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SUMMARY

Uncoupled Photosystem I (PS I) activity driven by either reduced
2,6-dichlorophenolindophenol (DCPIPH,) or
N,N,N’,N’-tetramethyl-p-phenylene diamine (TMPDH,) showed a
stimulation following pre-treatment at 40-50°C, followed by
inhibition at higher temperatures. The stimulation was more marked
in thylakoids isolated from warm-grown plants than in those
isolated from cool-grown plants. Approximately maximal rates of
PS 1 activity were achieved at physiological temperatures (25-35°C)
using highly lipophilic-reduced diaminodurene (DADH,) as an
electron donor with little stimulation occurring as a result of high
temperature pre-treatment. Electron transport driven by all three
electron donors was markedly inhibited by KCN/HgCl, following all
pre-treatment temperatures, but relatively insensitive to
ethyldimethylaminopropyl-carbodiimide (EDAC). It is suggested
that the stimulation of PS I activity involves a phase change in the
thylakoid membrane leading to an increase in permeability which
allows enhanced access of DCPIPH, and TMPDH, to a common
electron acceptor site located in the region of cytochrome f. The
greater stimulation of electron transport in thylakoids isolated from
warm-grown plants may be due to a more pronounced phase change
occurring as a consequence of altered membrane composition as
modified by growth temperature.

Key-words: Photosystem I, heat-induced stimulation, electron donor,
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INTRODUCTION

The upper temperature limit for photosynthesis is, in most plants, marked by a sharp
decline in photosynthetic efficiency. Photosynthetic inhibition under short-term heat
stress (c. >40°C) reflects the susceptibility of the photosynthetic apparatus to heat
damage rather than a decrease in stomatal conductance. Exposure to short-term heat
stress has been shown to result in marked inhibition of oxygen evolution, carbon dioxide
fixation, and photophosphorylation (Berry & Bjorkman 1980). Photosystem II (PS II)
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activity was found to be particularly sensitive to heat stress (Santarius 1975; Sayed et al.
1989), whereas Photosystem I (PS I) activity appeared to be much more heat stable
(Pearcy et al. 1977; Sayed et al. 1989). Photosystem I activity has widely been reported
to be stimulated at temperatures above 35°C (Santarius 1975; Armond et al. 1978;
Thomas et al. 1986), but the mechanisms involved are still unclear. Work described in
this paper was designed to make use of various electron transport donors and inhibitors
in an attempt to determine the nature of the heat-induced stimulation of PS-I-mediated
electron transport. We have previously shown that the degree of stimulation of PS I
activity following high-temperature pre-treatment is modulated by plant growth
temperature (Sayed et al. 1989). Accordingly, all experiments were carried out using
thylakoids isolated from cool- and warm-grown plants.

MATERIALS AND METHODS

Plant material and growth regimes

Spring wheat (Triticum aestivum L.) variety K65 (of Indian origin) was grown on
vermiculite and watered with modified Hoagland’s nutrient solution (Johnson et al.
1957) in growth cabinets under two growth regimes. The regimes applied were a cool
regime (13/10°C) and a warm regime (30/25°C), with 12-h day/night cycles and an
irradiance of 60 W m?. Primary first leaves of the 16-day-old and 13-day-old plants
grown under the cool and the warm regimes, respectively, were used for thylakoid
isolation (Sayed et al. 1989).

Thylakoid isolation and pre-treatment

Thylakoids were isolated using the method of Nolan & Smillie (1976) and were
suspended in 1 ml of a medium containing 50 mM NaCl and 0-25% (w/v) bovine serum
albumin. Chlorophyll content of thylakoid suspensions were determined after Arnon
(1949). Freshly isolated thylakoids were separately treated with KCN/HgCl, and
ethyldimethylaminopropyl-carbodiimide (EDAC), both treatments potentially inhibit-
ing PS I activity (Trebst 1980). Cyanide-treated thylakoids were prepared by the method
of Yocum (1980) and EDAC-treated thylakoids after McCarty (1974). Thylakoids were
heat pre-treated at different temperatures for 3 min prior to measurement of electron
transport at 25°C by incubating 50 pl aliquots of thylakoid suspension in 0-5 ml plastic
tubes maintained in a temperature-controlled water bath.

Measurement of electron transport

Photosystem-I-mediated electron transport uncoupled with ammonium chloride (1 mm)
was estimated from the rate of oxygen uptake associated with the flow of electrons
to methyl viologen (MV) from three different electron donors, namely reduced
2,6-dichlorophenolindophenol  (DCPIPH,), reduced N,N,N’,N’-tetra-methyl-p-
phenylenediamine (TMPDH,) or reduced diaminodurene (DADH,) in an oxygen
electrode (Hansatech, Norfolk, UK) at 25°C. The assay medium contained 1-0 ml of
50 mMm Sorenson’s phosphate buffer (pH 7:5), 50mMm NaCl, 0-8pum 3-(34-
dichlorophenyl)-1,1-dimethylurea (DCMU), 2 mM sodium ascorbate, 50 uyM MV, the
electron donor (40 pm DCPIP, 0-1 mm TMPD or 0-5mM DAD), and approximately
20pugml~! chlorophyll (Allen & Holmes 1986). Whole-chain electron transport
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Fig. 1. The effects of KCN/HgCl, (50 pm/100 um) and EDAC (1 mMm) as a function of pre-treatment
temperature on PS-I-mediated electron transport driven by DCPIPH,, TMPDH,, and DADH, in wheat

thylakoids isolated from cool-grown plants (open symbols) and warm-grown plants (closed symbols). Note
different scales for PS I activity.

(H,O0—->MYV) was determined as described previously (Sayed et al. 1989). All measure-
ments were routinely repeated and data represent the mean of three measurements.
Standard error bars were too small to be presented, and were omitted for clarity.

RESULTS

The difference in rate of uncoupled PS-I-mediated electron transport
(DADH,>TMPDH,>DCPIPH,) over the physiological range of pre-treatment tem-
peratures, i.e. 25-35°C (Fig. 1) is related to the respective decrease in lipophilicity of the
electron donors (Sayed et al. 1989). Photosystem-I-mediated electron transport derived
by DCPIPH, (Fig. 1a) and TMPDH, (Fig. 1b) exhibited a marked stimulation induced
by pre-treatment temperatures in the range 40-50°C in thylakoids isolated from plants
grown under the two growth regimes. As noted previously, the degree of stimulation was
higher in thylakoids isolated from warm-grown plants than in those isolated from
cool-grown plants (Sayed et al. 1989). However, the rate of PS-I-mediated electron
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Fig. 2. The effect of EDAC concentration on whole-chain electron transport (H,0—+MYV) in wheat thylakoids
isolated from cool-grown plants (open symbols) and warm-grown plants (closed symbols).

transport when driven by DADH, showed little stimulation in heat-stressed thylakoids
isolated from either cool- or warm-grown plants (Fig. 1c). Photosystem I activity was
inhibited in all cases at pre-treatment temperatures higher than ¢. 55°C.

The precise site of donation by the three electron donors used in this paper has
previously been suggested to be in the cytochrome f (Cyt f)/plastoquinone (PQ) region
(Larkum & Bonner 1972; Izawa 1980), plastocyanin, PC (Hauska 1977; Haehnel et al.
1981), or directly to P700 (Ke 1973). To gain further information on the donation site,
the effects of electron transport inhibitors KCN/HgCl, and EDAC were examined.
Treatment of thylakoids with KCN/HgCl, blocks electron transport by direct inter-
action with PC, and treatment with EDAC is thought to inhibit electron flow after PQ
and before Cyt f and PC (Trebst 1980). The heat-induced stimulation of PS 1 activity
was highly sensitive to the combined KCN/HgCl, treatment (Fig. 1d-f) as previously
reported (Thomas et al. 1986). This treatment resulted in a dramatic reduction of ¢. 90%
in PST activity driven by the three electron donors within the physiological range of
pretreatment temperatures and over the range of high pre-treatment temperatures
(>40°C). In our hands, EDAC proved to be an effective inhibitor of whole-chain
electron transport (Fig. 2). The rate of electron transport was inhibited by ¢. 65% in
thylakoids isolated from cool-grown plants and ¢. 80% in those isolated from warm-
grown plants. However, contrary to a previous report (Thomas et al. 1986), EDAC had
little effect on heat-induced stimulation of PS-I-mediated electron transport driven by
DCPIPH, (Fig. 1g) or by TMPDH,, (Fig. 1h).
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Fig. 3. Diagram illustrating the likely joint electron donation site of DCPIPH,, TMPDH, and DADH,
together with the points of action of KCN/HgCl, and EDAC in the photosynthetic electron transport chain.
Based on Thomas et al. (1986), with the dashed line representing their proposed new acceptor site in
heat-stressed thylakoids.

DISCUSSION

The stimulation in heat-stressed thylakoids of PST activity driven by DCPIPH, or
TMPDH, as electron donors, followed by inhibition at high temperature, has previously
been reported (Santarius 1975; Armond et al. 1978; Thomas et al. 1986; Sayed et al.
1989). This stimulation shows a threshold temperature similar to that of PS II inhibition
by heat stress, but cannot be accounted for by thermal uncoupling alone as it takes place
even in the presence of an uncoupler. The increase in PS-I-mediated electron transport
is associated with a higher V,,, and a decrease in apparent K, for both DCPIPH, and
TMPDH,, implying increased accessibility of these donors to the electron transport
chain (Sayed et al. 1989).

Thylakoids treated with KCN/HgCl, displayed an inhibition of about 90% of electron
flow through PS I (Thomas et al. 1986) (Fig. 1). This inhibition of PSI activity lends
support to the view that the primary site of donation by the three electron donors tested
is located in the main electron transport chain, and that the suggested direct donation
to P700 is a relatively unimportant process (Thomas et al. 1986). It is therefore
suggested, following Thomas et al. (1986), that the electron-donation site at the Cyt {/bg
complex is shared by the three electron donors tested as depicted in Fig. 3. Treatment
with EDAC, on the other hand, had little effect on electron transport over the whole
range of pre-treatment temperatures used (Fig. 1g—i). The reason for the difference
between our results and those of Thomas et al. (1986) where EDAC substantially
inhibited the high-temperature-induced stimulation of PS I activity is not apparent.

Reorganization of the thylakoid membrane as a result of heat stress clearly leads to
an increase in accessibility of DCPIPH, and TMPDH, to the electron transport chain
(Fig. 1). Thomas et al. (1986) favoured an explanation where membrane reorganization
exposes new electron donation sites (Fig. 3, dashed line), rather than an increase in a
thylakoid membrane permeability allowing enhanced access of the electron donor to
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pre-existing acceptor sites. Their explanation rested partly on the finding that appre-
ciable heat-induced stimulation of PS I activity occurred at a saturating concentration
of DCPIPH, and was based on the assumption that Cyt f is fully accessible to the donor
following high-temperature pre-treatment. However, we have shown that the rate of
PS-I-mediated electron transport depends on donor lipophilicity (Fig. 1), where
DADH, presumably fully saturates the acceptor site even at physiological temperatures,
and we see no reason on the basis of our data to invoke the creation of additional sites
as a result of high-temperature stress.

Incubation of thylakoids at high temperature results in the formation of membrane
vesicles where the non-bilayer lipids form phase-separated aggregates of cylindrical
inverted lipid micelles (Gounaris et al. 1984; Quinn & Williams 1985; Quinn 1988). This
basic reorganization of thylakoid membrane structure is presumably responsible for
increased penetration of DCPIPH, and TMPDH, to the acceptor site (Thomas et al.
1986). Moreover, the rate of electron donor penetration to Cyt f is clearly enhanced in
thylakoids isolated from warm-grown plants (Fig. 1a,b). It seems reasonable to assume
that a more pronounced phase separation occurs in these thylakoids, which is due to a
change in membrane position brought about by growth temperature. Unfortunately,
most studies of changes in membrane lipid composition as modulated by growth
temperature have dealt with plasma membrane and/or tonoplast fractions (Clarkson et
al. 1988; White et al. 1990) which have little relevance to the very different lipid
composition of the thylakoid membrane. However, it appears that small amounts of
high melting-point lipids are responsible for a high-temperature phase change in plant
polar lipids with a transition temperature of ¢. 40°C (Raison & Wright 1983). Further,
the increase in the low temperature phase transition that occurs in thylakoid polar lipids
from warm-grown plants of Nerium oleander is associated with an increase in saturation
of fatty acid species in phosphatidylglycerol and sulphoquinovosyldiacylglycerol (Orr &
Raison 1987). Clearly, further work is needed along these lines in order to explain the
enhanced penetration of PS I electron donors in thylakoids isolated from warm-grown
plants.

REFERENCES

Allen, J.F. & Holmes, N.G. (1986): Electron trans-
port and redox titration. In: Hipkins, M.F. and
Baker, N.R. (eds): Photosynthetic Energy Trans-
duction. 103-141, IRL Press, Oxford.,

Armond, P.A., Schreiber, U. & Bjorkman, O. (1978):
Photosynthetic acclimation to high temperature in

response at different levels of organization. In:
Long, S.P. and Woodward, F.1. (eds): Plants and
Temperature. 281-309, The Company of Biologists
Ltd, Cambridge.

Gounaris, K., Brain, A P.R., Quinn, P.J. & Williams,
W.P. (1984): Structural reoganization of chloro-

the desert shrub Larrea divaricata. 11. Light-
harvesting and electron transport. Plant Physiol.
61: 441-415.

Arnon, D.I. (1949): Copper enzymes in isolated
chloroplasts. Polyphenoloxidase in Beta vulgaris.
Plant Physiol. 24: 1-15.

Berry, J. & Bjorkman, O. (1980): Photosynthetic
responses and adaptation to temperature in
higher plants. Ann. Rev. Plant Physiol. 31: 491-
543.

Clarkson, D.T., Earnshaw, M.J., White, P.J. &
Cooper, H.D. (1988): Temperature-dependent
factors influencing nutrient uptake: an analysis of

plast thylakoid membranes in response to heat-
stress. Biochim. Biophys. Acta 766: 198-208.

Haehnel, W., Berzborn, R.J. & Anderson, B. (1981):
Localization of the reaction side of plastocyanin
from immunological and kinetic studies with
inside-out thylakoid vesicles. Biochim. Biophys.
Acta 637: 389-399.

Hauska, G. (1977). Artificial acceptors and donors.
In: Trebst, A. and Avron, M. (eds): Encyclopedia
of Plant Physiology. New Series Vol. 5. 253-265.
Springer-Verlag, Berlin.

Izawa, S. (1980): Acceptors and donors for chloro-
plast electron transport. In: San Pietro, A. (ed):



PS-I-MEDIATED ELECTRON TRANSPORT

Methods in Enzymology. 413-437. Academic Press,
New York.

Johnson, C.M., Stout, P.R., Broyer, T.C. & Carlton,
A_.B. (1957): Comparative chlorine requirements of
different plant species. Plant and Soil 8: 337-353.

Ke, B. (1973): The primary electron acceptor of
Photosystem 1. Biochim. Biophys. Acta 301: 1-33.

Larkum, A.W.D. & Bonner, W.D. (1972): The effect
of artificial electron donor and acceptor system
on light-induced absorbance responses of cyto-
chrome f and other pigments in intact chloroplasts.
Biochim. Biophys. Acta 267: 149-159.

McCarty, R.E. (1974): Inhibition of electron trans-
port in chloroplasts between the two photosystems
by water-soluble carbodiimide. Arch. Biochem.
Biophys. 161: 93-99.

Nolan, W.G. & Smillie, RM. (1976): Muliti-
temperature effects on Hill reaction activity of
barley chloroplasts. Biochim. Biophys. Acta 440:
461-475.

Orr, G.R. & Raison, J.K. (1987): Compositional and
thermal properties of thylakoid polar lipids of
Nerium oleander L. in relation to chilling sensi-
tivity. Plant Physiol. 84: 88-92.

Pearcy, R,.W., Berry, J.A. & Fork, D.C. (1977):
Effect of growth temperature on the thermal
stability of the photosynthetic apparatus of Atri-
plex lentiformis (Torr.) Wats. Plant Physiol. 59:
873-878.

Quinn, P.J. (1988): Effects of temperature on cell
membranes. In: Long, S.P. and Woodward, F.I.
(eds): Plants and Temperature. The Company of
Biologists, Cambridge.

Quinn, P.J. & Williams, W.P. (1985): Environmen-
tally induced changes in chloroplast membranes
and their effects on photosynthetic function. In:

143

Barber, J. and Baker, N. (eds): Photosynthetic
Mechanisms and the Environment. 1-47, Elsevier,
Amsterdam.

Raison, J.K. & Wright, L.C. (1983): Thermal phase
transition in the polar lipids of plant membranes,
their induction by desaturated phospholipids and
their possible relation to chilling injury. Biochim.
Biophys. Acta 731: 69-78.

Santarius, K.A. (1975): Sites of heat sensitivity in
chloroplasts and differential inactivation of cyclic
and non-cyclic photophosphorylation by heating.
J. Thermal Biol. 1: 101-107.

Sayed, O.H., Earnshaw, M.J. & Emes, M.J. (1989):
Photosynthetic responses of different varieties of
wheat to high temperature. II. Effect of heat stress
on photosynthetic electron transport. J. Exp. Bot.
40: 633-638.

Thomas, P.G., Quinn, P.J. & Williams, W.P. (1986):
The origin of Photosystem I-mediated electron
transport stimulation in heat-stressed chloroplasts.
Planta 167: 133-139.

Trebst, A. (1980): Inhibitors in electron flow. Tools
for the functional and structural localization of
carriers and energy conservation sites. In: San
Pietro A. (ed): Methods in Enzymology. 675-715,
Academic Press, New York.

White, P.J., Cooke, D.T., Earnshaw, M.J., Clarkson
D.T. & Burden R.S. (1990): Does plant growth
temperature modulate the membrane composition
and ATPase activities of tonoplast and plasma-
membrane fractions from rye roots? Phytochemis-
try 29: 3385-3393.

Yocum, C.F. (1980): Measurement of photophos-
phorylation associated with Photosystem II. In:
San Pietro A. (ed): Methods in Enzymology. 576—
584. Academic Press, New York.



