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Saturation of membrane lipids by hydrogenation induces thermal 
stability in chloroplast inhibiting the heat-dependent stimulation 

of Photosystem I-mediated electron transport 
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Mild hydrogenation (up to 20%) of e/s douMe bends of acyl lipids within thylakuld membranes results in a marked 
increase in the threshold temperature at which heat stress-induced stimulation of DCPIPHz-supported PS l-mediated 
electron transport is initiated. Lipid saturation above 35% totally prevents the appearance of any increase in electron 
flow to PS I upon heat pretreatment. Experiments conducted on uncoupled chloroplast shmv that photosynthetic control 
of electron transport is not involved in the protective effect associated with lipid saturation. Homogeneous catalytic 
hydrogenation of unsaturated fatty acids within chloroplast membranes proved to be a powerful technique in verifying 
that heat stability of cMoroplasts is coupled to the level of fatty acid unsaturation. 

Exposure of higher plant cells to heat stress results in 
irreversible damage to photosynthesis prior to impair- 
ment of other cell functions [1,2]. Photosystem ll-medi- 
ated electron transport rates and photophosphorylation 
are particularly susceptible to high temperature [2-5|. It 
was suggested that elevated temperatures result in the 
blockage of PS II reaction centers and then cause 
dissociation of ',he peripheral fight-harvesting apparatus 
of PS l I  [2,4]. The loss of activity was accompanied by a 
sharp increase in chlorophyll a fluorescence from PS I 
[61. 

The PS I-mediated electron transport, however, was 
apparently stimulated rather than inhibited at the 
threshold temperature at which the damage to PS II 
occurred. Recent studies of Thomas et al. [7] have 
provided new data concerning the origin of the changes 
in PS I activity observed in the heat-stressed chloro- 
plast. The stimulation of PS l-mediated electron trans- 
port  from reduced 2,6-dichlorophenolindophenol 
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(DCPIPHz) to methyl viologen (MV) can not be 
accounted for by either thermal uncoupling or grana 
destacking as was suggested previously [3,4]. Instead, 
the observed increase in PS 1 activity can mainly be 
attributed to the thermal stress-induced formation of 
new acceptor sites for DCPIPH 2 within the cytochrome 
f / b  6 complex. Newly formed electron donation sites 
were located at the reducing site of the Rieske Fe-S 
center tested by using EDAC as an inhibitor of the 
electron transport chain. 

It was also suggested that the breakdown of mem- 
brane organisation coupled with the apparent stimula- 
tion of PS 1 may be related to the phase separation of 
non-bilayer forming lipids in heat-stressed membranes 
[3,7]. Evidence that the appearance of non-bilayer lipid 
phase under heat stress might be related to the reduced 
thermal stability of chloroplast has been described re- 
cently [8]. 

Employing the technique of homogeneous catalytic 
hydrogenation of the biomembranes [9-11] we were 
able to demonstrate that the selective saturation of cis  

double bonds of lipid alkyl chains within the intact 
thylakoids resulted in a marked increase in the threshold 
temperatures at which both the thermal damage of PS 
ll-mediated electron transport and formation of non- 
bilayer lipid phase occurred [8]. Heat-induced stimula- 
tion of PS I may also be controlled by the level of 
unsaturated lipids in the thylakoid membranes. 

Data presented in this paper indicate that the reduc- 
tion of the double bond content of fatty acids by 
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catalytic hydrogenation in thylakoid membranes pre- 
vents thermally induced changes in DCPIPH2-su p- 
ported electron transport through PS I. 

The catalyst, Pd(QS)2, is a product of Molecular 
Probes, Eugene, OR. DCPIP, MV and EDAC were 
purchased from Sigma Co. All other chemicals were of 
commercial grade. 

Chloroplasts were isolated from leaf tissues of 3- 
week-old pea seedlings (Pisum sativum L. var BR-52, 
Oroshhza) by the method of Stokes and Walker [12] and 
suspended in isolation medium consisting of 0.33 M 
sorbitol, 5 mM MgCI 2, 2 mM EDTA, 10 mM NaCI, 1 
mM MnCI 2, 30 mM phosphate buffer (pH 6.5). To 
yield class D chloroplasts (naked thylakoids) they were 
then lysed by resuspension in a medium consisting of 2 
mM EDTA, 10 mM NaCI, 2 mM MgCI 2, 15 mM 
phosphate buffer (pH 6.5). 

Chlorophyll concentrations were estimated by the 
rnethod of Arnon [13]. Aliquots of thylakoid suspen- 
sions (15/~g chlorophyll/ml) were hydrogenated essen- 
tially as described earlier [8,14]. 

At the end of the procedure, chloroplasts were washed 
twice with fresh isolation medium then transferred to an 
assay medium containing 40/~M DCPIP, 100/~M MV, 
2 mM sodium ascorbate, 0.8 mM NaN 3 and 16 ~M 
DCMU, which was also used for measuring PS I activ- 
ity (oxygen uptake). 

An aliquot (5 ml) of control (where oxyge:t-frec 
nitrogen in place of hydrogen was used in the presence 
of catalyst) or partially hydrogenated chloroplasts (ad- 
justed to 10 #g chlorophyll/ml) were suspended in PS I 
assay medium in the absence or presence of 5 mM 
NH4CI as uncoupler [7] and were incubated at different 
temperatures by rotating the tubes at 30 rpm for 5 min. 
The samples were then cooled to 25°C. Electron trans- 
port rates through PS I were estimated from rates of O 2 
uptake associated with electron flow from DCPIPH2 to 
methyl viologen, according to Ref. 7. In some cases the 
effects of incubation temperatures on PS I-mediated 
oxygen uptake were measured in chloroplasts which had 
been pretreated with 2 mM EDAC, a blocker of the 
heat-stimulated electron flow acting before cytochrome 
.f [71. 

Extraction and analysis of fatty acids were par- 
formed as described in Ref. 10. Data op. figures are the 
means of triplicate analyses from a single experiment on 
a single set of membranes and are in all cases typical of 
other experiments performed under identical condi- 
tions. 

Hydrogenation of thylakoid vesicles led to vary rapid 
increases in the level of fatty acid saturation: approx. 
70~ of the average number of double bonds of the 
lipids are lost after 25 min of the reaction. Fatty acid 
composition of lipids at partial saturation has been 
presented recently [14]. 

The PS I-mediated electron transpoc" (from 
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Fig. 1. The relative rates of PS I-mediatexi electron transport in 
nonhydrogenated (× - -  × ) and partially hydrogenated 
(O O, 16g, o - ~ - o ,  20~; gl . . . . .  II, 35%; O - r e ,  
55%) samples, heat-stressed at different temperatures. Assay condi- 

tions are described in the text. 

DCPIPH 2 to MV) was apparently unaffected by the 
progressive saturation of cis double bonds in the chlo- 
roplast lipids (Fig. 1). The same phenomenon was 
observed previously in intact chloroplasts [11]. 

In agreement with earlier studies [7,1.5] exposure of 
thylakoid vesicles to temperatures above 35°C led to a 
stimulation of PS I-mediated electron transport rate 
(Fig. 1)+ The hydrogenation prc:edure itself had no 
effect on the heat-induced changes ix P S I  since both 
untreated and control samples that were put through 
the procedure but  exposed to N 2 instead of H 2 showed 
the same PS I activity. Conversion of acyl-lipids within 
the intact photosynthetic membranes to their more 
saturated form, however, resulted in substantial alter- 
ations in the effects of heat stress on the PS I-mediated 
electron transport. In mildly hydrogenated :rumples (10 
and 20~ hydrogenation, respectively) the critical tern.. 
peratures at which P S I  stimulation was initiated, shifted 
g~adually upwards (Fig. 1). The protective effect, ap- 
parently associated with saturation of the lipids, was 
more evident in samples saturated to a higher degree 
(35~ and 55~). In these cases there was no s.ign of heat 
stress-induced stimulation of PS I, instead, ;n samples 
saturated up to 35~, the relative activity of PS I ap- 
parently remained constant up to 50°C,  ~nd declined 
thereafter. It was of interest, that while the thermal 
stress-induced stimulation was also absen t  the PS I- 
mediated electron transport was inhibited at lower tem- 
perature (approx. 43 ° C) in extensively saturated (55~) 
~amples. That inhibition of DCPIPH2-supported elec- 
tron transport through P S I  at  temperatures above 
about 5 0 - 5 5 ° C  was also reported and discussed in 
other studies [6]. 
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Fig. 2. The effect of incubation temt~:rature on the relative rates of PS 
l-mediated oxygen uptake in the presence ( × - -  × ) or absence 
( o - - e )  of NH4CI as unCOupler and on PS I activities on 
chloroplasts pretreated ~ith EDAC (11--11) .  Comparison was 
made with nonhydrogenated (Fig. 2A), mildly (20~) hydrogenated 
(Fig. 2B) and extensively (557o) hydrogenated (Fig. 2C) samples, 

respecti,,ely. 

Relief of photosynthetic control by the addition of 5 
mM NH4Ci ;is uncoupler resulted in a pronounced 
stimulation in the basal activity of PS I-mediated elec- 
tron transport in both the unl:reated and hydrogenated 
~amples (Fig. 2). It was s h o ~  in our previous experi- 
ments that progressive hydrogenation of lipids in the 
photosynthetic membranes is paralleled with extensive 
u~ncoupling between the non-cyclic phosphorylation and 
ti~e linear electron transport flow [11]. In contrast, cyclic 
phosphorylation around PS I proved to be far more 
resistant to an equivalent lev(;l of saturation. Predic- 
tibly, the hydrogenated systems remained in a weU-cou- 
pied state and the addition of uncoupler brought about 
only a slightly lower level of stimulation in basal activ- 
i ts  than that observed when compared with nonhydro- 
geuated control. 

Plots showing temperaturedependency of the rate of 
PS I-mediated elec*.ron transport, tested in the presence 
or absence of uncoupler, ran nearly parallel with each 
other, both in the nonhydrogenated (Fig. ZA), and 
mildly (20~) (Fig. 213) or extensively hydrogenated (555) 
(Fig. 2C) samples, respectively. Thus, our results further 
support the proposal, that increased rates in P S I  seen 
following the heat stress of chloroplasts cannot be 
accourtted for by thermal uncoupling. Moreover, it is 
postulated that photosynthetic control of electron trans- 
port is not involved in the protective effect associated 
with a,n elevated level of fipid saturation. 

The final step in elucidating the nature of thermal 
protection brought about by mild hydrogenation of 
fipid was to estabfish whether electrons from DCPIPH2 
entered the electron chain at the same point in the 
control and hydrogenated samples. Treatment with 
EDAC, slightly reduced the basal electron flow, but 
almost completely blocked the hcat-induced stimulation 
of PS I-mediated electron transport, both in control and 
mildly (20~) hydrogenated chloroplasts (Figs. 2A, 2B). 
(EDAC was apparently ineffective in the case of 55~ 
saturation.) These results indicated, that mildly hydro- 
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genated systems still maintained the same electron 
donation site of DCPIPH~ formed by heat damage, but 
20% hydro.genation resulted in an upward shift in the 
temperature, required for the 'opening' of this new 
aeceptor site(s). The higher level of fatty acid saturation 
obtained at 35% hydrogenation may totally prevent the 
structural reorganization of the membranes responsible 
for the heat stimulation of P S I  activity. 

Several studies indicate that acclimation of plant 
cells to high temperatures results in the appearance of 
polar thylakoid lipids with more saturated fatty acids 
[1,16-18]. Increased lipid saturation observed during 
thermal acclimation has been considered to be a factor 
that reduces the possibility of the conversion of lamellar 
phase of lipids to inverted hexagonal [2,3]. It has also 
been suggested, that alteration of fatty acid pattern 
observed during high temperature acclimation would 
t~.~d to reduce the overall level of membrane fluidity 
[17]. This assumption predicted that threshold tempera- 
tures for irreversible heat damage are related to an 
upper limit of thylakoid membrane fluidity above which 
the membrane becomes unstable and disintegrates [2,17]. 
The availability of the technique of homogeneous cata- 
lytic hydrogenation using the :mlphonated alizarine de- 
rivative of Pd(I1) as catalyst [9-11] permitted us to 
directly test the adaptive value :~f 5~id saturation and to 
assess the validity of the assmlptions deseribed above. 
Results, presented in this investigation, indicated that 
even a mild hydrogenation manifests in a marked in- 
crease in the threshold temperature for assumed re- 
arrangement of the thylakoid membrane which conse- 
quently leads to the stimulation of PS I-mediated elec- 
tron transport. Extensive saturation of thylakoid lipids 
(above 355) totally prevents the appearance of any 
increase in electron flow to P S I  upon heat treatment. 

One of the main interests of the above and previous 
[8] findirgs is the apparent difference found in the 
extent ot thermal protection afforded by nuid hydro- 
genation to the regions of PS II [8] and to cytochrome 
f / b  6. A possible explanation could be, that because the 
major pool of PS II is localized in the appressecl mem- 
branes of grana [19], the access of catalyst to the PS I1 
core, in contrast to the lipids in the vicinity of the 
evenly distributed cytochrom¢ [ / b  C [20], is relatively 
restricted. For similar reason, i t  is also conceivable that 
areas of heat-stressed membranes where separation of 
non-bilayer forming lipids, inspite of mild saturation, 
still occurred [8], are spatially segregated from those 
regions, where thermal protection resulting from mild 
hydrogenation is manifested. The assumption, that 
membranes can act as a barrier to the catalyst employed 
in ~,e present s~udy has also been evide:rtced by previ- 
ous observations [21]. More study is needed ",o clarify 
this issue. 

In summary, the method of homogeneous catalytic 
hydrogenation proved to be a useful experimental ap- 
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proach to verify s.hat acquired heat  tolerance, both  of  
PS ] l -media ted  electron t ranspor t  [8J and  D C P I P H  2- 
suppor ted  elc¢tron flow through PS I can essentially be 
media ted  by sa tura t ion of  fat ty  acyl chains  as a com-  
m o n  adapt ive  s~.rategy. Since the molecular  mechan ism,  
inducing thermal  tolerance of  chloroplasts  in vivo still 
r emains  to be elucidated,  fur ther  s tudies are in progress,  
focussing mainly  op. the hydrogena t ion-a f fo rded  heat  
protect ion within intact  algal cells. 
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