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Abstract

We subjected spruce [Picea glunca (Moencll) Yoss x Pooengelmeanid Parny hybrid
complex] seedlings to a scvere water stress {shoot water potential <-3.5 MPa) to
permit assessment of stress cffects on photosystem 2 (PS2) in isolated photosynthetic
membranes. The thylakoids and Triton-treated membranes isolated from stressed
seedlings showed declines in Oj-cvolving capacity (1LO — 2.6-dichloro-p-
benzoquinene, DCBQ) and electron transport activity (H,0O — 2,6-dichlorophenol
indophenol, DCIP). A partial restoration of Os-cvolution by adding CaCl, suggesiced
an effect of water stress on the oxygen-enhancing extrinsic (OEE)} polypeptides.
Water stress had an additional impact on the reaction centre, shown by the inability
of 1,5-diphenylecarbazide (DPC) to restore the electron transport (DPC — DCIP) to
the levels seen in control membrancs. Quantification of specific photosynthetic
membrane proteins by immunoblots strengthened the above suggestions: after
drought stress, concentrations of OEE] and OEE2 declined by 40 %, and amount of
the reaction centre protein D1, ATP synthetase, and cytochrome £ also declined. The
specific effect of stress on these proteins was confirmed by the fact that the amount
of chiorophyll-protein complex CP2 was unchanged in membrancs iselated from
drought-stressed seedlings.
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Introduction

The impact of environmental stress on physiology and composition of photosynthetic
membranes has been the subject of much atlention. During photoinhibition, for
cxample, changes in clectron transport and thylakoid protein dynamics evoked by an
array of stresses including water deprivation have been modeled rom studics using
green algae and anglosperm specics (Aro ef al. 1993). In particular, repnlation of PS2
activity during stress may involve changes in the OEL polypeptides.

Fvidence that control of PS2 activity, through changes in water oxidation, can be
effected by the OFE polypeptides is pravided by numerous examples in which
environmental stresses cause loss or dissociation of OEE polypeptides in angiosperm
species. In response to freezing (Shen er af. 1990), chilling (Wang et ol 1992), or
high irradiance (Aro et al. 1993), changes in OEE proiein levels and/or membrane
association have been documented. In contrast to other nuclear-cncoded chloroplast
proteins, there are pools of OLL polypeptides that are free in the lumen, suggesting a
persisient regulatory role (Ettinger and ‘Theg 1991). Such a population of free OLL
proteins may be a component of the constitutive repair cycle of the labile PS2 centres
(Aro et al. 1993). The effect of such water stress per se on OFE polypeptides is not
known, although water stress increascs the susceptibility of PS2 to photoinhibition
(Powles 1984),

Generally, less attention has been paid o the effect of cnvironmental stress in
photosynthctic membranes of conifers, although here o, the negative effect of
environmental stress on electron transport and amounts of specific proteins have been
documented. For example, seasonal stress (Oquisl and Strand 1986, Bolhar-
Notdeukampl and Techner 1988, Swand and Oquist 1988) and pollution damage
(Dietz et ol 1988, Evans ef ¢l 1992, Ruth and Weisel 1993) have been associated
with lowered clectron transport. Changes in protein synthetic capacity (Schmitz er o/,
1993) and in amounts or activities of various thylakoid proteins such as cytochrome /
and the 11 reaction centre protein (Wild e/ af. 1988, Flammersfeld and Wild 1992,
(rodde 1992, Godde and Buchhold 1992, Liitz er al. 1992) have also been reported
for pollution-damaged Norway spruce.

For conifers like spruce, water stress is a frequent environmental constraint on
photosynthesis, causing an array of responses well-characterized at the whole plant
level (Binder ef af. 1989, Grossnickle 1989) and membrane level (Fastman and
Camm 1995}, Although analysis of chlorophyll (Chl) fluorescence induction kinetics
(Schreiber ef al. 1986) has provided cvidence thal PS2 activily is inhibited at the
donor side (Toivonen and Vidaver 1988), the biochemical processes leading to
inhibition of water oxidizing ability during water stress have not been explored
previously in a gymnosperm species. In our study we looked at the cffects of scvere
drought stress on electron transport through PS2 in thylakoids isolated from one-year
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old seedlings of spruce. We then estimated levels of photosynthetic proteins in well-
watered and droughted plants, using antibodies recognizing QOEL proteins, D1,
cytochrome f; ATT synthetase,and Chl-protein complex CP2.

Mailerials and methods

Onc-ycar-old interior spruce |Picea glauca (Moench) Voss x P. engelmanni Parry
hybrid complex] seedlings grown in styrofoam block containers were maintained in a
greenhouse under natural photoperiod through September 1993 to May 1994, Buds
remained dormant throughout this peried as indicated by the absence of new shoot
growth.

To induce water stress, water was withheld from subsets of the young trees until
predawn shoot water potential was <-3.5 MPa measured with a pressure chamber
modei 3045 (Soilmoisture Equip. Corp., Santa Barbara, CA, U.S.A)). For cach set of
stressed trees analyzed, an adjacent. regularly watered group was used for
comparison.  Stress  was  also  assessed by  measurement of  variable
fluorescence/maximal fluorescence (F/F) after 10 min dark adaptation, using
previously described parameters (Eastman and Camm 1993). A minimum of five
plants was usced 1o caleulate an average value of I' /F .

Afler determination of water status, ncedles were harvested from well-watered or
drought-stressed seedlings by freezing the shoots in liquid nitrogen. The needle tissue
was crushed to a fine powder and homogenized In 30 mM Tricine-NaOFl (pH 7.6}
containing 500 mM saccharose, 10 mM NaCl, 5 mM MeCl,, 2 % soluble
polyvinylpyrrolidone PVP-40. 0.1 % BSA, and 1 mM PMSI'. After filtering the
resultant brei through cheesecloth, the filtrate was centrifuged at 2500kg lor less than
2 min. The chloroplast pellets were washed 5 or more times by resuspension in the
isolation buffer without PVP-40) or BSA, followed by 2 min centrifugations at 2500x
&. The final thylakeoid pellet was resuspended in thylakoid storage buffer (25 mM
[epes-NaOLLL, pH 7.6, containing 1 M saccharose, 10 mM NacCl, and 5 mM MgCl,),
and stored at -80 °C. For immunoprobing, additional protease inhibitors (1 mM
benzamidine and 1 g m-? leupeptin) were included in all solutions. The Chl content
was determined according to Arnon (1949} or Lichtenthaler and Wellburn (1983).

To prepare detergent {ractionated membranes, thylakoids were thawed on ice and
Triton X-100 added to a linal detergent:Chl vatio of 15:1. Samples were incubaled in
the dark for 20 min on ice with gentle agitation, then diluted with thylakoid storage
buffer, and briefly centrifuged at 2500xg. The supernatant was centrifuged at 39 000
xg for 30 min, and the {inal membrane pellct resuspended in 25 mM Mes-Na(t|
(ptt  6) containing 2M sucrose, 10mM NaCl, and 5mM MgCl,. For
immunoprobing, additional protease inhibitors (1 mM benzamidine and 1 g m-3
leupeptin) were mcluded in the {inal storage butfer.

Photosynthetic oxygen evolution by thylakoids or Triron-treated thylakoids
equivalent to 40 pg Chl was measured at 22 °C using a Clark-type oxygen electrode
{({lansatech model DWT) upon irradiance with 1000 pmol m2 s! "white light"
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(Kodak Ektagraphic I E projector equipped with a 300 W tungsten halogen lamp).
The reaction mixture (2 em?) consisted of 25 mM Mes-NaOll (pH 6.0) containing
500 mM saccharose, and 10 mM NaCl. As an electron acceptor trom P82, 500 uM
DCBQ was used. Oxygen production was measured with and without the addition of
15 mM CaCl,. All measurements were performed in triplicate.

The capacity of thylakoids or Triton-trented membranes (equivalent to 30 ug Chl)
to photoreduce DCIP was measured at 5390 nm with a Cary 210 (Varian)
spectrophotometer. The reaction mixture (2 cm3) was the same as that used for
oxygen evolution with the addition of 00 uM DCIP. Measwoments made with or
without the addition of 5 mM CaCl; and with or without 500 M DPC were
performed in triplicate.

Membrane preparations were solubilized in 70 mM Tris-HCI (pH 6.8) containing
20 % glycerol, 2 % sodium dodecyl] sulfate (SDS), and 10 % {i-mercaplocthanol by
heating at 90 °C for 3 min. Membrane polypeptides, loaded on the basis of Chl, were
resolved on 1=12 % or 14 %, C—2.7 % polyacrylamide gels. Gels were stained with
Coomassie Brilliant Blue G-250 or transferred to nitrocellulose (0.45 pum). Polyclenal
antibodies were used to immunodecorate the protein blots. Goat antirabbit antibody
conjugated with alkaline phoesphatase, fast red (1,5-naphthalencdisulfonate salt), and
sodium napthal AS-MX phosphate were used for dotection. Immunoblots were
scanned with an XRS scanner using Biolmage soltware (Visage version 4.60),
Millipore Corp. 1993) for quantification.

OFEEI protein, isolated from spinach chloroplasts (Dunahay ef /. 1984) following
the method of Yamamoto and Kubota (1987) and further purified by preparative
SDS-PAGE gels, was used to immunize rabbits. The immunce scrum cross-reacted
with proteins of 33 kDa in chloroplast preparations from spinach, lettuce, larch, pine,
and spruce. The OFEE2 antibody has been previously described (Rashid er af 1694)
For production of the D1 antibody, a full length D1-p-galactosidase fusion protein
generated by transformation of £ ¢ofi with plasmid pPND! (Nixon ef af. 1987), and
purified by preparative SDS-PAGE gels was used to immunize rabbits. The serum
cross reacted with the T 1 proteins in spinach and lettuce, identified by a verified DI
antibody (gift of Dr. .. Mclntosh, Michigan State University, ML, U.S.A) and
protein bands of slighter lower mobility in larch, pine, and spruce. The antibody to
cytochrome fwas a gift of Dr. R. Malkin {University of California at Berkley, CA,
U.5.A). Antibodies 1o CP2 and ATP synthetase were gifts of Dr. B.R. Green
(University of British Columbia, Vancouver, Canada).

Resulls and discussion

One-year-old spruce scedlings grown under natural irradiation were deprived of
water until the average predawn shool water potential was less than -3.5 MPa, and
the average maximal quantum vield (F /) was between 0.3 and 0.5, indicating that
these plants were significantly photoinhibited. We have previously demonstrated that
stomatal conductance and photosynthctic gas exchange are minimal at predawn shoot
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water potentials below -1 MPa (Eastman and Camm 1993) in walcr-stressed spruce
seedlings. Gas exchange approaches zero at water polentials below -2.86 MPa (Brix
1979). Well-watered conirol seedlings had an average predawn shoot water potential
0f -0.5 MPa and F /F, of 0.8.

In thylakeid membranes from water-stressed spruce seedlings, the rate of oxygen
evolution using DCBQ as an electron acceptor from PS2 (H,0—-DCRQ) was only
40 % that of membranes isolated from well-watered plants (Table 1). A reduction in
activity may be a consequence of loss of the requisite Ca?' cofactor associated with
the OLL2 polypeptide or disruption of the reaction centre Mn complex shielded by
OFEI (Enami e a/. 1994). In this case the fact that addition of 15 mM CaCl; to
stressed thylakoids restored activity to only 533 % of control indicated that only some
ol the stress-induced activity loss could be accounted by Ca’~ cofactor associated
with the OEE2 polypeptide.

Photoreduction of DCIP with water as the electron donor {(H,O—DCIP) was
reduced by 30 % in stressed thylakoids (Table 13, Again addition of CaCl; increased
PS2 activity in stressed membranes, confirming loss of Ca2* cofactor associated with
the OEE2 polypeptide. Addition of DPC as an electron donor, in the absence of
added CaCl,, augmented electron transport capacity 1n thylakods from stressed
plants, but only to 63 % of control levels. This observation suggested that a
proportion of the reaction centres were impaired beyond the OLL.

Table 1. Oxygen evolution (1,O0—=DCBQ) [mmol(y) kg '(Chly s and DCIP photoreduction
[mmol(DCIP) kg I(Chly s activities of thylakoid membranes and Triton X-100 treated thylakoids
isolated from well-walered and waler-siressed spruce, Picea glavoo, seedlings. Values ate means ©
standard error.

Activily Thylakoids Friton-wrealed
well-watered  water-stressed  well-watered  water-stressed

Oxygen evolution 11446 A6+1 6317 A2+1
+15 mM CaCl, - 6143 6316 4543
DCIP photoreduction 6344 3042 70+4 18=1
F15 mM CaCly, 641 36.1 712 24=1
+0.5 mM DPC 666 4213 7123 4524

To verify that exogenously added colactors, electron donors and acceptors had
access 1o the PS2 reaction center, oxygen evolution and clectron transport were also
measured in membranc preparations partially disrupted with the detergent Triton,
using the methoed of Rashid and Camm (1993) (Table 1). Triton treatment resulted in
the loss of some Os-evolving aclivity even in preparations from well-watcered plants.
In membranes from water-siressed plants, oxygen evolving activity was reduced
compared to well-watered controls, and little of the activity was restored by CaCl,.
PS2 activity using DCIP as electron acceptor was very low in Trifon-treated
membranes from stressed thylakeids. In this case, addition of DPC significantly
enhanced DCIP photoreduction in stressed, 7riton-treated membranes. Although
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aclivity was not restored to the control fevels, the DPC stimulation suggested that a
donor-side inactivation, possibly resulting from dissociation of the OFF] protein,
was exacerbated by the 7rifon trcatment. Thus, drought stress afTects PS2 in at least
two ways, ie., by perturbation of the Ca2® cofactor associated with the OFE?
polypeptide, and by direct cffects on the reaction centre.

We cxamined levels of photosynthetic membrane proteins in thylakoid membranes
from stressed and well-watcred seedlings 1o see if these were consistent with
observed changes in electron transport. No change in Chl a/b ratios was detected,
indicating that a selective depletion of PS1 did not occur. Immunoblots of membranc
samples were probed with antibodies (Fig. 14) to OEE] and OFE2. A control of a
Coomassic-stained gel in which the same amount of Chl-containing membranes were
loaded in cach lanc (Fig. 18) offered visual evidence of a decrease in levels of OEL?
in membranes from water-stressed seedlings, particularly visible in Triton-treated
membranes,

2 3 4 b
A {kDa]
O . . v . - QEE1
. o B, i e o
27 - ~tagr E - QEE2
1 2 3 4 5
a

Fig. 1. 4: Prowin immunoblot of SDS-PAGE separation of spruce thylakoids (lanes 2 and 3) and
Triton-fractionated membranes (lanes 4 and 3) from well-watered {lancs 2 and 4) and water-stressed
(lanes 3 and 3) spruce trees, probed with a mixture of antibodies for OEE] and OEIL2.
B Coommassie brilliant blue stained SDS-PAGE separation. Lanes as for 4. Each lane represents
membranes containing 250 ng of Chl. Molecular masses [kDa} of standards (fanc /) are indicated.
The cab protein zone used for data correction is indicated by a square bracket.

To further investigate the cffect of drought stress in seedlings on prolein levels in
thylakoids and Triton-treated membrancs, we imposed drought stress on three
additional sets of seedlings from the same original buich. Beeause there was vdriation
from experiment to experiment. it was very important 1o ensure comparison of
equivalent membrane samples. Quantification was made with correction factors
derived from scanning of the major cah prolein zone (23-25 kDa) mn Coomassie-
stained gels (Fig. 1B). Further, to verily this normalization, blots were also probed

206



PHOTOSYSTEM 2 ACTIVITY AND THYLAKOID PROTEINS

with an antibody specific for CP2 (LHC2). There was little or no change in the
relative amount of CP2 or ATP synthetase in thylakoids or Triton-treated membrancs
(Table 2). The absence of alterations in ATP synthetase content indicates that in
water-stressed and, consequently, photoinhibited, spruce a generalized loss of
thylakoid proteins was not evident.

Different water stress experiments produced somewhat wariable results with
respect to quantification ol OEE] in the thylakoid preparations. For example, the
experiment illustrated in Fig. [4 showed little stress-induced change in OFEE] levels,
contrasting with the preparations documented in Table 2 in which water stress caused
a 40 % decline in OELI. The variability may reflect changes in thylakoid integrity
during needle aging.

Table 2. Relative amounts of protein detected by immunodecoration of protein blots in thylakoids
and  Triton-treated thylakold membranes isolated from water-stressed spruce, Picea glauca,
secdlings. Amounts arc expressed as relative percentage of amounts detected in thylakoids and
Trilon-treated membranes, respectively, isolated from well-walered plants. Values are means =
standard crror from at least three water-stress experiments.

PProtein Thylakoids  Triton-treated
membranes
OLEL 59.1£3.9 58610 8.1
OEE2 59.844.1 3731 52
D1 69.4+1.8 73.61 6.6

cytochrome f 71.019.8 40.0+ 4.8
ATP synthatase 71.3+5.9 89.7112.3
crz2 92.1+45.1 842+ 5.6

In all experiments, the content of OLIi2 in membrancs from siressed plants was
consistent]y lower than in control membranes. In addition, wreatment with Triton
resulted in greater loss of OEE2 from stressed membranes than ¢ontrol membranes
(Fig. 14, Table 2), suggesting that the association of OEE2 with the membrane was
more labile after stress. These observations on OLEl and OEE2 support the
hypothesis that the diminished waler oxidation capacity in these membranes may be
cffected in part by OEE2 dissociation from the reaction centre, causing a reduction in
water oxidation. A more severe stress or diminished capacity [or repair would lead to
removal of the OEET from the membranc and cessation of watcr oxidation.

As postulated from the incomplete reactivation ol DCIP photoreduction by DPC,
there were significantly reduced levels of the D1 reaction centre protein in stressed
membranes (Table 2). We note that immunoquantification of D1 does not distinguish
between inactive PS2 centres containing photoinactivated D1 and remaining active
centres {(Smith er @f. 1990). The low concentrations of cylochrome f{Tahle 2} in the
Triton-lreated membranes indicated that water stress increased the susceptibility of
these intrinsic proteins to detergent extraction, possibly due to protein damage. In
pallution damaged spruce needles, decreases in 131 concentrations, cstimated by
atrazing binding, and cytochrome f levels, determined by spectrophotometric
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quantitation, were cited as evidence that these components were damaged at an early
phase of stress (Wild ef ol 1988). Another possible explanation for the increased
defergent lahility of these intringic proteing could be a result of alterations in the lipid
environment. In . ghies, drought stress causes a significant increase in
monoterpenes (Kainulainen ef al. 1992), compounds which aftect the distribution of
fally acids in polar and neutral lipids in spruce scedlings (Frosch er al. 1990). Free
fatty acids such as linolenic acid reduce PS2 activity in vifro by causing release of
Mn and loss of OEE polypeptides (Garstka and Kaniuga 1988). Additionally, oxygen
radicals generaled in thylakoid membranes during photoinhibition (Hideg ef o/ 1904)
are implicated in a range of effects such as Chl oxidation and degradation of DI
(Rintamiki ef af. 1994).

In conelusion, we report decreased PS2 activity in water-stressced plants concurrent
with changes in specific intrinsic and extrinsic proteins including both chloroplast
and nuclear-enceded thylakoid constituents involved in electron transport. Loss of
clectron transport activity is a consequence of reduced oxygen-evolving capacity and
additional damagce within the reaction centre. Changes in OEE1 appeared to be
related to the severity of the imposed stress whereas amounts of QLEE2 were
consistently lower in all membrane preparations from stressed plants. In Trion-
treated membranes, a further reduction in OEE2 levels coupled with reduced levels
of cytochrome f and intact D1 suggest that thesc proteins become specifically
destabilized during water stress.
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