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Abstract—Compatible solutes were assessed for their hydroxyl radical scavenging activity by thetr ability to compete
mn two different hydroxyl radical generating and detecing systems Hydroxyl radicals were generated by
ascorbate-hydrogen peroxide or by xanthine oxidase-hypoxanthine~hydrogen peroxide They were detected by
hydroxylation of salicylate or by denaturation of malate dehydrogenase. Of the compatible solutes tested, sorbitol,
mannitol, myo-inositol and proline were effective hydroxyl radical scavengers. Glycinebetaine was ineffective. The role
of compatible solutes as hydroxyl radical scavengers in vivo 1s discussed.

INTRODUCTION

Compatible solutes are a group of compounds defined by
thetr relatively nocuous effect on metabolism at high
concentrattons. These solutes accumulate 1n plant ceils n
response to a number of stresses and have been mainly
studied for thetr role 1n the osmotic adjustment of plants
subject to salimity and drought They may act as cytoplas-
mic osmottca which can be accumulated to high concen-
trations without effect on metabolism [1] The com-
patible solutes are drawn from several classes of com-
pound and the type accumulated 1s closely related to the
taxonomic position of a species The major types are: (1)
proline; (1) betaines (mainly glycinebetaine) and (i) sugar
alcohols (polyols), mainly manmnitol, sorbitol and pinitol
f1-47.

Apart from their role as cytoplasmic osmotica, there
have been suggestions that these compounds also have
other beneficial properties in plants suffering from
osmotic stress and water stress In wvitro studtes have
shown that they can retard thermal denaturation of
enzymes [ 5, 6], protect proteins from polyethylene glycol-
mduced preciprtation [7], stabilize membranes [8] and
protect enzymes against some forms of chemtcal dena-
turation [9]. The extent to which compatible solutes have
these roles in viwo, 1n addttion to their role as osmotica, is
not clear.

The observation that manmtol 1s frequently used by
chemusts as a scavenger of hydroxyl radicals [10] pro-
mpted us to examine the capacity of other compatible
solutes to scavenge hydroxyl radicals Hydroxyl radicals
are highly reactive and therefore potentially damaging to
cells, i particular by imtiating lipid peroxidation [ T1] It
has been suggested that increased generation of hydroxyl
radicals 1n damaged tissue elicits phytoalexin synthesis
[12]. In plants, superoxide and hydrogen peroxide are
generated n tlluminated chloroplasts and 1t is Itkely that
hydroxyl radicals are also formed [13] In normal cir-
cumstances, concentrations of these oxygen radicals are
likely to remain low because of the activity of protective
enzymes mcluding superoxide dismutase, catalase and
ascorbate peroxidase [13, 14] Water stress causes an

increase 1n lipid peroxidation and an accumulation of the
antroxidant a-tocopherol in grasses [15] and also increas-
es the activity of enzymes of the hydrogen peroxide
detoxifying system in chloroplasts [16] This suggests
that there 1s increased generation of oxygen radicals
under these conditions. Since compatible solutes also
accurnulate in droughted plants, their ability to scavenge
hydroxyl radicals 1s of interest

RESULTS

The hydroxyl radical scavenging activity of a range of
sofutes was assessed by alfowing them to compete n two
different types of hydroxyl radical generating and detec-
ting systems In the first system they were generated by a
mixture of ascorbate, hydrogen peroxide and iron, and
detected by their ability to hydroxylate salicylic acid [17)
In the second system they were generated by hypoxan-
thine, xanthine oxidase and hydrogen peroxide [17] and
detected by the denaturation of malate dehydrogenase

The abihity of compatible solutes to compete with
salicylate for hydroxyl radicals generated by the ascorb-
ate system 1s shown m Fig. 1. A reduction 1in hydrox-
ylatton indicates effective competition for hydroxyl rad-
1cals As concentrations of proline, mannitol, sorbitol and
myo-inositol (used as an analogue of commercially un-
obtamable pimnitol which 1s a methylated derivative of’
myo-nositol) increased, their hydroxyl radical scaveng-
ing activity increased. Glycine betaine, 1n contrast, was
meffective A wider range of solutes, including some non-
compatible solutes which also accumulate in plants, were
examined at a fixed concentration (Table 1) Sucrose and
the polyols were the most effective scavengers, followed
by y-aminobutyric acid, glutamine and profine. Glycine,
as well as glycinebetaine, was neffective Asparagine and
glutamate were tested but interfered with the hydroxyl
radical generating system

To confirm these results, the solutes were tested with
the xanthine oxidase-malate dehydrogenase system. The
rate of denaturation of malate dehydrogenase was in-
creased by xanthine oxidase-dependent hydroxyl radical

1057



1058

N SMIRNOFF and Q J CuMBFs

Table 1 The effect of various metabolites on salicylate hydrox-

100 - ylation by hydroxyl radicals
Agyo + sd %
80 - Control + metabolite control
Sucrose 156 + 004 004 + 001 25
60+ Glycerol 190 + 006 055 + 006 23
Myo-inositol 171 + 005 072 +002 42
40- Mannitol 152+ 018 069 + 004 45
- Sorbito! 136 + 040 061 + 003 55
p GABA 156+ 004 092+ 004 59
S 204 Glutamine 156 + 004 105 + 007 68
© Proline 116 + 008 092 + 005 79
* Glycine 156 +004 140+ 010 90
5 4 . Y . - Glyanebetame 110 + 002 107 + 009 97
b= o 20 40 60 80 —_— e e e e
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Fig. 1 The effect of various metabohtes on salicylate hydrox- 5 R T )
ylation by hydroxyl radicals Hydroxyl radicals were generated £ 0 40 80 120
by the ascorbate system (a) @ Proline, C glycine betaine (b) A =
Sorbitol. [] mannitol, @ myo-inositol 'é b
grooq -,
generation (Fig 2a) Addition of proline both decreased Z "um oo
the rate of denaturation in the absence of hydroxyl Z g0 "o om "
radicals and removed the effect of hydroxyl radicals (Fig ®a
2b) The compatible solutes and asparagine were com- ros
pared using this system (Table 2) Malate dehydrogenase 60 - .
activity after incubation with or without the solutes and *
with or without xanthine oxtdase (hydroxyl radicals) was
compared To allow for the stabilizing effect of the 40‘{
compatible solutes on malate dehydrogenase, a scaveng-
mg index was calculated (Table 2) Myo-nositol. sorbitol,
mannitol and proline protected the enzyme from den- 20+
aturation by hydroxyl radicals, while glycine betaine and
asparagine were neffecttve None of the solutes interfered B
with the xanthine oxidase reaction The relative eftective- o 40 80 120

ness of the compatible solutes as hydroxyl radical scaven-
gers was very similar in both assay systems

DISCUSSION

Among the compatible solutes examined, sorbitol,
mannitol, myo-tnosttol (pmitol analogue) and proline
were effective scavengers of hydroxyl radicals Glycine-
betaine, however, was ineffective Non-compatible solutes

Time, mm

Fig 2 The effect of proline on malate dehydrogenase (MDH)
mactivation by hydroxyl radicals Hydroxyl radicals were gener-
ated by the xanthine oxidase system (a) Indactivation of MDH
by hydroxyl radicals- B control, {  hydroxyl radicals generated
by xanthine oxidase (b) Effect of proline on MDH mnactivation
by hydroxyl radicais— B proline (33 mM), 7+ hydroxyl radicals
generated by xanthine oxidase + proline (33 mM)
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Table 2 The effect of various metabolites on malate dehydrogenase (MDH) inactivation by
hydroxy! radicals

Control + xanthine oxidase
No metabolite + metabolite No metabolite + metabolite Scavenging
(a) (b) (©) (d) index
Myo-1nositol 650 + 18 660 + 0 261 + 16 536 + 4 532
Sorbitol 584 + 34 661 + 35 266 + 23 530+ 9 505
Mannitol 1002 + 34 1061 + 35 592 + 47 841 + 17 483
Proline 1002 + 34 1090 + 17 592 + 47 804 + 29 403
Glycinebetaine 648 + 11 701 + 34 344 4+ 13 361 + 53 106
Asparagine 650 + 18 425 + 11 261 + 16 144 + 18 0.90

Hydroxy! radicals were generated in the xanthine oxidase system and metabolites were added
at 33 mM Values 1n the table are MDH activity (arbitrary units) + sd The scavenging index

bla—c)

a(b—d)
competition for hydroxyl radicals

18

such as sucrose, glutamine and y-aminobutyric acid were
also able to scavenge hydroxyl radicals The products of
reactions between compatible solutes and hydroxyl rad-
icals were not considered, but hydroxyproline could be
formed from prohine [18]

The results show that all the compatible solutes except
glycine betaine could, in principle, protect cells against
mternally generated hydroxyl radicals A simular role has
been suggested for flavonoids [19] Further experiments
are needed to determine the extent to which compatible
solutes could have this role in vwo in plants under
conditions of drought (see Introduction) or low tempera-
ture. Low temperature as well as drought can cause
proline accumulation [20] and plants could be subject to
oxidative damage under these conditions [21] If 1t 1s to
be postulated that hydroxyl radical scavenging ability has
been one of the selection pressures over evolutionary time
for the type of solute accumulated, why 1s glycinebetaine,
a major compatible solute, ineffective? The simplest ex-
planation 1s that the scavenging abiltty 1s incidental and
phystologically untmportant. An alternative, and tenta-
tive, explanation can be based on the observation that
those species which accumulate glycinebetaine will also
accumulate proline, for example wheat, barley [22, 23]
and a number of halophytes [2], particularly if they are
subject to rapid or severe osmotic stress. The same
appears to be true of some members of the Chenopodia-
ceae which are otherwise exclusively betaine accumu-
lators [24]. Proline could perhaps provide extra pro-
tection to these plants since a rapid stress to which there 1s
no time for adaptive response could lead to oxygen
radical damage These conclusions are necessarily specul-
ative but mer1t further investigation

EXPERIMENTAL

Two methods were used for generating and detecting hydroxyl
radicals The hydroxyl scavenging activity of solutes was deter-
mined by adding them to a generating/detecting system and
observing their competition with the detector In the first system,
hydroxyl radicals were generated from ascorbate and detected
by their ability to hydroxyfate salicylic acid [17] The reaction
mixture contained, 1n a total vol of 3 cm3, 150 mM K-P1 buffer,
pH 74, 026 mM ascorbic acid, 015 mM Fe EDTA, 06 mM
H,0,, 2 mM Na salicylate and varying concns of test solutes

A value of 1 indicates no effect of added metabolite and values of > 1 indicate effective

After incubation for 100 min at 25°, hydroxylated salicylate was
measured by the method of ref [17] In the second system, also
based on the method of ref (17), hydroxyl radicals were gener-
ated by xanthine oxidase and hypoxanthine and detected by
their ability to denature malate dehydrogenase The reaction
mixture contained, 1n a total vol of 3 cm?, 150 mM K-P1 buffer,
024 mM hypoxanthine, 0 6 mM H,0,,015mM Fe EDTA, 01
umits malate dehydrogenase (Bovine Heart, Sigma The reaction
was started by 042 umts xanthine oxidase (Sigma) Xanthine
oxidase was omitted from control incubations in which no
hydroxyl radicals were generated After incubation at 25° for a
set time 1nterval (see individual experiments), a 0 | cm? aliquot
was taken for assay of malate dehydrogenase activity The MDH
assay mixture contained, 1n a total vol of 3 ¢cm?, 50 mM K-Pi1
buffer, pH 7.5, 0 1 mM oxaloacetate and 0 | mM NADH The
rate of NADH oxidation was momtored at 340 nm

Preliminary experiments indicated that the compatible solutes
did not interact with superoxide radicals
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