) Molecular ions with m/z 199 (d) and 599 (e) were selected for MS fragmentation. Based on interpretation of the results obtained in Figure 2, the obtained

MS fragmentation patterns confirmed that the in planta m/z 199 and m/z 599 compounds represent [GalCl+H]+ and [SucR+GalCl+Na]+. Characteristic SucR-

related product ions such as m/z 85 and 121 in the case of [GalCl+H]+ and m/z 221, 239 and 419 for [SucR+GalCl+Na]+ (see also Figure 2) are indicated by arrows.
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from Arabidopsis control plants, paraquat-treated plants

and plants loaded with SucR + paraquat are shown. We

observed the oxidized molecular ion of the disaccharide

[M-2H+Na]+ (m/z 363) in all these samples. Compared to

the control, the m/z 363/365 ratio (0.32) increased in the

paraquat-treated samples (0.56), but decreased under com-

bined SucR + paraquat conditions (0.26), suggesting that

SucR is able to counteract oxidation. The corresponding

oxidation products resulting from introduction of one extra

oxygen atom, namely [M+O-2H+Na]+ (m/z 379) and

[M+O+Na]+ (m/z 381), were also observed (Figure 7). Addi-

tionally, formation of hexose splitting products with and

without a hexulose unit (m/z values of 203/219 and 201/217

for the Mw–2 ions) were detected in the control and treated

samples (Figures 4b and 5b and Table 2).

Endogenous interaction of sugars with ˙OH in barley (a

fructan accumulator)

According to our previously proposed model, sugars or

sugar-like compounds that have high affinity for mem-

branes and are present at significant concentrations may

act as true antioxidants, effectively protecting membranes

(Peshev et al., 2013). The model also emphasizes a puta-

tive role for vacuolar compounds and integration of the

vacuole in the overall cellular antioxidant network. In parti-

cular, vacuolar fructans (operating in the tonoplast and its

vicinity) and phenols (operating in the vacuolar lumen)

may both contribute to vacuolar antioxidant processes as

explained in Peshev et al. (2013).

Here, we provide further evidence for such roles for fruc-

tans in barley cavity sap, as recently described (Peukert

et al., 2014). Barley grain development is characterized by

an early phase (pre-storage phase) that mainly comprises

the cellularization and degeneration of tissues, followed by

a transition phase in which cellular processes switch to

storage product biosynthesis and accumulation (storage

phase). During the pre-storage phase (1–6 days after polli-

nation), the endosperm cellularizes from a multi-nucleate

syncytium surrounding the fluid-filled cavity that has

arisen from the embryo sac cytoplasm (Olsen, 2001). Dur-

ing the storage phase (10–24 days after pollination), nutri-

ents are imported via the vascular bundle into the

endosperm cavity, from which they are actively trans-

ported through transfer cells towards the growing endo-

sperm. High amounts of sucrose and oligofructans

accumulated in the endosperm cavity at 14 days after polli-

nation, but maltose remained undetected (Peukert et al.,

2014). We sampled barley cavity sap at that time point, and

investigated the formation of specific oxidation products

from endogenous sugar/˙OH reactions by MS analysis.

Similar to the situation in Arabidopsis, in barley cavity

sap, the oxidized molecular ion of the disaccharide [Suc-

2H+Na]+ (m/z 363) and the corresponding oxidation prod-

uct resulting from introduction of one oxygen atom,

namely [Suc+O-2H+Na]+ (m/z 379), were observed under

control conditions (Figure 8b). After the Fenton reaction,

pronounced increases in the disaccharide peak [Suc+Na]+

(m/z 365) and the corresponding oxidized molecular ion

[Suc-2H+Na]+ (m/z 363) were observed, together with

increased abundance of the [Suc+O-2H+Na]+ (m/z 379)

peak (Figure 8a,b, Fenton), leading to an increased 363/365

ratio (0.10 in the control versus 0.21 in the Fenton-treated

sample) and an increased 379/381 ratio (0.15 in the control

versus 0.54 in the Fenton-treated sample) under oxidative

stress. Additionally, formation of [Suc+2O+Na]+ m/z 397

and its corresponding Mw–2 oxidation product ([Suc+2O-

2H+Na]+, m/z 395) were detected after the Fenton reaction

(Figure 8a). The observed accumulation of the disaccharide

peaks (m/z 363/365) may be explained by the depolymer-

ization events or sequential cleavage of hexose units from

the oligosaccharides during the oxidation. Formation of

the hexulose oxidation products in barley cavity sap (e.g.

for DP2 and DP4 oligosaccharides) has been reported

recently (Peukert et al., 2014). Here, we also demonstrated

formation of higher oxidized oligosaccharides during Fen-

ton reaction in barley cavity sap. Figure 8(a) shows full

mass spectra of extracted and heat-inactivated cavity sap

in the absence (control) and presence of Fenton reagent.

The main molecular ion signals belong to the Na+-DP2

(Suc, m/z 365), Na+–DP3 (1–kestose, m/z 527) and Na+-DP4

(m/z 689) oligosaccharides (Figure 8a and Table 2). After

the Fenton reaction, a series of oxidation products for

the oligosaccharides became apparent, including oxidation

products resulting from introduction of one, two or

three oxygen atoms (e.g. as indicated for DP3 in Figure 8a)

and Mw–2 oxidation products, together with splitting prod-

ucts, e.g. [Hexose+Na]+ with m/z 203 (Figure 8a and

Table 2). It is necessary to consider that the oligosaccha-

rides in barley cavity sap under control conditions also

occur as molecular potassium adduct ions (e.g. [Suc+K]+

with m/z 381 (DP2), m/z 543 (DP3) and m/z 705 (DP4); Fig-

Table 2 Molecular masses of the main non-radical oxidation prod-
ucts observed in the ESI-MS spectra in this study

Number of added oxygen atoms n = 0 n = 1 n = 2 n = 3

Molecule annotation
DP4 + nO 689 705 721 737
DP4 + nO � 2 Da 687 703 719 735
DP3 (1-kestose) + nO 527 543 559 575
DP3 (1-kestose) + nO � 2 Da 525 541 557 573
DP2 (sucrose) + nO 365 381 397 413
DP2 (sucrose) + nO � 2 Da 363 379 395 411
Hexose + nO 203 219 235
Hexose + nO � 2 Da 201 217 232

Annotation of the molecules is shown together with the respective
m/z values of the sodium adduct ions [M+Na]+. The molecular
masses were calculated according to Tudella et al. (2011).
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ure 8a and Peukert et al., 2014). During the Fenton reac-

tion, oxidation products resulting from introduction of one

oxygen atom are formed, which share the same molecular

mass for their sodium adduct ions ([M+O+Na]+ with m/z

381 [DP2], m/z 543 [DP3] and m/z 705 [DP4]; Table 2),

resulting in a mixed signal for these molecular ion peaks.

To provide experimental evidence for the dual nature of

those molecular ions and their presence even under con-

trol conditions, we performed a number of MS fragmenta-

tion analyses (Figure 8c). The fragmentation patterns of

the molecular ion signals that belong to the Na+–DP2 (m/z

365), Na+–DP3 (m/z 527) and Na+–DP4 (m/z 689) oligosac-

charides showed the expected product ions, namely Na+-

hexose (m/z 203), Na+–DP2 (m/z 365) and Na+–DP3 (m/z

527), together with their corresponding water loss molecu-

lar ions (m/z 185, m/z 347 and m/z 509). The molecular ion

with m/z 381 is believed to represent both the [Suc+K]+

and the [Suc+O+Na]+ product of the disaccharide. Consis-

tent with this, we observed both splitting products, namely

[Hexose+Na]+ with m/z 203 and [Hexose+O+Na]+ or [Hex-

ose+K]+ with m/z 219, and their corresponding oxidation

products (m/z 201 and 217). Clear isolation of the Mw–2
molecular ions with m/z 363 and m/z 379 was impossible

with the instrumentation available to us, resulting in mixed

fragmentation of m/z 363/365 and m/z 379/381, respec-

tively. However, the resulting MS fragmentation pattern

clearly showed the presence of the Mw–2 splitting prod-

ucts together with their related non-oxidized molecular

ions, e.g. the m/z 201/203 pair for fragmentation of m/z

363/365 and the m/z 201/203 and m/z 217/219 pairs for frag-

mentation of m/z 379/381 (Figure 8c). From our data, we

conclude that endogenous sugars react with the hydroxyl
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Figure 6. ESI-MS and MS/MS spectra of Fenton-mediated –˙OH/Suc reactions in vitro.

(a) Suc only reactions produced the [Suc+K]+ m/z 381 and [Suc+Na]+ m/z 365 adducts, as well as the [Suc+H]+ m/z 343 and the [Suc-H2O+H]+ m/z 325 molecular

ions. Unique products were formed in a Fenton reaction with Suc that were not observed in the control. These products include the corresponding oxidation

products resulting from introduction of one oxygen atom ([Suc+O+Na]+, m/z 381) or two oxygen atoms ([Suc+2O+Na]+, m/z 397). In addition, oxidation products

with loss of 2 Da (Table 2) were observed for all these molecular ions (namely m/z 323, 341, 363, 379 and 395), together with the splitting products [Hexose+Na]+

(m/z 203) and [Hexose+O+Na]+ (m/z 219) and their corresponding oxidation products (m/z 201 and 217).

(b) MS fragmentation patterns for the molecular ions [Suc+Na]+ (m/z 365), [Suc+O+Na]+ (m/z 381) and [Suc+2O+Na]+ (m/z 397). While fragmentation of m/z 365

and m/z 381 in Suc only reactions resulted in formation of [Hexose+Na]+ with m/z 203 solely, fragmentation of m/z 381 and m/z 397 of ˙OH/Suc reactions also

showed the respective oxidation products resulting from introduction of one oxygen atom ([Hexose+O+Na]+, m/z 219) or two oxygen atoms ([Hexose+2O+Na]+,

m/z 235) (Table 2). Arrows indicate the molecular ion fragment peaks resulting from the respective precursor ions.
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radical, producing (i) splitting products, (ii) Mw–2 oxidation

products after hydrogen abstraction, (iii) oxidation prod-

ucts resulting from introduction of one or more oxygen

atoms, and probably (iv) an array of non-radical oligosac-

charide recombination products.

Further, fructan-type oligosaccharides are known to

interact with membranes (Hincha et al., 2002), and their

higher concentrations in the ‘near tonoplast space’, where

they are expected to occur, positions them well to scav-

enge ˙OH radicals produced by the hydroxylic cycle of

type III peroxidases. Such reactions may result in fructan

splitting in planta, as observed in vitro (Fry et al., 2001;

Tudella et al., 2011; Peshev et al., 2013; this work), with

shorter chains diffusing into the lumen where they are pos-

sibly recycled via phenolic oxidation. As a side-effect of

such reactions, formation of sugar–phenol compounds and

recombination of phenolic radicals into entities with a

higher molecular weight are expected (Peshev et al., 2013),

and identification of such compounds forms an interesting

area of future research. Considered together, the identifica-

tion of specific oligosaccharide oxidation products in Ara-

bidopsis and barley tissues confirms the previously

proposed role for sugars in (cellular) ROS homeostasis (Pe-

shev et al., 2013).

The possible reactions between ˙OH and O2 and either

SucR or Suc are schematically presented in Figures 3

and 9(a), respectively. Figure 9(b) illustrates the ˙OH-med-

iated oxidation reactions leading to formation of Suc

derivatives with either a keto group (Mw–2) or an extra

oxygen (Mw+16) in more detail. We have chosen the

C4 position of the fructose unit as an example as it

represents the most likely position for those reac-

tions. According to Tudella et al. (2011), the likelihood of

a–hydroxylalkyl radical formation increases in the order:

C1 ≫ C4 > C2 = C3 ≫ C5. In SucR and Suc, the C1 posi-

tion of glucose and fructose is blocked by the glycosidic

bond (non-reducing end). In addition, the C4 position of

the glucose unit of SucR is blocked by Cl, although for-

mation of Mw–2 and Mw+16 has been observed for

SucR. Thus, ˙OH-mediated H abstraction probably starts

at the C4 position of the fructose unit, followed by possi-

ble reactions at the C2 position of the glucose unit. How-

ever, the exact mechanism of this oxygen addition is

poorly understood (Tudella et al., 2011), and detailed

NMR studies of the intermediate products are required in

the future.

Organic compounds as hydroxyl radical scavengers: a

non-specific but essential role in cellular redox

homeostasis

Hydroxyl radical/carbohydrate reactions are well recog-

nized because of their involvement in cell wall-loosening

processes associated with plant growth (Sch€opfer, 2001),

and their role in methane formation when UV light reaches

pectins in plant cell walls (Messenger et al., 2009). Despite

accumulating evidence, as recently reviewed in Keunen

et al. (2013) and based on original concepts proposed by

Smirnoff and Cumbes (1989) and Shen et al. (1997a), the

role of sugars and other organic compounds (e.g. sugar

alcohols, proline) as ˙OH scavengers is still not widely

recognized within the oxidative stress community. There

are several reasons for this. First, it is not always clear

what the exact origin is of ˙OH in cells. Second, it is very
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Figure 7. Detection of oxidized disaccharides in Arabidopsis thaliana

leaves.

Sections (m/z 360–390) of ESI-MS spectra obtained from A. thaliana control

plants, paraquat-treated plants and plants loaded with SucR and paraquat.

Arrows indicate the non-oxidized disaccharide [Suc+Na]+ (m/z 365) and its

oxidized molecular ion [Suc-2H+Na]+ (m/z 363), as well as the correspond-

ing oxidation products resulting from introduction of one oxygen atom:

[Suc+O-2H+Na]+ (m/z 379) and [Suc+O+Na]+ (m/z 381). The m/z 363/365 and

m/z 379/381 ratios are shown in italic, and the m/z 365/381 ratio is under-

lined.
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Figure 8. Detection of oxidized sugar oligosaccharides in Hordeum vulgare grain cavity extract.

(a) Full mass spectra of extracted and heat-inactivated cavity sap in the absence (control) and presence of Fenton reagent. The main molecular ion signals

belong to DP2 (Suc, m/z 365), DP3 (1–kestose, m/z 527) and DP4 (m/z 689) saccharides. After the Fenton reaction, a series of oxidation products derived from the

oligosaccharides were observed, including oxidation products resulting from introduction of one, two or three oxygen atoms (e.g. as indicated for DP3), oxida-

tion products with a loss of 2 Da (Table 2), together with splitting products, e.g. [Hexose+Na]+ (m/z 203).

(b) Sections (m/z 360–390) of ESI-MS spectra obtained from extracted and heat-inactivated cavity sap in the absence (control) and presence of Fenton reagent.

Arrows indicate the non-oxidized disaccharide [Suc+Na]+ (m/z 365), its oxidized molecular ion [Suc-2H+Na]+ (m/z 363) and the corresponding oxidation products

resulting from introduction of one oxygen atom: [Suc+O-2H+Na]+ (m/z 379) and [Suc+O+Na]+ (m/z 381). The m/z 363/365 and the m/z 379/381 ratios are shown in

italic, and the m/z 365/381 ratio is underlined.

(c) MS fragmentation patterns for the non-oxidized disaccharide [Suc+Na]+ (m/z 365) and the DP3 (1–kestose, m/z 527) and DP4 (m/z 689) saccharides, as well as

for the oxidized molecular ions [Suc-2H+Na]+ (m/z 363), [Suc+O-2H+Na]+ (m/z 379) and [Suc+O+Na]+ (m/z 381). Arrows indicate the molecular ion fragment peaks

resulting from the respective precursor ions.
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difficult to measure these entities and virtually impossible

to estimate their relative contribution to cellular damage

compared to other ROS. Third, the non-specificity of sug-

ars (or other organic compounds) and the enormous varia-

tion of such compounds at the subcellular level and

according to cell type, tissue type and species make it very

difficult to define their contribution. Fourth, there is no

international consensus on the threshold concentrations

and reactivity required to consider sugars (and other

organic compounds) as hydroxyl radical scavengers and

true ‘antioxidants’ contributing to overall cellular ROS

homeostasis.

Here, we used SucR as a marker to demonstrate the

importance of hydroxyl radicals in planta, and analyzed

endogenous hydroxyl radical reactions in Arabidopsis and

barley. It became clear that certain oxidized SucR-derived

products have counterparts among metabolic sugars,

under both stressed and even non-stressed conditions.

This strongly suggests that saccharide/˙OH or organic com-

pound/˙OH reactions occur routinely in planta, even in

plants growing under optimal conditions. Photosystem II

reaction centers produce ˙OH on a continuous basis during

the light phase (Posp�ı�sil, 2009). Obviously, ˙OH levels

increase in plants subjected to oxidative stress (Shen et al.,

1997b). Previous studies with transgenic plants accumulat-

ing increased levels of sugars or sugar-like compounds

have suggested a contribution of increased total soluble

carbohydrate levels to counteracting oxidative stresses

(Keunen et al., 2013; Tarkowski and Van den Ende, 2015).

In particular, transgenic tobacco plants containing an

increased level of mannitol in their chloroplasts were

found to be more tolerant to paraquat compared to wild-

type seedlings (Shen et al., 1997a,b). Seedlings with

enhanced galactinol synthase activity showed higher ga-

lactinol and raffinose levels that clearly correlated with

their paraquat-tolerant phenotypes, lower level of lipid per-

oxidation and preserved photosystem II activity (Nishizawa

et al., 2008), suggesting that galactinol and raffinose coun-

teract the photo-oxidation processes. The in vitro ˙OH scav-

enging capacities of galactinol and raffinose (ID50 of

approximately 3 mM) fit very well with the levels of these

compounds in stressed plants (Nishizawa et al., 2008).

Chilling typically leads to photo-oxidation (Wise, 1995).

Seedlings of rice over-expressing wheat fructosyltransfe-

rases, leading to fructan accumulation, are more tolerant

to chilling (Kawakami et al., 2008). Among the lines gener-

ated, a striking positive correlation was found between

total soluble carbohydrate levels (glucose, fructose,

sucrose and fructans) and the survival rate under chilling.

Recently, a new mechanistic link was established

between the cold-associated C–repeat binding factor and

sugar-mediated chilling tolerance. The cold-associated

C–repeat binding factor binds a promoter element in a chlo-

roplastic b–amylase gene of Poncirus trifoliatae (PtrBAM1),

leading to increased starch degradation and increased lev-

els of soluble sugars (especially maltose) associated with

increased chilling tolerance (Peng et al., 2014).

Further, we speculate that the strongly increased starch

levels (up to threefold) in gigantea mutants (Eimert et al.,

1995), which are subject to rapid degradation under para-

quat treatment (Scarpeci and Valle, 2008), may temporally

boost glucose and maltose production to overcome oxida-

tive stress, which fits well with the observed hyposensitive

character of gigantea under paraquat stress (Kurepa et al.,

1998). Other mutants affected in inter-conversions of

starch-soluble sugars also show differential responses

under paraquat-mediated oxidative stress (Messerli et al.,

2007; Sanchez-Villarreal et al., 2013).

Moreover, salinity-induced accumulation of organic

compounds in barley and wheat leaves correlated very

well with increased oxidative stress tolerance (Puniran-

Hartley et al., 2014). To maintain high antioxidant

protection, increased anthocyanin, proline and soluble

sugar levels occur in Arabidopsis and other species under

drought (Sperdouli and Moustakas, 2012; Van den Ende

and El-Esawe, 2014). In general, soil water deficit results in

an increase in soluble carbohydrate concentrations, as

reported for various plants and sugar compounds (Muller

et al., 2011).

The most important conclusion of this work and many

other recent findings (Richards et al., 2015) is that non-

enzymatic reactions with ˙OH within the symplastic envi-

ronment of modern plant cells may be much more impor-

tant than originally thought. This should be considered

against the background of intriguing recent discussions on

the origin of life and metabolism. Recent experiments have

Figure 9. Schematic representation of MS fragmentation and radical oxidation products of Suc.

(a) During MS fragmentation, an array of molecular ions are produced from the sodium Suc precursor ion [Suc+Na]+ with m/z 365; these include loss of sodium

[Suc+H]+ with m/z 343, loss of water [Suc-H2O+H]+ with m/z 325, loss of a hexose unit [Hexose+H]+ with m/z 163, and loss of water [Hexose-H2O+H]+ with m/z

145. Direct loss of a hexose unit results in [Hexose+Na]+ with m/z 203 and loss of water [Hexose-H2O+Na]+ with m/z 185. Suc subjected to H abstraction and fol-

lowed by oxidation with O2, leading to formation of .OOH (another highly reactive radical) and oxidized Suc (with a keto group) results in formation of fragments

with Mw–2 for all afore-mentioned molecular ions (e.g. m/z 363, 341, 223, 161, 143, 201 and 183). In the presence of iron, Suc radical products are probably oxi-

dized to stable hydrate products with molecular ions showing addition of one oxygen atom (Mw+16) or more oxygen atoms (Figure 3). The corresponding

molecular ions are [Suc+O+Na]+ with m/z 381, [Suc+2O+Na]+ with m/z 397, [Suc+3O+Na]+ with m/z 413, as well as [Hexose+O+Na]+ with m/z 219 and [Hex-

ose+2O+Na]+ with m/z 235. For all these products, loss of water molecular ions and Mw–2 molecular ions may also be observed. Examples of molecular struc-

ture are shown in dashed boxes for m/z 363 and 381.

(b) Wedge/dash projection of the ˙OH-mediated oxidation reactions leading to formation of Suc derivatives with either a keto group (Mw–2) or oxidized

(Mw+16).
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demonstrated that simple metal ions such as Fe2+, which

were probably dominant in the pre-biotic soup, act as a

catalyst for the reactions in the glycolytic and oxidative pen-

tose phosphate pathways that depend on sophisticated

enzymes in modern cells (Keller et al., 2014; Luisi, 2014).

Thus, it is likely that metabolic networks pre-date the ‘RNA

world‘, and that primordial gluconeogenetic reactions con-

tributed to formation of RNA (Luisi, 2014). Primordial RNA

replication may have been driven by hydrogen peroxide-

mediated, self-sustained oscillatory thermo-chemical reac-

tions (Ball and Brindley, 2014). It is likely that such non-

enzymatic reactions controlled by Fe2+ and hydrogen perox-

ide also fulfilled prominent roles after the first cell origi-

nated and life began. However, the combined presence of

higher levels of Fe2+ and hydrogen peroxide inevitably lead

to Fenton reactions and ˙OH formation. Ancestral anaerobic

cells and their progenitors may have used non-enzymatic

mechanisms to counteract the detrimental effects of ˙OH.

However, through further evolution and certainly after the

development of aerobic life forms, non-enzymatic reactions

have been mostly over-taken by more efficient enzymatic

reactions to counteract excessive accumulation of an array

of ROS species. Evolution failed to develop enzymes that

can detoxify ˙OH (Gechev et al., 2006), and therefore ˙OH

scavenging by simple organic compounds (such as sugars

in plant cells) has persisted as a central mechanism

involved in ROS homeostasis in modern aerobic cells, as

suggested by the data presented here.

More specifically, the utilization of Suc as ˙OH scaven-

ger is closely associated with the evolution of oxygenic

photosynthetic organisms, from cyanobacteria to higher

plants (Lunn, 2002; Salerno and Curatti, 2003). This asso-

ciation may be related to the transport role of the Suc

molecule, shuttling carbon and energy between cells in

filamentous cyanobacteria and between tissues in green

plants (Lunn, 2002). However, this does not preclude the

possibility that evolutionary pressure may have main-

tained other ancient cellular functions of Suc, such as

its involvement in abiotic stress defense, in cyanobacte-

ria, being particularly important under salt and osmotic

stress conditions (Lunn, 2002; Salerno and Curatti, 2003;

Kl€ahn and Hagemann, 2011). In plant cells, Suc is not

restricted to the cytoplasm. It also accumulates in the

vacuole (Schulz et al., 2011; Brauner et al., 2014), and, at

least transiently and under stress conditions, in the chlo-

roplast (N€agele and Heyer, 2013; Brauner et al., 2014).

The characterization of Suc involvement in non-enzy-

matic antioxidant defense in the present work provides

further insights into the persisting importance of Suc in

oxygenic photosynthetic organisms.

CONCLUSION AND PERSPECTIVES

Arabidopsis seedlings were loaded with SucR, an analog

of Suc that cannot be degraded by endogenous enzymes.

By combining in planta and in vitro approaches with MS

and MS/MS techniques, SucR-derived marker products

were identified, strongly suggesting that ˙OH/SucR

reactions occur in vivo, as they do during Fenton reactions

in vitro. We also obtained experimental evidence for the

oxidation of endogenous soluble carbohydrates in Arabid-

opsis and barley. These data strongly suggest that higher

concentrations of sugars/carbohydrates may act as genu-

ine ROS scavengers in planta, contributing to cellular ROS

homeostasis and membrane protection. This is in line with

the emerging view that non-enzymatic reactions may be

more important than generally assumed. It is likely that

these processes are of importance in all cells. In particular,

it would be interesting to study similar reactions in mam-

mals, with particular focus on ROS-based diseases (Van

den Ende et al., 2011; Peshev and Van den Ende, 2013,

2014; Pasqualetti et al., 2014). The recent finding that met-

formin promotes longevity in worms by slightly increasing

ROS production further demonstrates the importance of

fine-tuning of ROS levels in cells of all aerobic life forms

(De Haes et al., 2014).

EXPERIMENTAL PROCEDURES

Plant material and experimental treatments

Arabidopsis thaliana seeds were surface-sterilized with 70% v/v
ethanol for 2 min, followed by washing with sodium hypochlo-
rite solution (7% chlorine) containing 0.2% v/v Triton X–100 for
8 min at RT. Seeds were then washed three times 1 min in sterile
distilled water and stored in moist conditions for 3 days at 4°C for
stratification. Then seeds were sown on nutrient solution contain-
ing one-quarter strength Murashige and Skoog medium, including
Gamborg B5 vitamins, to a final concentration of 1.5% w/v Suc. The
pH was adjusted to 5.8 using 0.1 M KOH. Plantlets were grown at
22°C under fluorescent lamps (universal white, ARVA, http://
www.arva.us/) using a daily light period of 12 h with a light inten-
sity of 120 lmol sec�1 m�2 (Schlesier et al., 2003) for a period of
5 weeks.

After 5 weeks, plants were loaded with SucR (Sigma-Aldrich,
http://www.sigmaaldrich.com) by adding 1% w/v filter-sterilized
SucR to the above-mentioned medium. Plants were kept on this
medium for 24, 48 or 72 h, respectively. After SucR loading, addi-
tional oxidative stresses were applied by either (i) spraying the
plants with 5 lM paraquat + 0.5% v/v Tween–20, or (ii) exposing
them to UV–B treatment for 30 min (light intensity
6.9 lmol m�2 sec�1; Kaspar et al., 2010) after removing the lids of
the jars. For the combined SucR/paraquat treatments, the follow-
ing combinations were considered: 36 h SucR + 12 h paraquat,
48 h SucR + 24 h paraquat, 72 h SucR + 48 h paraquat and 96 h
SucR + 72 h paraquat. Harvested plants were washed with dou-
ble-distilled H2O (HPLC grade) and dried with paper towels to
remove remaining growth medium. Roots and leaves were sepa-
rated and snap frozen in liquid N2, and subsequently stored at
�80°C until further analysis.

Barley plants (Hordeum vulgare) were grown in a greenhouse
under a 16 h photoperiod (20°C day, 14°C night). Developing
grains were sampled at 14 days after pollination, and cavity sap
was extracted as follows: after snap-freezing, the grains were cut
in half, then the sap was sampled using a microsyringe, and again
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snap-frozen. Before analysis, cavity sap samples were heated to
90°C for 5 min to inactivate enzymes.

Sample preparation for MS analysis

Samples were ground with liquid N2, and 100 mg of the result-
ing powder was added to 900 ll 80% CH3OH (HPLC grade). The
samples were ground again and transferred to 1.5 ml reaction
tubes. Insoluble material was precipitated by centrifugation for
5 min at 14 000 g. Next, 200 ll of the supernatant were almost
completely dried in a centrifugal evaporator (Eppendorf,
www.eppendorf.com). The sample volume was then adjusted to
200 ll with double-distilled H2O, and the sample was applied to
a C18 solid-phase extraction column (50 mg Sep–Pak cartridges;
Waters, www.waters.com) pre-equilibrated with 1 ml double-dis-
tilled H2O, and eluted using 200 ll double-distilled H2O to
remove ionization disturbing substances from sugar extracts
prior to MS analysis. Finally, CH3OH was added to a final con-
centration of 20%, and the mixture was centrifuged for 10 min at
14 000 g. The supernatants were stored at �20°C until further
MS analysis. For MS analysis, samples were diluted in acetoni-
trile containing 0.1% formic acid to a final concentration of 50%
acetonitrile.

Cavity sap samples were tenfold diluted in double-distilled H2O
and centrifuged for 5 min at 14 000 g. Supernatants were loaded
onto TopTip C–18 micro-spin columns (GlySci, www.glysci.com)
pre-equilibrated with 200 ll double-distilled H2O, and eluted using
50 ll of 5% CH3OH (HPLC grade) to remove disturbing substances
from sugar extracts. After purification, a 20-fold final dilution of
cavity sap was obtained, and subjected to the Fenton reaction and
further MS analysis. For MS analysis, samples were diluted with
ten volumes of 100 lM Na-EDTA, and further diluted in acetonitrile
containing 0.1% formic acid to a final concentration of 50% aceto-
nitrile.

Mass spectrometry analysis

The most sensitive analytical methodology for analysis of SucR in
water samples has been shown to be LC-MS/MS in positive ion
mode (Ferrer et al., 2013). Thus, purified extracts were analyzed
by ESI-MS/MS. The nanoscale effluent from the syringe pump
was directed to the NanoLockSpray source of a Q/ToF Premier
hybrid orthogonal accelerated time-of-flight mass spectrometer
(Waters). The MS was operated in positive ion mode at 80°C
source temperature with a cone gas flow of 30 l/h. A voltage of
3.2 kV was applied to the sample tip (TaperTip, 20 lm orifice;
New Objective, www.newobjective.com). The mass spectra were
acquired using the time-of-flight mass analyzer in V mode, and
spectra were integrated over 1 s intervals. MS and MS/MS data
were acquired in continuum mode using MassLynx 4.0 software
(Waters). The instrument was calibrated by multipoint calibration
using selected fragment ions of the collision induced decay (CID)
spectrum of [Glu1]-fibrinopeptide B (Sigma-Aldrich) (Butelli et al.,
2008).

Enzyme extraction and assay

Frozen leaf material (100 mg) was homogenized to a fine powder
with liquid N2. Five volumes of extraction buffer comprising 0.02%
sodium azide, 10 mM mannitol, 0.1% polyvinylpyrrolidone, 10 mM

NaHSO3, 1 mM 2–mercaptoethanol, 1 mM phenylmethanesulfonyl-
fluoride and 50 mM Tris/acetate/EDTA (TAE) buffer, pH 7.5 (Van
den Ende et al., 1996) or Na-acetate buffer, pH 5.0 (depending in
the enzyme assay, see below) were added, and the mixture was
homogenized on ice. After centrifugation (5 min, 16 000 g at 4°C),

the supernatant was used to test for potential enzyme activity on
SucR. The assay reaction comprised 100 ll of the supernatant
(extracted at pH 7.5 or pH 5.0) and 100 ll of 100 mM SucR in
50 mM TAE buffer (pH 7.5) or Na-acetate (pH 5.0). The pellet was
also assayed for possible cell wall-associated enzyme activity on
SucR. Then 200 ll of 50 mM SucR in 50 mM TAE buffer (pH 7.5) or
Na-acetate (pH 5.0) were added to the pellet. Reactions were incu-
bated at 30°C, with additional shaking (500 rpm) for pellet only.
Reaction mixtures were then heated for 5 min at 90°C. After cool-
ing, the samples were centrifuged for 5 min at 16 000 g and ana-
lyzed by HPAEC-PAD as described previously (Vergauwen et al.,
2000). Injections of equal volumes were performed to make the
chromatographic output comparable.

Fenton reagent reactions

Commercially available sucralose (10 mM final concentration,
Sigma-Aldrich), Suc (10 mM final concentration; Roth, www.
carlroth.com) and 1–kestose (10 mM final concentration; Fluka,
www.fluka.org) were mixed with 1 mM H2O2, 100 lM FeSO4 and
100 lM Na-EDTA. For purified barley cavity sap samples, the con-
centration of H2O2 was increased to 50 mM due to high amounts
of various sugars. A blank reaction with double-distilled H2O
instead of standard sugar compounds was measured in parallel.
The pH was monitored during the reaction and was near neutral.
The reaction mixtures were well mixed and incubated at 30°C for
24 h as described previously (Peshev et al., 2013). Prior to MS
analysis, samples were diluted with acetonitrile containing 0.1%
formic acid to a final concentration of 50% acetonitrile.

SucR hydrolysis

For hydrolysis, 17 ll of 1 NM HCl was added to 300 ll of 1.25 M

SucR (pH < 3). The reaction mixture was incubated at 90°C for
24 h. The sample was neutralized by adding 15 ll of 1 NM NaOH.
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