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A d d i t i o n  ot h igh  c o t l c c n t r a l i o n s  ol  conlF, a t ib l c  c~.l-stlJtllcs s u c h  as  s u g a r s ,  s u g a r  ~.lJcoJloJs a n d  po lyo l s  has  r c c c n l l y  b e e n  s h o w n  t o  
lead Io marked increases in the Ihcrmal stability ~1 nxygen-cvolulion in chloroplasts (Williams ctal .  (19921 Bmchim. Biophys. 
Acta 10t)9. 137-144). In this paper, a similar .qabilisation is demonstrated liar oxygcn-cwllving PS I1 core preparations. The 
presence of such co-solutes appears, hcw, cvcr. to have no ability to stabilisc PS 11 rcaclion-ccntrc prcparation,~ against 
heat-induced changes ia their ab~,qwption spectrum. Nor do they protect clcctmn transport from artificial clcctmn donors in PS 
II core preparations lucking the extrinsic 33 kDa polypcptidc of the oxygen-evolution system. Measurements perl'nrmcd on core 
preparalions retaining the 33 kDa polypcptidc but lacking the 17 kDa and 23 kDu polypctidcs indicate thai the co-solutes protect 
PS-11-mcdiatcd electron trt~nsport by :,labilising lhc binding of the 33 kDa polypcptidc to the core complexes. These findings are 
discussed in terms of an extension of the general principles undcrlyiog the liofmcislcr effect observed for soluble proteins to the 
slabilisation of photosynthetic membrane preparations. 

Introduction 

Photosystem 11 ~PS II) is generally recogniscd as 
hein~ one of the most thermally labile components of 
the photosynthetic apparatus (scc reviews, Relk. 1 and 
21. It has been kmlwn liar some lime thai the threshold 
temperature for damage to PS II in thermophilic algae 
[3-5] and certain chilling-scnsitivc plants [6-8] can bc 
increased by raising their growth temperature. 

In most cases, these increases have been a c c o m p a -  

n i e d  by parallel increases in the saturanon of the fatty 
acids of the lipids of their photosynthetic membranes.  
Similar incrcascs in the threshold temperature for PS 
II damage have been reported for higher plant chloro- 
plasts [9] and algal cells [10] subjected to catalytic 

Ahbrevitltinns: D ( ' M U ,  3-(3 ,4-dichlorophenyl)- I . l ' -d imethylurca;  
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hydrogenation and the chloroplasts of a fatty acid 
desaturasc mutant of Arabidopsis charactcrised by re- 
duced amoun!s of po!yunsaturated fatty acids [11]. Ob- 
servations of this type have been interpreted as indicat- 
ing that the level of membrane lipid saturation plays a 
major talc in dctcrmining PS 11 stability. 

We have recently shown that the addition of com- 
patiblc co-solutes such as sugars, sugar alcohols and 
polyols leads to marked increases in the thermal stabil- 
ity oil PS 11 [12,13]. The addition of these solutes, 
however, was also shown to trigger non-bilayer lipid 
phasc separations in chloroplast membranes,  casting 
doubt on thc idca that PS I! stabilisation, in this case 
at least, was associatcd with mcmbranc lipid effects. 

It is well established that  the presence of compatible 
co-solutes stabilises soluble proteins against thermal 
denaturat ion [14-21]. Recent studies have shown that  
they can also have marked effects on membrane lipid 
stability [22-2.5]. We suggested, therefore, that the 
effects of the co-solutes on thylakoid membrane stabil- 
ity and the stabilisation of PS-l l-mediated electron 
transport might be due to independent  effects on the 
lipid bilayer and the photosynthetic apparatus of PS 1I 
[131. 
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In this study, we report the effects of the addition of 
compatible co-solutes on dctcrgcnt-stabiliscd oxygen- 
evolving PS Ii core and PS 11 reaction ccntrc prepare,. 
tions that contain relatively low amounts of lipid. Wc 
demonstrate that the degree of PS 11 stabilisation in 
oxygen.evolving core preparat ions is essentially identi- 
cal to that seen in isolated chlaroplasts. Evidence is 
presented indicating that PS !! stabilisation is depen- 
dent on the p,'eservation of the binding of the 33 kD 
extrinsic polypeptide of the oxygen-evolution apparatus 
to the  PS 11 reaction centre. 

Materials and Methods 

Isolation o f  oxvgen-et'oh'ing corer 
Chloroplasts were isolated from the leaves of 2-3- 

week-old pea seedlings by the method of Stokes and 
Walker [26]. Oxygen-evolving PS 11 cores [27] and PS I1 
reaction centres [28] were isolated as described elsc- 
wh=re. The preparations, suspended in an assay 
medium consisting of 0.4 M suc rose / I l l  mM N a C I / 5  
mM CaCI~/40  mM Mcs (pH 6.111 were stored at 
-65°C.  The concentrated suspensions were diluted 
and resuspended in aliquots of the same medium con- 
taining appropriate concentrations of co-solutes as re- 
quired. 

Fluoresence measurements 
Chlorophyll a fluorescence was measured using a 

modified Perkin Elmer MPF-44A spectrofluorimeter. 
Fluorescence was excited using a weak modulated 4311 
nm excitation beam and detected at 685 nm. Samples 
(Chl concentration 2-5 /zg ml - t )  contained 2.5 mM 
K3Fe(CN)6 as electron acccptor and 6.25 mM NH4CI 
as uncoupler to ensure that PS il traps remained open 
during measurements  of F o. 33 # M  DCMU and 1.0 
mM NH2OH - HCI were added and the samples illumi- 
nated with a broad-band blue unmodulatcd actinic 
beam to ensure closure of PS I1 traps during Fm 
measurements.  The samples were heated at a rate of 2 
C ~ min-~ during temperature-dependence measure- 
ments. 

Oxygen-et'ohtlion measurements 
Oxygen-evolution was measured using a Hansatcch 

oxygen electrode. Aliquots of 2.5 ml of assay medium 
containing appropriate concentrations of cu-solutes 
were pre-incubated at different temperatures.  I11 p l  of 
a concentrated suspension of oxygen-evolving cores 
were added to the pre-heated media (final Chl concen- 
tration 6.9 ~g  ml-~ ) and incubated for 5 min. The 
samples were rapidly cooled on ice and re-equilibrated 
at 25"C for 5 rain; their ability to evolve oxygen was 
then measured in the presence of 2.5 mM K3Fe(CN) ~ 
and 6.25 mM NH+CI. Measurements  were made under 
saturating light intensities. 

PS-ll-mediawd eh'clr~m Irtttl.~,lJ¢,~ll 
Mcasurcu'cnts  were carried out u,~ing a Pcrkin- 

Elmer 557 spcctrophotomctcr equipped with a 01crmo- 
static cireul~:tor. Actinic light wa~ transmitted through 
a Schott R(;h(~() filter. The sanlples contained 5 p ,g/ml 
of Chl a; 11.5 mM DPC and 0.115 mM DCPIP were used 
as electron donor and electron acccptor, respectively. 
The extinction coefficient of DCPIP was takcn to bc 16 
m S  ~ cm 

Electrotdloresis 
SDS-polyacrylamidc gel electrophore,;is was carried 

out using 13.5% (w/v)  acrylamide, 4 M urea gels aad 
the Lacmmli buffer systcm [29]. Samplcs wcrc loaded 
at '~ Lzvel of II, ,,,, Chl a per  lane. Western blotting 
was performed as descriLe,| elsewhere [3(I]. The anti- 
body to the 3 ;  kDa polypcptidc was a gilt trom Profes- 
sor Bertil Andersson, University of Stockho!m. 

Results 

The effect of high concentrations of o~mpatible 
co-solutes on the stability of PS-ll-mediatcd electron 
transport in oxygen-evolving cores was found to be vcrs, 
similar to that previously reported for chloroplast thyl- 
akoid preparations 113]. PS 1I stability was monitorcd 
both by measurements of the temperature-dependence 
of chlorophyll a fluoresence (Fig. 11 and by direct 
measurements  of oxygen-evolution efficiency (Fig. 2). 

As illustrated in Fig. I, the value of Fc~ increases as 
the samplc.~ arc heated above a threshold temperaturc,  
7".. reaching a maximum at a temperature T., helore 
decreasing at hi~'her temperatures. The value of F.,, in 
contrast, remains fairly constant until the temperature 
of the samples reach 45-511°C. but decreases sharply at 
higher temperatures. The variable component of PS II 
fluorescence (F,  = F,:, - Fo). associated with the photo- 
chemical activity of PS il, disappears at temperatures 
above 7],+,. 

Addition of high concentrations of co-solutes leads 
to marked increases in the values of 7; and T,,, and 
thus raises the threshold temperature for the loss of 
F,. Typical Tm values for cores suspcndcd in high 
concentrations of a range of different co-solutes are set 
out in Table 1. Of the co-solutes tested, sucrose and 
trehalose (disaccharides) were the most efficient in 
stabilising the cores against exposure to elevated tem- 
peratures followed by sorbitol (sugar alcohol), betainc 
(amino-sugar), glycerol (polyol) and glucose (monosac- 
charide). 

The only significant difference between the present 
results and those obtained for chloroplast thylakoids 
[13] is that the core preparations lack the initial de- 
crease in F~ seen in chloroplasts below 45°C. This 
decrease reflects the reversible dissociation of the 
light-harvesting antennae from the core particle of PS 
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!i [31]. Oxygen-evolving core,-, lack thcsc antcmme 
complexes and t h u s  s h o w  n o  s u c h  dcerease. 

T y p i c a l  m e a s u r c m e n t s  t ,f  t h e  protective ef fc¢ l  e f  

s u c r o s e  o n  t h e  o x y g e n - c w f l u t i o n  c a p a c i t y  o f  PS I! c o r e s  

i n c u b a t e d  a t  e l e v a t e d  t e m p e r a t u r e s  a r e  p r e s e n t e d  in 

Fig .  2. T h c  v a l . c s  o f  T; a n d  7 ' .  t ~b t a incd  i r o m  f l u o r e s -  

c e n c e  m e a s u r e m e n t s  o n  t h e  s a m e  preparations a r c  

i n d i c a t e d  in t h e  i i g u r e  l o r  c o m p a r i s o n .  T h e  p r e s e n c e  o f  

h igh  c o n c e n t r a t i o n s  o f  s u c r o s e  l e a d s  t o  a s i m i l a r  s t ab i l i -  

sation of PS-II-mediated oxygen-evolution to that pre- 
viously rcpoltcd lor chloroplast preparations [131. 

In order to detcrmiac whether the temperature.de- 
pendent lesion Leading to the loss o f  oxygen-cw)lution 
activity lies in the reaetitm-eentrc of PS !1 ot the 
oxygen-ewdution system,, we examined the effect of the 
¢O-solulcs on the temperature stability of PS II reac- 
tion-centre preparations. Incubation of  reaction-centre 
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3.1l M helainc 550 
3.1} M s,L~rbilo[ 5h.O 
1.8 M hchalor, c 5/4.5 
2 ,l M sucro~,e hO.5 

preparations at higher temperatures results in a shift (;f 
the red absorption maximum of the centres to shorter 
wavelengths [32,33]. A plot illustlating the tempera- 
lure-dependence of  this shift is presented in Fig. 3. 
The presence of  co-solutes clearly has no protective 
effect, as refieeteu by this test at least, on the reaction 
ceatre preparation. This suggests that the protective 
effect of the co-solutes on the core preparations is 
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Fig. 2. Oxygcn-c;olut ion c[f idenc), o l  core preparalkms subjected to 
5 nl in inctJhalhm at ¢l¢',ated tempcralurcs p inned a~, a function Of 
incuhation lemperaturc. Samples were incubated in media contain- 
ing 11.4 M (e) or 2.0 M (~,) sucrose. A l l  measurements were made  at 

25'(" under saturating light eondilions. 7", and T m values e s t i m a t e d  
from fluorc~'cncc plots of t h e  t y p e  shown in Fig. 2. 
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exerted at the level of the oxygen-evolution apparatus 
rather  than that of the PS li reaction centre. 

This view is supported by comparison of measure- 
ments of the effect of sucrose on the rate of DCPIP-re- 
duetion in heat-treated core preparations which con- 
tain, or lack, the 33 kDa extrinsic polypeptide of the 
oxygen-evolution system, presented in Fig. 4. Ceres 
washed with 1.5 M NaCI, which removes the 17 kDa 
and 23 kDa extrinsic polypetides but leaves the 33 kDa 
polypeptide, evolve oxygen on illumination and exhibit 
a similar stabilisation in the presence of high concen- 
tration of sucrose to that shown by the original core 
preparations (Fig. 4a). Cores washed with I M "'aCl, ,  

~)5 

which removes all three extrinsic polypcptide,, [34], do 
not evolve oxygen under our measuring conditions. 
Thch ability to reduce D( 'PIP on illumination i,+ re- 
stored on the addition of DP(" as electron donor, but 
the ability of high concentrations t~t sucro~;e to stabilise 
PS-Ii-mediated electron transport against heat-induced 
damage is not restored (Fig. 4b). 

The relationship between compatible co-solute sta- 
bilisation of PS-ll-mediated electron transport and the 
binding of the 33 kl)a polypeptide was further investi- 
gated using SDS-PAGE and Western blotting tech- 
niques. Small aliquots (10 #1) of concentrated oxygen- 
evolving cores pre-washed with 1 M NaCI were added 
to preheated assay medium (2.5 ml) containing either 
0.4 M or 2.4 M sucrose and incubated for 5 rain as 
described above. The samples were then cooled on ice, 
pelleted by ecntrifugation and subjcctcd to SDS-PAGE 
analysis. A typical set of gels and Western blots show- 
ing the changing polypeptide cemposition of the heat- 
treated cores is presented in Fig. 5. 

In the case of the cores suspended in assay medium 
containing 0.4 M sucrose, there is an essentially com- 
plete loss of the 33 kDa polypeptidc in samples incu- 
bated at temperatures above about 40°C. Little :oss of 
the 33 kDa polypeptide, however, is observed for the 
same samples suspended in the presence of 2.4 M 
sucrose even at 60°C. The loss of the 33 kD polypetide 
is to some extent obscured in the case of the SDS gels 
by the presence of the DI and D2 proteins, but is 
clearly apparent in the corresponding Western blots. 
The marked stabilisation of the binding of the 33 kDa 
polypetide by Mgh concentrations of sucrose strongly 
supports the view that the ce-solutes exert their protec- 
tive effect by stabilising the organisation of the 
exygcn-cvolution apparatus. 
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Fig. 4. Plot.,, illustrating the dependel~ce of PS-ll-medialcd DCPIP reduction on incubation h:nzpcrature for (a) Na(';-washcd cores and (b) 
CaCI ,-'~ashcd cores. Samples wcrc incubated in the presence <if t).4 M (q~ :,r 2.0 M (~:~) sucrose. 
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Discussion 

We have previously reported that high concentra- 
tions of compatible co-solutes lead to a marked stabili- 
sation of the oxygen-evolution capabability of thylakoid 
preparations [12.13]. In this paper, wc have sh(--,n a 
similar stabilisation for oxygen-evolving core prepara- 
tions (Figs. I and 2; Table 1) by a range of co-solutes. 
R,:ccntly. Papageorgiou ct al. I351 havc also reported 
the stab!lisation of oxygen-evolving PS I1 core prepara- 
tions by betaine against inactivation of oxygen-evolu- 
tion by high concentrations of NaCI. 

It is clear, both from our present study and the 
study of Papageorgiou ct al. [35], that the key factor in 

this stabilisation is the ability of co-solutes of this type 
to :~tabilise the binding of the extrinsic polypeptides 
associalcd with the oxygen-evolution system to the PS 
Ii corc particles. The prcscncc of such solutes appears 
to havc no stabilising effect on the reaction centre 
complex ol PS Ii against heat-induced changes in their 
absorption spectrum (Fig. 3). The protective action of 
the co-solutes thus appears to be mainly, if not exclu- 
sively, associatcd with the stabilisation of the oxygen- 
cvolution apparatus of PS 11. 

Measurements of PS-ll-mcdiated electron transport 
from DPC to DCPIP performed o ,  NaCI-washed cores 
and CaCI2-washed cores point to the key role of the 33 
kDa extrinsic polypeptide. Electron transport is only 
stabilised by high concentrations of compatible co-so- 
h,tcs in cores containing this .,~lypetidc (Figs. 4 and 5). 
It is important, however, to bear in mind that the 
presence of 5 mM CaCI~ in our assay medium will 
compensate for any effects specifically associated with 
the dis,:ociation of the 17 kDa and 23 kDa protein [34]. 
II is also well established that oxygen-evolution is ob- 
served, albeit at ~, rather lower rate, in core-prepara- 
tions lacking the 33 kDa polypetide in the presence of 
high ~onccntrations of NaCI [36]. It is thus probably 
the role of |he extrinsic polypeptides in stabilising 
oiher components of the PS !! complex, such as the 
manganese cluster, rather than the presence ,-,f the 
individual polypeptides that is of primary importance. 

The ability of compatible co-solutes to stabilise solu- 
ble proteins against denaturation is well established 
and has received considerable attention over many 
years. Following the work of Timasheff and his collabo- 
rators [14-20]. it is generally rccogaised that co-~lutes  
that do not interact with the surface of ~ lublc  proteins 
:~re normally cxclud,:d from the water /pro te in  inter- 
fa,:c. Thi:; depletion which results in an increase in 
order, and hence a decrease in entropy, of the system 
is minimised by a reduction in interfacial a r ea  This, in 
turn. Icads to a preferential stabilisation of the folded, 
or in the c~tse of multi subunit proteins the aggregated, 
structure over the unfolded state. Co-solutes such as 
urea and guanadine hydrochloride which exhibit a 
prcfcrcntial interaction with non-polar groups in the 
protein surface, in contrast, tend t,_~ favour the un- 
folded or denatured state. 

The gcncral principles inw)lvcd are equally applica- 
ble to any macromolecular assembly. Recently, particu- 
lar interest has been focused on the effects of salts and 
compatible co-solutes on the phase behaviour of mere- 
blanc lipids where the less-ehaotropic species tend to 
stabilise the gel-lamellar and non-bilayer phases (lower 
surface a rea / l ip id  molecule) with respect to the 
liquid-crystal lameilar phase (higher surface a rea / l ip id  
molecule) [23-25]. Similar considerations predict that 
compatible co-solutes should favour the stabilisation of 
membrane-bound extrinsic proteins. 



in the case of chloroplasts, thesc effects man'~fest 
themselves in a number of ways. High concemrations 
of compatible co-solutes both i~duce non-hilaycr lipid 
phase transitions and stabilise the ox,:gen-evolution 
system against heat-induced damage [13]. The fact thai 
a similar stabilisation occurs in oxygen-evolving core 
r~reparations, which contain little lipid, strongly sup- 
ports the view that these are two related but indepen- 
dent effects. Other manifestations of the same general 
phenomenon are the ability of high concentrations of 
co-solutes to minimise freezing damage in chloroplasts 
[38], and the dissociation of membrane-bound proteins 
such as the CFt-ATPase in heat-treated chloroplasts 
[391. 

The ideas outlined above, although implicitly - and 
occasionally explicitly - recognised, have not been rou- 
tinely exploited either in the isolation of photosynthetic 
membrane and/or membrane bound fractions, or in 
the study of stre~ conditions. Their application, as 
exemplified in this study and our related studies on the 
heat stability of thylakoid preparations [12,13], clearly 
point to fertile areas for further study. 
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