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Abstract. The present study deals with the phenotypicphosphoethanolamine to the total phospholipid content
adaptation of tonoplast fluidity in the CAM plaKialan-  of the tonoplast. High-temperature treatment of the
choedaigremontianao changes in growth temperature. plants not only decreased the phospholipid/protein ratio
Tonoplast fluidity was characterized by measuring fluo-in the tonoplast, but also led to the occurrence of a 35
rescence depolarization in membranes labeled with fluokDa polypeptide in the tonoplast which cross-reacted
rescent fatty acid analogues and by following formationwith an antiserum against the tonoplastATPase ho-

of eximeres in membranes labeled by eximere-formingoenzyme. The important role of membrane proteins in
fluorophores. With both techniques it was found thatbringing about the phenotypic rigidization of the tono-
exposure of the plants to higher growth temperatureplast was mimicked by reconstitution experiments show-
compared with the control decreased the fluidity of theing that incorporation of the proteins isolated from the
tonoplast while exposure to lower growth temperaturetonoplast into phosphatidylcholine vesicles decreased the
caused the opposite. Three hours of high temperaturBuidity of this membrane system. As to be expected
treatment (raised from 25°C to 35°C; “heat shock”) from the analyses in the natural membrane, the degree of
were sufficient to decrease the tonoplast fluidity tothis effect depended on the phospholipid/protein ratio.
roughly the same extent as growth under high tempera-

ture for 30 days. The phenotypic response of tonoplaskey words: Crassulacean acid metabolism (CAM) —
fluidity to changes in growth temperature was found only Excimer technique — Fluorescence polarization — Ho-
in the complete membrane, not however in the lipid ma-meoviscous adaptation 4alanchodedaigremontiana—

trix deprived of the membrane proteins. Heat treatments/jembrane fluidity

of the plants decreased the lipid/protein ratio while ex-

posure to low temperature (for 30 days) increased it. )

Heat treatments led to a decrease in the percentage #itroduction

linolenic acid (C18:3) and linoleic acid (C18:2), heat .

shock and low temperature treatments induced an in@ne of the key processes of crassulacean acid metabo
crease in the percentage of linoleic acid (C18:3), withlism (CAM) consists in the reversible storage of malic
concomitant decrease in the percentage of linoleic aci@cid in the vacuole of photosynthetically active cells
(C18:2). However, in the case of heat shock, increase ifKluge & Ting, 1978; Osmond, 1978; Winter, 1985;tt-u
linolenic acid concerned mainly monogalactosyldiacyl-9€ et al., 1995), with acid accumulation during the night
glycerol, while with low temperature treatment linoleic @nd net export (“deacidification”) during the day. In
acid increased in phosphatidylcholine. Both treatment off@ny CAM plants the capability of the vacuoles to ac-
the plants with high and low temperature led to a S"ghtcumulate malic acid is seriously disturbed by high actual

decrease in the contribution of phosphatidylcholine andemperaturessgethe mentioned reviews on CAM), pre-
sumably via alteration of membrane “fluidity” (Kluge et

al., 1991; Kliemchen et al., 1993; Kluge & Schomburg,
S 1996; for discussion of the term “membrane fluidity”
Correspondence tal. Kluge seee.g., Kluge & Galla, 1995). In this context the find-
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ing is interesting that in the obligate CAM plakialan-  clone kept at the Botanical Garden Darmstadt, Germany. Control
cho"edaigremontianaincrease of growth temperature or plants were held in a phytotron under the following standard condi-
in the case of the facultative CAM pIaMesembryan- tions: 25°C (day)/17°C (night); long-day photoperiod (14-hr day/10-hr

. . . . night), with a photon flux density (wavelength 400—-700 nm) of 250—
themum CrySta”mumhe induction of CAM by Increase 300 wmol m2 sec? at the level of the first fully expanded leaves;

of soil salinity decreases the fluidity of the tonoplast \eative air humidity 50% (day)/80% (night). For the high temperature

(Kliemchen et al., 1993). This phenotypic change in theHT) acclimation experiments, prior to tonoplast preparation the plants

tonoplast fluidity can be interpreted in terms of compen-were transferred for 30 days from the standard conditions to 34°C

satory adaptation which guarantees undisturbed functday)/25°C (night), with the other conditions remaining the same as

tioning of the membranes under stress (Kliemchen et a|_r’nentioned above. For low temperature acclimation_(LT), the plants

1993). In physiological experiments the latter authors!/e"® ransferred for 30 days to 17°C (day)/7°C (nigh). For "heat
. - shock” experiments the plants were transferred during the last 3 hr of

also found that the phanges in tpnoplast flu!dlty could bey,o light period from 25°C (day) to 35°C (day) for 3 hr.

related to changes in the behavior of reversible storage of

malic acid in the vacuole.

Phenotypic adaptation of membrane fluidity occursPREPARATION OF TONOPLAST VESICLES AND

not only in plants but also in microorganisms and ani-RECONSTITUTION OFLIPOSOMES

mals and is denoted in the literature as “homeoviscousr . .

o . . . onoplast vesicles were isolated from fully expanded leaves of 5- to
adaptatlon ,(HVA’ fOIt reVIewseeHazel' 1988; Parola, 7-month old plants. The leaves were harvested from the plants at the
1993). In microorganisms and animals, HVA was foundeng of the light period. The tonoplast isolation was carried out by
to be the result of changes in the composition of thehomogenization of the tissue in a blender (Starmix, Braun, Melsungen,
membrane lipids (Hazel, 1988; Nozawa & Umeki, 1988; Germany), followed by sucrose density centifugation (100,0@0for
Parola, 1993). However, as far as the tonoplast of CAMLO05 min, 55.2 Ti rotor, Beckman) according to the method of Brem-
plants is concerned, the mechanism behind HVA is noﬁe][?er et a'a(_lggg) except that, "]2 °rdher to inhibit pro‘gase .‘?.C“V.iw’ a'f'

. . buffers used in our experiments for the extraction and purification o
yet clear. _Schomburg & KIUge (1994) prowded evi- the tonoplast vesicles contained EDTA (Mjnleupeptin (Lum), pep-
denc_e that in the latter case HVA depe_nds Iarg_ely on theain (1um) and PMSF (1 m).
proteins of the tonoplast, but the question remained open  Membrane proteins were removed from the tonoplast fraction by
to which extent and in which manner the lipid fraction acetone precipitation. One volume of membrane suspension was
might be also involved. mixed with 5 volumes of acetone. The mixture was kept at —20°C for

The present study was carried out to improve thel hr and centrifuged at 5,000 ¢ for 15 min. The supernatant was
knowledge on the mechanism behind HVA in the tono_collected, the acetone was evaporated under a nitrogen stream and th
. . remaining lipid film was resuspended by sonification in 1 ml buffer (5
plast of CAM plants_ by addressing the _followmg QUES- 1 HEPES, 3 i MgSO,, pH 7.0).
tions: (i) Does heat-induced HVA occur if the plants are Solubilization of tonoplast proteins and their incorporation into
exposed to elevated growth for much shorter times thagphosphatidylcholine liposomes (PC liposomes) were carried out ac-
the 30 days applied in the experiments previously re-<ording to Behre et al. (1992).
ported? (ii) Does lowering as well as increasing of
growth temperature bring about HVA of the tonoplast?
(i) Is the heat-induced HVA accompanied by changes
in the tonoplast lipid and polypeptide composition? (iv) Lipids were extracted from the membrane preparations by chloroform
Is it possible to mimic the influence of tonoplast proteins according to Bligh & Dyer (1959). An aliquot of total lipid extract was
on membrane fluidity by reconstitution experiments with transmethylated for fatty acid analysis (Metcalfe et al., 1966), and
an artificial membrane system? Finally, we wanted tanOther aliquort]wzz\s u)sed forldeterrr:inTtion of lipid clrﬁssefs by/thinlaye;
. . chromatography (DC) on silica gel plates using chloroform/acetone
f'.”d out Whether HVA in the CAM plant tonoplast pre- methanol/acetic acid/water (50/20/10/10/5 by vol) for separation of
V'OUSIy V'Su?'“zed SOIer by ESR spectroscopy (K|u9e eF olar lipid classes and petroleum ether/diethyl ether/acetic acid (70/30/
al., 1991; Kliemchen et al., 1993) can also be observed if 4 by vol) for separation of neutral lipids. The lipid spots were visu-
the membrane fluidity is measured by means of fluoresalized by exposure of the chromatogram for 2 min to iodine vapor.
cence labeling techniques. Such verification appeared téfterwards, the spots were scraped from the DC plates and transmethy-
be important since it has been shown (Svetec et al., 19959ted according to Metcalfe et al. (1966) for quantitative determination
that in many cases application of a single biophysican fatty gcids and analysis of fatty acid compositio_n of the _fractiqns.
method is not sufficient to obtain unequivocal informa- Fatty acid methylesters were analyzed at 170°C by isothermic capillary

. . . . . gas-liquid chromatography on Carbowax columns (50-m length, 0.25-
tion about the fluidity behavior of a given biomembrane. mm diameter). The data shown in the tables represent analysis of

membrane fractions pooled from 3 to 5 isolations. The precision of the
lipid analysis is in the range of 1%.

LiPID ANALYSES

Materials and Methods

PLANT MATERIAL FLUORESCENCEDEPOLARIZATION MEASUREMENTS

The experiments were performed with the obligate CAM plaalan- The tonoplast fluidity was estimated by measuring temperature profiles
choe daigremontianaHamet et Perrier de la Bae derived from a  of fluorescence depolarization after labeling of the membranes with the
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fluorescent lipid analogue 1,6-diphenyl-1,3,5-hexatriene (DPH) (Pa-tonoplast H-ATPase ofM. crystallinumas described by Ratajczak et
rola, 1993; Shinitzky & Barenholz, 1978). The tonoplast fractions in 3 al. (1994). Protein was determined with Amidoblack®L8fter Popov

mm MgSO,, 5 mv HEPES, pH 7.0 were incubated with IMMDPH et al. (1975) using bovine serum albumin as standard. Rates of ATP
dissolved in tetrahydrofurane to give a final total lipid to probe molar hydrolysis were calculated from the determination of the amount of
ratio of 100 to 300:1. The suspension was incubated for 30 min in thenorganic phosphate produced during incubation of tonoplast vesicle
dark at 37°C under a nitrogen stream just prior to fluorescence meapreparations for 60 min at 37°C (after Ames, 1966). As specific in-
surements using a Perkin-Elmer LS50B fluorometer. Excitation wavehibitors of ATP-hydrolysis activity 50 m nitrate (tonoplast F
length was 360 nm; emission wave length 430 nm. The degree ofATPase), 1 mn azide (mitochondrial HATPase), and 0.1 mnvana-

polarization P) was calculated from the equation: date (plasmalemmaHATPase) were used.
The amount of tonoplast phospholipids was estimated by the
P=(>-loxG+15xG) determination of the phosphate content of tonoplast preparations after

with G: the correction factor inherent to the apparatysind|: fluo- Ammon & Hinsberg (1935).

rescence intensities recorded through a polarization filter orientated in

parallel and perpendicularly to the vertically polarized excitation light. STaATISTICAL ANALYSIS

Temperature profiles of membrane fluidity were estimated by measur-

ing fluorescence depolarization while the temperature of the membran@rithmetic means were analyzed by Studemtsst. Linear regression

suspension (in the following denoted as “actual temperature”) wasanalysis using the Graph Pad Prism computer program was applied to

gradually changed. Each data point shown in the figures represents thtest the membrane fluidity profiles for differences in the slopes and

averaged degree of polarization that was measured during 10 sec. intercept. The significant term is used in the present paper strictly in its
statistical meaning wit® < 0.05.

EXCIMERE TECHNIQUES

. . . ) ABBREVIATIONS
The formation of excimers (“excited dimers”) from monomer fluoro-

phors integrated as probes in biomembranes requires interaction of theam, crassulacean acid metabolism: C16:0, palmitic acid; C18:0,
label molecules. Thus, excimer formation, which can be visualized bysiearic acid, C18:1, oleic acid (D 9 octadecamonoenic acid); C18.2,
the excimer/monomer fluorescence intensity ratil(ratio) depends jingleic acid (D 9,12 octadecadienoic acid); C18:3, linolenic acid (D
on lateral diffusion of the probe in the membrane and is therefore &g 12 15 octadecatrienoic acid); DGDG, digalactosyldiacylglycerol;
reliable indicator for membrane fluidity and phase separation (Galla &EDTA, ethylenediamineteracetic acid; DPH, 1,6-diphenyl-1,3,5-
Hartmann, 1980; Galla, 1988). hexatriene; FFA, free fatty acids; HS, heat shock; HT, high temperature
In the present study pyrene-labeled phosphatidylchd®py-  (34°C day/25°C night); HVA, homeoviscous adaptation; LT, low tem-
C,-HPC) was taken as a probe and integrated in tonoplasts as followsserature (17°C day/7°C night); MDGD: monogalactosyldiacylglycerol;
membrane material equivalent to 20 phospholipid was suspended pa| phosphatidic acid, PC, phosphatidylcholine; PE, phosphatidyleth-
in 3 ml of buffer containing 3 m MgSQ,, 5 mv HEPES, pH 7.0.  anolamine; PG, phosphatidylglycerol; PI, phosphatidylinositol; PL,

The probe, dissolved in ethanol, was added to give a concentration gfospholipids; PMSF, phenylmethylsulfonyl fluoride; RH, relative air
1 mol% with respect to the membrane lipids. Afterwards, the samplesy,ymidity: SQDG, sulfoquinovosyldiacylglycerol.

were incubated in a water bath at 37°C for 30 min in the dark under a

nitrogen stream. In pre-experiments it was made sure that 1 mol%

label concentration in the membrane lipids was in the range where thiRResults

parameter is linearly correlated to thel ratio. Fluorescence intensi-

ties were measured by a Perkin-Elmer LS50B fluorometer. Excitation

wave length was 346 nm; emission wave length 381 nm for the mono CHARACTERIZATION OF THE TONOPLASTVESICLES

mer () and 487 nm for the dimet{). Temperature profiles of the/| . .

ratio were measured, with an integration time of 5 sec for fluorescencel N€ purity of the tonoplast material was evaluated from

measurement at each given temperature. the ATP hydrolysis activity of the tonoplast'HATPase
in the presence of specific inhibitors (Jochem &tige,
SDS-PAGEAND WESTERN BLOT 1987). The azide-resistant, nitrate-sensitive ATP hydro-

lysis activity at pH 8.0, as a marker for tonoplast-H
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS'ATPase, was as high as 65.2 + 3.9%, 70.8 + 7.8% and
PAGE) was performed on slab gels containing 10% (w/v) acrylamide45_5 + 7.6% of the total ATP hydrolysis activity of con-
monomer using the Laemmli buffer system (Laemmli, 1970). After .
electrophoresis, gels were either stained with silver (Oakley et aI.,trOI’ HT and LT_ pIants_(TabIe 1) There \_N_ere no differ-
1980) or proteins were electrophoretically transferred to Immobilon PENCES in the azide-resistant, nitrate-sensitive ATP hydro-
teflon membrane for 45 min at 25 V. Immunostaining was performedlysis activity at pH 8.0, as compared to the total ATP
with alkaline phosphatase conjugated goat-anti-rabbit IgG after incuhydrolysis activity in preparations between control and
bation of the blots with polyclonal rabbit antisera against the holoen-HT plants. In contrast, there was a decrease of ATP
zyme of the tonoplast HATPase ofK. daigremontianaHaschke et hydrolysis activity for LT plants and as well as after
al., 1989) or against subunit A (67 kDa) of the tonopla$t4&T Pase of exposure 1o a heat shock. Contamination by mitochon-
M. crystallinum(Ratajczak et al., 1993 drial ATPase (azide-sensitive activity) at pH 8.0 and by
plasmalemma ATPase (vanadate sensitive activity) at pH
6.5 was low. Student'stest did not reject the null hy-
Immunoprecipitation of the tonoplastHATPase holoenzyme was per- Pothesis for the equality of means at a significance level
formed with a polyclonal rabbit antiserum against subunit A of the of o = 0.05.

OTHER ASSAYS
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Fig. 1. Fluorescence polarization of DPH in
tonoplasts oK. daigremontianaas function of
04 incubation temperature. The diagram compares
tonoplasts isolated from plants adapted to different
growth temperatures prior the membrane isolation.

5 0% (A) Effects of the acclimation (long term, 30d), to

= 03 different growth temperatures. O: control

2 ' (25°C(day)/17°C(night))®: high temperature

% treatment (HT, 34°C/25°C) and x: low temperature

e 0.25 1 treatment (LT, 17°C/7°C)R) Effects of short term

g (3 hr) exposure to a heat shock from 25 to 35°C

GB)) 02 (A) and to a cold treatment from 25 to 12°C (-);

8 ’ control (O). The values represent arithmetic means

1 015 of n = 5 independent experiments. For sake of
clarity the standard deviations (vertical bars) are
01 L0 indicated only for a few values.
V] 10 20 30 40 0 10 20 30 40

Incubation Temperature (°C)

0.4
RESPONSE OFTONOPLAST FLUIDITY TO
GROWTH TEMPERATURE c 0.35
S 03
. . . (1]
To avoid confusion, the following two types of tempera- 2025

ture response have to be strictly distinguished, namelyg ,
(i) response of tonoplast fluidity to the environmental 5
temperature the plants received prior the isolation andg 018
biophysical characterization of the membrane (i.e., re—§’ 0.1
sponse to ‘“growth temperature,” which represents a .05
kind of memory effect), and (ii) response of tonoplast
fluidity to the temperature at which fluorescence polar- 0 10 20 30 40
ization was measured (“incubation temperature”). As IncubationTemperature (°C)
indicated by the decline of the degree of fluorescence
polarization (Fig. A andB; Fig. 2), the gradual increase Fig. 2 FIuore§cence po'larizati.on of DPH .in tonoplgstsi@fdaigre-
of incubation temperature between 5 and 40°C tested S|80nt|anadep_r|_\/ed of their proteins. As in Fig. 1 the diagram compares
far led in all cases to a steady fluidization of the '[ono-tonomaSt fluidity of pl.a nts hel.d a.t difterent growth ter.nperatures prior
. R . membrane isolatiorO: control; A: heat shock (HS), x: low tempera-
plast. Discontinuities in the temperature profiles of fluo- yye treatment (LT)®: high temperature treatment (HT).
rescence polarization did not occur, suggesting that there
was no sudden phase transition of the tonoplast lipids by
increase of the actual temperature. This is in contrast texposure for three hours to high temperature (“heat
the result of previous EPR studies (Kluge et al., 1991).shock™) decreased the tonoplast fluidity to nearly the
For any given incubation temperature complete to-same extent as observed in the plants grown for 30 days
noplasts from plants grown for 30 days at high temperaunder HT. In case of heat shock treatment removal of
ture (HT plants) always showed a significantly higherthe proteins had no effects on the fluidity of lipid matrix
degree of fluorescence polarization, i.e., lower mem-(Fig. 2).
brane fluidity, compared with the controls grown at nor- In contrast to the response to HT, growing the plants
mal temperature (NT) (Fig.A). In other words, a higher under low temperature (LT) for 30 days shifted the fluo-
incubation temperature was required with the tonoplastescence polarization profile of the tonoplast to a signifi-
of HT plants to reach a given degree of fluidity. How- cantly lower level (Fig. A) indicating that the membrane
ever, the difference in tonoplast fluidity between NT andbecame more fluid with respect to the controls. In con-
HT plants visible in the complete membrane disappearedrast to the heat shock, low temperature shock, i.e., shift-
if the proteins were removed from the tonoplast and onlying the plants for three hours from 25 to 12°C, had no
the lipid matrices were compared (Fig. 2). The protein-effects on the fluidity of the tonoplast (FigBL
free tonoplast lipid matrix of the HT plants showed even Figure 3A andB show temperature profiles of exci-
slightly lower values of fluorescence polarization indi- mere/monomer fluorescence intensity/ () ratios in -
cating somewhat higher fluidity of the lipids compared py-C,,-HPC labeled tonoplasts isolated from differently
with the controls (Fig. 2). grown plants ofK. daigremontiana The I*/| ratios in-
Figure B, in comparison with Fig. A, shows that creased in response to the incubation temperature sug
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gesting that due to thermotropic fluidization of the mem- 25
brane the lateral diffusion of the probe increased leading 1
to an increase in the frequency of excimere formation. 2 |
|
|

A

y=0.0199x + 0.6107
R® = 0.9969

In none of the curves obtained there was an abrupt
change in the slope which provides further evidence tha , 5 !
no sudden phase transitions occurred in the membrang
There were significant differences in the slopes of thex
temperature versug/| correlation curves obtained with ™
the entire membranes of differently treated plants (Fig.

3A). Thatis, in the tonoplasts of HT plants the increase 05 - oo

of intensity ratios in response to incubation temperature 3

was clearly less steep compared with the control (NT o —————--. o e

R? = 0.9864

Plants). This suggests that adaptation to high tempera- 10 20 30 40 50 60
ture decreased the susceptibility of the tonoplast to ther- 25

motrope fluidization. The opposite holds true for the to- ! B ’

noplast of LT plants where increase of incubation tem- 5 y = 0.0396x + 04032

R?=0.0933

perature led to a steep increase in the ratios. If the
proteins were removed from the tonoplast (FiB),xhe
slopes of thd*/l temperature increased considerably in
the case of the controls and even more so in the case o
HT plants suggesting that lateral motion of the label
molecules in the membranes was facilitated by this treat-
ment. In contrast, with the tonoplast of LT plants, where ™
high lateral motion of the label was already observed in
the entire membrane, removal of proteins had practically
no further effect on membrane fluidity as shown by the
same slopes of the concerned temperature response
curves of Fig. & andB, respectively.

0aP
o2°%  y=0.0285x + 0.3927
R?=0.9965

S
5
O...
o

T |-Ratio
o

-

y=0.0191x + 0.4411
R?=0.0977

0 .
20 30 40 50 60

Incubation Temperature (°C)

Fig. 3. Change of the excimere/monomere fluorescence intensity ratios

(I*/1-Ratio) in response to incubation temperature, exhibited by pyrene-

PC-labeled tonoplast preparations §f daigremontiana.The data

RESPONSE OFTONOPLAST LIPID COMPOSITION TO show the results of a labelling experiment using tonoplast material

GROWTH TEMPERATURE pooled from three isolationsAf Entire tonoplasts;R) tonoplasts de-
prived of their proteins. The membrane material derived from the same

eoreparations as shown iA), Symbols:O: control (plants grown under
NT); #: plants grown for 30 days under HT condition&; plants
grown for 30 days under LT conditions.

The decrease in tonoplast fluidity after exposure of th
plants to a heat shock for 3 hr (FigB)JLor after accli-
mation to high temperature for 30 days (Figd)Iwas
paralleled by changes in the lipid fraction of the tono-
plast. Compared with the control, the total amount of
lipids decreased in the case of HT plants by about 2090ntrols. However, the percentage of linoleic acid de-
and the content of total fatty acids by about 19% and bycreased from 34 (controls) to 23%, whereas linolenic
14% after a heat shock with respect to the protein conteracid increased from 24 to 35%. The analyses of lipid
of the membrane. In contrast, the low-temperature treatelasses revealed that upon heat shock PC and PE de
ment increased the content of total fatty acids by aboutreased, while galactolipids increased (Fig. 4). More-
23% (data not shown over, it was found that in PC, the proportion of linoleic
As shown in Table 2, the acclimation to high tem- acid decreased from 37 to 27% and in PE from 36 to
perature led to a change in the fatty acid composition 026%. Simultaneously, the proportion of linolenic acid in
the tonoplast. The percentage of linoleic acid and lin-the MGDG-bound fatty acids substantially increased
oleic acid decreased from 34 to 22% and from 23 to 18%from 23 to 41%.
respectively. After HT treatment there was a slight in- Also in the case of LT treatment there was an in-
crease in palmitic acid, whereas stearic acid increasedrease in the contribution of linolenic acid to total fatty
from 5% to 11%. The analyses of lipid classes showedicids with concomitant decrease in the percentage of
that the percentage of PC and PE in tonoplasts of HTinoleic acid. However, in contrast to heat shock, with
plants were lower compared to control plants (Fig. 4). LT treatment the increase in linolenic acid (from 17 to
Upon exposure of the plants to the heat shock (HS)23%) occurred almost exclusively in PC while in the
the saturated fatty acid compositions of the tonoplasfatty acids of PE and the galactolipids the degree of
lipids were not markedly changed with respect to thesaturation increased (Table 3).
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Table 1. Characterization of tonoplast vesicle preparations fkonadaigremontiana

ATP hydrolysis activity (% of total activity)

Vanadate-sensitive
activity at pH 6.5

Azide-sensitive
activity at pH 8.0

Nitrate-sensitive,
azide-resistant
activity at pH 8.0

Control { = 8) 65.20 + 3.90 8.10 £ 3.40 8.50 £5.50
HT (n = 10) 70.80+7.80 10.70 £ 4.60 7.90+7.80
LT(n=7) 45.54 +7.60 10.60 = 3.60 8.60+5.70
Heat shockif = 5) 49.90 +8.10 10.40+6.10 8.20+4.20

The tonoplast vesicle preparations frétndaigremontianavere grown under normal conditions (control), high temperature (HT), low temperature
(LT) or after a heat shock from 25 to 35° for 3 hr by determination of ATP-hydrolysis activity in presence of specific inhibitors. Inhibito
concentrations were 1wvnazide (mitochondrial FATPase; measured at pH 8.0), 5mitrate (tonoplast HATPase; measured at pH 8.0), and
0.1 mv vanadate (plasmalemm&a{ATPase; measured at pH 6.5). Total ATP-hydrolysis activities at pH 8.0 were 108.9 (control), 111.2 (HT), 91.0
(LT) and 78.24 (heat shockymol P, mg protein® hr . The values represent arithmetic means * standard deviation.

Table 2. Fatty acid composition (mol%) of tonoplasts isolated frigm k]

daigremontiana W coninol
| EHT

Treatment C16:0 C18:0 C18:1 C18:2 C18:3 g,_'f

Control 323 5.0 47 342 237 |

HT 35.9 10.9 10.9 22.4 18.4 = 5

HS 325 6.3 34 23.1 347 B

LT 28.7 9.8 8.3 22.1 29.0

=,
=]
"
LT

The tonoplasts isolated frol. daigremontianavere grown at normal
temperatures (control), at high temperature (HT), at low temperature % 7
(LT), and after a heat shock from 25 to 35°C for 3 hr (HS).

PA JLLLLL

[
o

PE \IHM:MHHHHM\W
Pl

(o]
o

MGDG [l

RESPONSES OFTONOPLAST PROTEINS TO

GROWTH TEMPERATURE ! . - .
Fig. 4. Lipid class compositions (mol%) of tonoplasts isolated from

] plants adapted to different growth temperature regimes as indicated in
The responses of tonoplast proteins were analyzed afteffie insert. The values represent arithmetic means of two analyses car-

HT treatment. Also in this experiment we found that ried out with a tonoplast sample where membrane material of 5 inde-
parallel to the decrease of tonoplast fluidity (Fig)the  Ppendentisolations was pooled.

lipid/protein ratio of the membrane decreased from 3.08

+0.45 [ = 5) in the controls to 2.20 = 0.4% (= 5) in
the treated plants. The difference was significant on th
level of « = 0.05 (Student’g-test).

The polypeptide compositions of tonoplast vesicle
preparations from control plants and heat treated plant
were practically identical, with the exception that in
preparations from heat treated plants an additional 3
kDa polypeptide was present (Fig. 5). Interestingly,
Western blot analysis revealed that this polypeptide
cross-reacted with an antiserum directed against the hdexPERIMENTS WITH PC LIPOSOMES AND
loenzyme of the tonoplast'HATPase ofK. daigremon-  PROTEOLIPOSOMESRECONSTITUTED WITH
tiana (Fig. 6, lane 2). Since there was no cross-reactiorToNOPLAST PROTEINS
of the 35 kDa polypeptide with an antiserum raised
against subunit A of the tonoplast™TPase (ofM.  The experiments shown in Fig. 2 and previous experi-
crystallinunj it is unlikely that the 35 kDa polypeptide is ments by Schomburg & Kluge (1994) demonstrated that
a proteolytic fragment of subunit A (Fig. 6, lane 4). The the removal of the membrane proteins from the tonoplast
tonoplast H-ATPase holoenzyme was immunoprecipi- of K. daigremontianabolished the phenotypic rigidiza-
tated from solubilized tonoplast proteins by an antiseruntion of this membrane due to increase of growth tem-

énonospecific for subunit A of the enzyme. Western blot
analysis of immunoprecipitated tonoplast-ATPase
with subsequent immunostaining using an antiserum
gainst the tonoplastHATPase holoenzyme showed alll
nown subunits in the precipitate, while the 35 kDa poly-
geptide is not a part of the tonoplast4ATPase holo-
enzyme (Fig. 7).
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Table 3. Fatty acid composition (mol%) of lipid classes of tonoplasts — py C H
isolated fromK. daigremontiana

Lipid class Treatment C16:0 C180 C183 (C8:2 C(C18:3 kDa

PC Control 37.5 5.8 6.9 374 125
HT 47.6 13.9 8.0 21.9 8.7
HS 46.6 7.5 45 248 16.7
LT 357 90 69 245 228  B6.2
PE Control 49.1 5.7 3.3 36.3 55
HT 46.0 171 12.0 16.4 4.2
HS 55.7 8.0 3.6 25.9 7.3 427
LT 36.4 32.9 6.9 134 104 ’
PG Control 67.0 8.8 8.1 11.5 2.6
HT 52.6 19.9 111 8.8 2.8
HS 65.5 8.9 63 121 38 310
LT 38.3 7.3 34.6 12.1 5.8
PA Control 41.0 8.9 6.4 38.0 11.0
HT 45.8 3.7 19.8 21.7 9.0
HS 449 73 46 301 120 915
LT 31.2 14.8 32.0 12.6 5.8
MGDG Control 43.8 6.6 4.3 20.7 233
:; 2@36 122 222 E? 4?)3 Fig. 5. _S_ilver—stained polya(?rylamide gel showing the polypeptide
LT 39.6 10.7 79 174 155 composition of tonoplast vesicles from control plants (lane C) and HT
DGDG Control 255 1.6 3.9 101 493 plants (lane H) oK. dgigrem_ontiana?l’he arrow indicates Fhe position
HT 26.1 279 6.2 34 48 of a 35 kDa polypeptide which was exclusively present in heat treated
HS 250 125 29 92 500 plants (HT). Slots were loaded with aboup§ prote_in._M:‘ molecular
LT 40.9 135 122 103 107 mass standard; numbers on the left hand margin indicate molecular

masses of standard proteins.

The tonoplasts isolated frol. daigremontianavere grown at normal
temperatures (control), at high temperature (HT), at low temperature

(LT), and after a heat shock from 25 to 35°C for 3 hr (HS). M 1 2 3 &
kDa
55.2 T

perature. Aiming to mimic rigidization of the mem-
branes by tonoplast proteins, we have reconstituted prc
teins isolated from the tonoplast &f daigremontiana

into phosphatidylcholine (PC) vesicles. The incorpora—‘i‘z-"-Ir e S—
tion of tonoplast proteins into the PC liposomes led to a
marked increase in the degree of fluorescence polarize 7 ,/

tion (Fig. 8) indicating decrease of membrane fluidity. 31.0
This effect clearly depended on the phospholipid/proteir
ratio established in the reconstituted vesicles. That is
the fluidity of the membrane decreased when the lipid/
protein ratio was shifted to lower values. 215

Discussion Fig. 6. Western blot analysis of tonoplast proteins from controls (lanes
1, 3) and HT plants (lanes 2, 4) Kf daigremontianalmmunostaining

. . was performed with an antiserum against the holoenzyme of the tono-
In the present paper fluorescence labeling techniquegast H-ATPase ofk. daigremontiana(anes 1, 2) or against subunit
were applied to visualize in the CAM plait. daigre- A of the tonoplast F-ATPase ofM. crystallinum (lanes 3, 4). The
montianathe response of tonoplast fluidity to growth arrow indicates the 35 kDa heat related polypeptide. M: molecular mass
temperature. The observed effects of increase in growthtandard; numbers on the left hand margin indicate molecular masses of
temperature are fully consistent with previous findingsStandard proteins.
obtained by EPR spectroscopy in the same experimental
system (Kluge et al., 1991; Kliemchen et al., 1993;the fluidity of the tonoplast. Moreover, our present re-
Schomburg & Kluge, 1994). Thus, there is now un- sults show for the first time that already three hours of
equivocal evidence that at least in CAM plants increasdreatment with high temperatures are sufficient to bring
of growth temperature leads adaptively to a decrease iabout rigidization of the tonoplast, and that lowering of
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Fig. 7. Western blot analysis of tonoplast proteins from controls (lane Fig. 8. Changes in membrane fluidity of PC vesicles containitg

3) and HT plants (lane 4) df.. daigremontianavhich were immuno-  daigremontiangonoplast proteins from control plants at various lipid/
precipitated by an antiserum against subunit A of the tonopldst H protein (/p, w/w) ratios (/p). O: PC vesicles without proteins (= 4);
ATPase ofM. crystallinum. Control experiments which were per- B l/pratio =10 (n = 3); A: I/pratio = 5 (n = 3).

formed in the absence of antiserum against subunit A or in the absence

of tonoplast proteins are shown in lanes 1 and 2, respectively. Immu-

nostaining was performed using an antiserum against the tonoplast

H*-ATPase holoenzyme oK. daigremontianaM: molecular mass ~ the 35 kDa polypeptide has only a minor contribution to
standard; numbers on the left hand margin indicate molecular masses ¢he total tonoplast protein amount suggesting that this
standards. protein did not lead to a drastic change of the lipid/

protein ratio. However, the 35 kDa polypeptide might

growth temperature increased the tonoplast f|uidi_haveamorelspecific rolfe in membrfane.rigidization. Itis
ty. This latter finding is consistent with the classical to0 early to interpret this polypeptide in terms of heat
manifestation of homeoviscous adaptation known fromshock proteins (Vierling, 1991), but it is conceivable that
biomembranes of microorganisms and animal cells (Hait belongs to that category. Recently, the heat-shock me-
zel, 1988; Nozawa & Umeki, 1988; Parola, 1993). diated induction of an hydrophobic 30 kDa membrane
As far as the rigidization of the tonoplast by increaseprotein has been observed in yeast (Regnacq & Bouche-
of growth temperature is concerned, for the following rie, 1993).
reasons our findings clearly support the hypothesis of  The identity of the 35 kDa tonoplast polypeptide has
Schomburg & Kluge (1994) that this effect is mainly due to be shown by future investigations, but it is worth
to stabilization of the bulk lipid matrix by membrane mentioning in this context that stress-related appearance
proteins: First, as shown by our measurements of fluo-of tonoplast polypeptides with a molecular mass of about
rescence polarization and excimere formation, the heat30 kDa, which cross-react with antisera against a subunit
induced decrease of tonoplast fluidity occurring in theof the tonoplast FATPase, has already been observed
complete tonoplast is abolished if the proteins are rein other plants. InM. crystallinum, polypeptides with
moved from the native membrane. Second, it is wellmolecular masses of 28 and 32 kDa, which cross-reactec
known that the lipid constituents of biomembranes carwith an antiserum against the"rATPase holoenzyme of
be stabilized by interaction with membrane proteins (PaK. daigremontianaappeared in tonoplast vesicles after
rola, 1993). Indeed, we found that parallel to the phe-salinity induced G-CAM transition (Bremberger et al.,
notypic rigidization of the tonoplast there was a clear1988). In contrast to the 35 kDa heat-response polypep-
shift in the lipid/protein ratios in favor of the proteins. tide of K. daigremontiana,these polypeptides were
Finally, we were able to mimic the influence of variation shown to be closely attached to thé-HTPase holoen-
of the lipid/protein ratio on membrane fluidity by recon- zyme (Ratajczak et al., 1984Zhigang et al., 1996) by
stitution experiments with tonoplast proteins and artifi-immunoprecipitation experiments performed under iden-
cial liposomes. tical conditions as used in the present study (Zhigang et
Whether or not that rigidization is solely a matter of al., 1996). InCitrus sinensissalt stress led to the ap-
changes in the lipid/protein ratios remains to be studiegpearance of a 35 kDa tonoplast polypeptide (Baret
in detail. However, in this context our finding is inter- al., 1995) which cross reacted with an antiserum against
esting that the heat-induced decrease in tonoplast fluiditghe holoenzyme of the tonoplast#ATPase ofK. dai-
was accompanied by the appearance of a 35 kDa ton@remontianabut was not found to be a constituent of the
plast polypeptide which was not detectable in the nor-H*-ATPase holoenzyme complex (Bda et al., 1995).
mally grown controls. As can be seen clearly in Fig. 5,Further studies are needed to find out whether these
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polypeptides and the 35 kDa heat related polypeptide ofs counterbalanced by the increase in the level and the
K. daigremontianadescribed in the present study are of degree of unsaturation of nonbilayer forming MGDG
similar origin. Although several protease inhibitors suchwhich is known to disturb the bilamellar structure and
as PMSF, EDTA, leupeptin and pepstatin were presentith it the degree of order in a membrane. Also in low-
during isolation of tonoplast vesicles, proteolytic break-ering of growth temperatures (LT Plants) the tonoplast
down can not be completely excluded. It is also possibldipids of K. daigremontianarespond in a complicated
that all the mentioned polypeptides are productsnof way. That is, PC which represents one of the main bi-
vivo degradation of high molecular mass subunits of thdayer forming lipids in the membrane, became more de-
tonoplast H-ATPase occurring under certain stress consaturated which should lead to a fluidization of the mem-
ditions and still exhibiting distinct metabolic functions as brane. However, this fluidization is obviously compen-
it is the case for the 32 kDa polypeptide Mf crystalli-  sated by the increase in saturation in PE (which is also a
num Alternatively, it is conceivable that the 35 kDa nonbilayer forming lipid) and in the two galactolipids so
heat response polypeptide has nothing to do with thehat the protein-free lipid matrix of the tonoplast from LT
ATPase complex and that the reaction with the antiserunplants shows the same fluidity as the control (Fig. 2).
derives from accidental structural similarities with the In conclusion, our data suggest that HVA of tke
ATPase-subunits. daigremontianaonoplast is a multifaceted phenomenon
The obvious importance of membrane proteins inconcerning both the membrane proteins and lipids. We
bringing about HVA of the tonoplast does not excludeare aware that the gapless explanation of HVA in the
the possibility that membrane lipids are also involved intonoplast requires a more precise understanding of the
this process. This becomes evident by our lipid anadipidic microdomains around the membrane proteins.
lyzes. The basic lipid composition of the tonoplast we Studies dealing with this problem are now in progress in
have found in normally growrK. daigremontiana, our laboratories.
agrees well with the data reported by Haschke et al.  The question still remains, whether growth tempera-
(1989). The latter authors found thatMesembryanthe- ture can also shift the tonoplast fluidity in others than in
mum crystallinuninduction of CAM had no effect onthe CAM performing cells, and if such shifts concern also
tonoplast lipid composition, albeit in this species CAM the plasmalemma and other membranes. For thylakoid
induction is accompanied by a decrease in tonoplast flumembranes the existence of homoeoviscous adaptatior
idity (Kliemchen et al., 1993). In the case i§f daigre-  has been demonstrated and could be related to acclima
montiana,however, the present study revealed that al-tion of photosynthesis to high environmental tempera-
terations in tonoplast fluidity in response to growth tem-tures (Quinn, 1988). It is reasonable to propose that the
perature were paralleled by changes at the level of théemperature related phenotypic adaptability of tonoplast
membrane lipids. Surprisingly, and in contradiction to fluidity shown for K. daigremontianas also ecophysi-
the generally admited opinion, we observed that heablogically relevant. In nature, CAM succulents as rep-
shock treatment significantly increased the degree of unresented by our experimental plant are exposed to drastic
saturation of the tonoplast lipids by increase in the perdiurnal fluctuations of temperature ranging from about
centage of linolenic acid, although the fluidity of the 10°C in the night to often more than 35°C in full sun
complete membrane (FigB)l and that of the protein-free during the day. Also seasonal changes in the environ-
lipid matrix significantly decreased (Fig. 2). At first mental temperatures have to be put into account. It is
glance this contradictory result can reasonably be exeonceivable that the shown phenotypic adaptation of to-
plained by the decrease in the level of PC and PE whichoplast fluidity helps to avoid excessive thermotropic
occurred in parallel to the increase in linolenic acid. fluidization or rigidization of the tonoplast thus guaran-
Moreover, PC and PE became more saturated due to teeing undisturbed functioning of the vacuole under en-
large decrease in the percentage of linoleic acid. On theironmental temperature stress. It is also conceivable
other hand, an increase was observed in the level anidhat the adaptation of tonoplast fluidity is an important
degree of unsaturation of MGDG. MGDG and PE arecomponent in the mechanism behind the marked increase
typical “nonbilayer-forming” lipids, and it has been in cellular heat-resistance shown by desert CAM plants
shown that incorporation of this type of lipid into a mem- in response to short- and long-term exposure to excep-
brane affects its order and dynamics and with it the transtional high environmental temperatures (Nobel, 1988).
port taking place across the concerned membrane (De
Kruiff, 1997). Altogether, the tonoplast df. daigre- _ _
montianaresponds to heat shock at the level of the IipidTE:‘('JSn rfvoélérxfn iuiap;:;ef?atgetzftr?eengghigzo(r?;h;Tg:r?srgzl)ns\(/:\?sﬂ
composition in a SUbtle. manner. First, as in mO.St Oth(_jr\(/vouldllike to thzmk Mrs. Monika Medina-Esparand Mrs. Upmeyer
systems, the decrease in the degree of unsaturation of Uﬁ(ﬁ help in preparing the manuscript. We also thank Mrs. Annick Ber-

main bilayer-forming lipids can be expected to increasenardo-Connan for her technical assistance in the analysis of lipids and
the rigidity of the tonoplast. However, this rigidization fatty acids.
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