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Abstract. The observed endogenous circadian rhythm intrated and water use economized (Osmond, 1978; Liittge,
plants performing Crassulacean acid metabolism is ef1987). CO, is fixed nocturnally and stored in the cell
fected by malate transport at the tonoplast membranezacuoles in the form of organic acids, normally malic
Experimental and theoretical work asks for a hysteresigcid, and remobilized again during the light period for
switch, regulating this transport via the ordering state ofphotosynthetical assimilation behind closed stomata.
the membrane. We apply a schematic molecular model td his cycle of CO,-exchange and organic acid accumu-
calculate the thermally averaged order parameter of th&tion/remobilization also occurs under constant external
membrane lipid structure in its dependence on externatonditions as a free-running endogenous rhythm
parameters temperature and area per molecule. Th@Vilkins, 1984; Luttge & Beck, 1992). Hence, it is
model shows a first order structural phase transition in alearly necessary to postulate the existence of an endog:
biologically relevant temperature range. Osmotic conseenous oscillator. This can also be readily demonstrated
guences of malate accumulation can trigger a transitioty a computer model of CAM (Blasius, Beck & Liittge,
between the two phases by changing the surface area @B97) having four major pools of metabolites connected
the cell vacuole. Estimation of the energy needed to exvia metabolite flows as well as positive and negative
pand the vacuole under turgor pressure because of ofeedback loops, where incorporation of a ‘hysteresis
motic changes while acidifying shows that energyswitch’, i.e., a mechanism which regulates the passive
needed as latent heat for the calculated change betweefflux of malate in dependence on the malate content in
phases can easily be afforded by the cell. Thus, malatthe vacuole, leads to a stable oscillatory behavior (Bla-
content and the coexisting two phases of lipid ordersius, Beck & Littge, 1998). In our modeling we realized
showing hysteretic behavior, can serve as a feedbacthis beat oscillator by two discrete states of the tonoplast
system in an oscillatory model of Crassulacean acid mewhich could be switched to efflux ‘on’, or ‘off’, respec-
tabolism, establishing the circadian clock needed for entively, by increasing or decreasing the malate filling level
dogenous rhythmicity. of the vacuole. Though this model reproduces many em-
pirical observations very well (Blasius et al., 1997,
Key words: Crassulacean acid metabolism — Endog-1998), the effective beat oscillator has no physiological
enous rhythm — Lipid membrane structure — Phaseexplanation so far.
transition — Osmotic cell pressure It has been debated vividly, what the cellular, physi-
ological or molecular hysteresis switch of CAM plants
might be. The tonoplast membrane, which mediates en-
ergy-dependent vacuolar malate accumulation and pas-
_ _ i ) sive malate efflux, and the enzyme phosphoenolpyruvate
Crassulacean acid metabolism (CAM) is a special mode,rhoxylase (PEPC) serving noctur@d,-fixation have
of photosynthesis, where inorganic carbon is concenyqih peen considered most seriously as the possible can
didates (Wilkins, 1984; Anderson & Wilkins, 1989; Lutt-
S ge & Beck, 1992; Grams et al., 1997). PEPC-activity
Correspondence taR. Neff regulated by phosphorylation/dephosphorylation in the
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day/night rhythm of CAM and the phosphorylating
PEPC-kinase have in fact been demonstrated to show
endogenous circadian oscillations (Nimmo et al., 1987
Carter et al., 1991; Kusumi et al., 1994; Carter et al.,
1996).

For several reasons, however, we favor the tonoplast
as the key oscillator of the endogenous CAM-rhythm
(Luttge, 1997). Both in vivo (Carter et al., 1995) and in
the model (Blasius, 1997) the endogenous rhythm func-
tions without the PEPC-kinase rhythm, although the lat-
ter somewhat stabilizes the oscillatory behavior (Blasius,

1997). Endogenous PEPC-kinase oscillation may be an :

eplphenomenon (Grams et al., 1997)‘_ Con,versely’ Fh%g. 1. Schematic representation of a monolayer of the lipid molecules
model does need the tonOpIaSt hystereS|s SWIt(?h (BlaS|u§s rigid rods reflecting the excluded volume of the hydrocarbon chains
1997). Furthermore, regular endogenous oscillations of the lateral plane of the membrarieis the angle of deviation from
CAM in Kalanchoé daigremontianander the influence the membrane normal.
of the external control parameter temperature are driven
into arrhythmic behavior. This occurs both at a critical N
low and at a critical high temperature (Grams et al.,where transitions between the two states are thermody-
1997). When the endogenous rhythm is reinitiated agaiamically easily feasible in view of known biophysical
by increasing temperature from a temperature too low fol€havior of CAM-plant vacuoles and their tonoplast
regular oscillations, it sets in with decreage@,-uptake ~Membrane during aC|d|f|cat|on. and deacidification in
and malate mobilization. Conversely, when the reiniti-V'VO (Lutt'ge,"KIuge& Ball, 1975; Steudle, Smith & Ltt-
ated endogenous rhythm is due to lowering of the tem3€: 1980; LUttge, 1986).
perature from a level too high for regular oscillations, it
begm; with an increase ﬁ(_)z—uptakg and malate accu- Materials and Methods
mulation. This can be easily explained by temperature
effects on the physical state of the tonoplast membranghe schematic membrane model developed by Jahnig (1977, 1979)
affecting passive malic acid efflux from the vacuole. At concerns a pure lipid matrix. The headgroups of the lipid molecules are
low temperature efflux is low and the rhythm stops with neglected, and only a monolayer is taken into account, which, never-
the vacuole remaining full of malate, at high temperaturetheless* is proven generally to give reasonable results also in applica-

. . . tion to the basic thermodynamics of bilayers (Nagle, 1976), because
the Va(_:u,OIe is emptied when Fhe rhythm goes I,mo,ar only a constant surface pressure has to be added to transfer all physica
rhythmlcny. The phenomenon is observed both in vivo properties from a monolayer. The model thus consists of single hydro-
and in the performance of the CAM model (Grams et al.,carbon chains with equal length, arranged in one plane and interacting
1997). Finally, the critical temperature thresholds for thewith each other by van-der-Waals forces and mutual steric hindrance
change between rhythmicity and arrhythmic behavior in(see Fig. 1).The phase character of the system remains qualitatively the
continuous light are dependent on the growth tempera§ame regarding short chains without elastic energy or infinitely long
t fth lants (G Kl & Liitt 1995). M chains with elasticitydf. Figs. 5 and 6 in Jahnig, 1979). Changing the
ures orthe p Z_in S_( rams, Kluge utige, ) ea- effective temperature scale only transfers one case into the atber (
surements W'th isolated t0n0p.|aSt membran.es hav@elow. Thus, in the calculations presented here, the hydrocarbon
shown that this is due to homeoviscous adaptation; meaehains are regarded as rigid, because with this assumption the thermo-
sured at the same temperature the tonoplast membranégiamic averages can be evaluated almost completely in analytic form.
from plants grown at higher temperatures have a higheThe chain-chain interaction is substituted by a self-consistent potential
state of order than those kept under lower temperature}ding on a specific chain, i.e., a mean field approximation is employed.
during grovvth (Schomburg & Kluge 1994) Thus. tono ccording to Jéahnig (1977, 1979), the energy of one chain in the

' : ’ "~ molecular field is

plast functions must play a decisive role in driving en-
dogenous circadian CAM oscillations.

In the present work we used a theoretical approactF
to find out if it is thermodynamically and energetically
feasible that the lipid order of the tonoplast functions aswhered is the polar angle of the chain defined with respect to the
a hysteresis switch. The highly simplified and schematicnward surface normalc{. Fig. 1). N defines the chain length, ex-
membrane model of Jahnig (1977, 1975) could be pabressed s e uberofcarbon atoms T st 4.1 et
rametenzed so that l_t ,gave two coexlstlng phases, ong Irélmeterl“ giving its strength. The second term is the mean field of the
Wh'Ch the ordgr of !'p|q mOIecweS in the membrane I.Svan-der-WaaIs forces of all surrounding chains with a constant strength
high, and one in which it is low. The set of parameters iSparameterA (cf. Table) and the dynamical parametéBsldescribing
in a temperature range relevant for CAM plants, andthe mean orientational order of all chains (for detailed explanation of

membrane surface

cosd) =-NT cos) — NA (S % (3cogd - 1), 1)
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Table. Parameters occurring in the membrane model

39

Symbol Calculatory Value Unit Meaning p(x) T Ew (3)
Relation f_l exp [— W] dx

;I' Eﬁz:zg: 22 'l\l;leergge;aetzrz or The thermodynamic average of any quantityAin thermodynamic
molecule equilibrium is defined by the integral

P External 6.25103%° m3 Chains per volume )

k Constant 1.381102° JK™*  Boltzmann constant  (A)= f A(X)p(x) dx 4)

A Constant 2,800 Jmolt  Strength of -

;/:rr;-edser-Waals The macroscopic observables for such an ensemble are the tempera

M Constant 10.500 Jmol®  Elasticity constant ture_T_, and the mean area per molecidleThey are_not introdu<_:ed

’ for bending explicitly in the computation. Rather, the temperatliis merged with
: . the parameter®l and A in the dimensionless parametgrcalled re-

Nett Constant 4 None If;fr?gctt;]ve chain duced temperature:

r Calculated J mol™* Strength of steric KT
hindrance t: “NA (5)

@O Calculated None Mean angle to
membrane normal ) )

X0 Calculated [@os®0] None Mean unitary dipole The other macroscopic quantity, the mean area per moletuls,
moment of the strongly related to the averagéof the unitary dipole moment of the
chains chains due to the fact, that a tilted chain consumes more membrane

S Calculated None Order parameter surface area than a rectangular one. Simple geometric reasoning (Jah
(Eq. 2) nig, 1979; Neff, 1997) gives:

The external parameters are not used directly in the calculation, but’: =Np - f=(b- ()™ (6)

they are needed to obtain realistic values from modeling. The calcu-
lated quantities depend on the effective parametéts. 5) and ' (Eq.

6). (Values ofM andp from Jahnig, 1977, p. 59 and p. 104; value of

A from Marcelja, 1974)

the energy termsee Jéhnig 1977, 1979 and the references given
therein). The cornered brackets @ denote the thermodynamic av-
erage. Thus, the microscopical energy of one chain is not only depe

n-

wherep is the number of chains per volume anis the effective length
of oneC—Chbond. For the calculations, the left hand side of Eq. 6 is
combined into the second free varying paraméter

The scale of the reduced temperatudepends on the assumption
about the chain flexibility. As pointed out earlier in this section, the
calculations performed by Jahnig (1979) show that the thermodynamic
properties for two limiting cases, the short rigid chain and the (infi-
nitely) long elastic chain, are very much the same (Figs. 5 and 6 of this
article, loc.cit). They can be transformed into each other by only

dent on its own orientation but also on the orientation of the ensembl%hanging the reduced temperature scale. This can be seen immediatels

of chains as a whole. Calculating the thermodynamic averages USin?5’r0m the underlying physical mechanisms. For the rigid chain the ther-
E(cosV) (seeEgs. 3 and 4), leads to a self consistency problsee (

Eqgs. 11) because of this dependency on the thermodynamically ave
aged® Equation 1 implies, that the chains at low temperature, and by,

modynamic excitations of a given chain in its mean field surroundings

re the bending modes, described by the bending a@n¢fe. 1), and

a mean field strength parameter For the long elastic chain this mode

that at low excitation, tend to straighten rectangular to the membransrhs replaced by the relative bending modes of the individual parts of the

surface.

The orientations of all chains are summed up$h) called the

order parameter of the membrane lipids. It is derived from the quadruTOr rigid chains, Eq. 5, is replaced for elastic chains by (Jahnig, 1979)
pole tensor of rodlike molecules. In the case of uniaxial symmetry, as

we assume it here, the tensor has only one free parameter, which

determines$in the form

(925 (3(coF) - 1)

This order parametef$characterizes by the second order term

(@)

chain, once more characterized by a bending angle, but additionally
also by the elastic bending constant Thus, the reduced temperature

kT

ter =

@)

where the denominator now contains the geometric mean of the two

force constantdyl andA. Egs. 5 and 7 allow one to scale the two cases

into one another by only shifting the relative temperature appropriately.
Real tonoplast membranes contain lipid chains with between 14

[cog9the orientational order of the system. If all chains orientate and 26 carbon atoms (Haschke et al., 1990) which is certainly closer to
themselves parallel to the membrane normal, the maximum \V&lue the second of the two limiting cases. To apply our results to the tono-
= 1 is reached. On the other hand, a completely random orientatioplast membrane we therefore have to relate the scales to each other by
with & < /2 for each lipid chain yield§81= 0. [Sdcan be measured defining an effective chain length., for the short rigid chain which
directly by electron paramagnetic resonance (EPR), nuclear magnetigrings the phase tansition to the same value of the reduced temperature
resonance (NMR), or by fluorescence anisotropy (FA), using probeas for the long elastic chain (where it is uniquely determined by the
molecules. realistic force parametefd and A, cf. Table). This results in

The probabilityp(x) of a chain to have a unitary dipole moment

X = cos¥ is given by the Boltzmann distribution: t=0.5t,, (8)
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or 0.220

0225 t
0.230

Negr= 2 \/M )

eff ~ A ’///// %/; 0.5

///////:,;/Z/////

The advantage of the drastically simplified membrane model with S o 7 104
i i ; i s
rigid chains is that nearly all s'teps of the calculation of thermodynamic { ““‘yﬂ ﬂ"&,,;,’;%,,,z,/ 10.3<S>
averages can be done analytically; only one Dawson-Integral has to b e’@@g /,///4."////,
solved numerically. Besides that, a numerical procedure is also needef ,/),//,,’//0‘0/," 402
to fit the two self-consistency conditions: The first one results from the ,,'/,,"'/;f’///,/ff//ﬁ’
fact that the thermodynamic averagelhas to fulfill Eq. 6, where the 4 -1 o1
parametef’ is chosen as starting value in the calculation. Using Eq. 4 0
to expresgXlleads to the consistency requirement 6 4 2

14 12 10 8
1 E(X) f[10110/m]
oo -7 x4
x)= =— (10) Fig. 2. The order parameté®in its dependence on the calculation
1 E(x) b-f’ , A P )
f exp| - — | dx parameter$’ andt, showing a region in the parameter space with three
-1 KT coexisting different solutions fofSJat a given combination of’
andt.

This equation figures the dependence of the steric hindrance on the area

available for the molecules expressedfbyand therefore the unkown

steric hindrance parametEr(cf. Eq. 1) is adjusted to fulfill Eq. 10. The  |ow ordered phase between which the system can switch.
second self-consistency follows since the order parani&emflu- These phases can be considered as the two states of th

the st th of th lecular field, d in Eqg. 1, whil . . .
ences e srengi o the molecuar eld, as expressed in =q. &, Wiy staresis switch needed to explain the endogenous
it is simultaneously dependent on this interaction[®sis a thermo-

dynamic average. Formally this is done by inserting Eq. 4 into 2 andCANI rhythm (See Introduction). The jumb from one

therefore the following equation has to be solved: phase to the other is a first order phase transition with
latent heat. At the critical point the coexistence region
fl > [ E(X)] vanishes, and a phase transition of second order takes
X“-exp| ——= | dx
) 11 1 kT ] 1 (1) place.
2 fl ox [_@] dx Taking cuts across the parametric space at constan
2P T kT temperature results in the isotherms as shown in Fig. 3.

Here we discuss only the case of constant temperatures

) . . o since the endogenous rhythm of CAM is normally de-
Egs. 10 and 11 is equivalent to the mathematical problem of finding thef. d d tant : tal diti Starti
roots of a function with two variables, heié and [$J A numeric Ined under constant environmental conditions. starting

computer algorithm was invented to determine these variables employP & Z-like curve, i.e., in the coexistence region (g5,
ing all relevant parameters summarized in the Table. 0.224 in Fig. 3), with a low value df’, and thus a high
one of [8Jindicating a high orientational order of the
lipid chains, increasind’ causes at first only a slight
Results and Discussion decrease iM% and thus only a slight weakening of the
rectangular orientation of the chains until the system
Jahnig's model in the form adapted here contains twaeaches the turning point. Further increase 'oforces
free varying parameters: the reduced temperat{Esg.  the system to jump down on the lower branch of the
5) and the reduced surface area per moletul&q. 6).  curve into a disordered state having a much lower value
The calculation starts by choosing values for both. Themyf (5] In this state the chains are more excited, and in
calculating the thermodynamic averages by solving theonsequence the system has a higher internal engrgy
self-consistency conditions, Egs. 10 and 11, results immhijs consumption of energU is overcompensated by
values for the order paramete®Jof the membrane for  the disordering process incrementing the entrSpypy
each pair ot andf’ (Fig. 2). There, a coexistence region AS: resulting in a net decrease of the Helmholtz free
shows up, i.e., a region in the parameter space Wife energyAF = AU - TAS: at the transition according to
has three different solutions. Only the two outer stateghe fundamental thermodynamic law, that the energy po-
(the upper and lower values f&B) are relevant, because tential F has to be minimized. Decreasifi¢y drives the

One should bear in mind th&(x) contains{$L] The combination of the

the middle one is unstable: system back towards the lower turning point and in result

&S &S to a reversal transition to a high ordered state at a much
lowerf’ than at the first jump establishing the hysteresis.

— > —_ N * .

df’ O.or dt 00 unstable (12) To find the temperature range, which the coexist-

ence region with its hysteretic phase behavior belongs to,
The remaining two stable states establish two phasesne has to adopt a value for the effective chain length
distinguished by the order paramef&3 a high and a N TakingA = 2,800J mol'* andM = 10,5003 mol™*
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0.8 . . . . membrane lipid molecule. The first order phase transi-
=0.222 — tion calculated in the model will then establish a hyster-
=0.224 . ; .
=0.295 - esis, driven by the area change. In turn, the hysteretic
=0.228 - phase behavior may influence the malate transport acros:t

the tonoplast, irrespective of whether it occurs by diffu-

-

0.5

04 sion or via a carrier.

& o3 A necessary requirement for this possibility of the
v tonoplast membrane realizing a dynamic hysteresis

switch, is the energy involved. The jump of the order

0.2 parametef$S.] when the membrane lipids are going from
one phase to the other, is correlated with a jump in the

0.1 Helmholtz free energ¥ of the system. In the membrane
model this jump with the parameter values adopted here

0 is around 5 107 J. An estimation of the expansion

2 4 6 8 10 12 work, AW, which is needed to expand the whole cell

f [10MO/m] against the turgoP, as it is experimentally observed to

occur in CAM plants ¢ee abovg is about a factor of
Fig. 3. Cuts across the parameter space (as shown in Fig. 2) showinfundred times bigger than the theoretically evaluated en-
the order parameteBLiin the coexistence region in its dependence on ergy above, as it is given by the following consider-
f’ for different constant. According to the values given in the Table, ations: An amount of workdW = P dVis needed to
Eggﬁiitil?y?'zzzg corresponds to temperatlires299K and 307 oy 140 the CAM cell against the turgét, while malate
accumulates in the vacuole and water is taken up osmoti-
cally. Assuming that the volumetric cell-wall elastic
(cf. Table), one obtain®.+ = 4 (Eq. 9). The resultant moduluse is constant, the turgd?P changes as:
temperatures lie in the interval between 299 and B07
for the isotherms shown in Fig. 3, and this is well in the vV
range of temperatures relevant for CAM plants. Thus, theP(V) =P, + e In (V) (13)
Jahnig’s model in this simple form becomes quite suffi- o
cient for our discussions of how the tonoplast could func-
tion as a hysteresis switch in endogenous CAM oscillawhere the index indicates quantities at the start of the
tions. expansion. This results in a total woV of the whole
Itis known (Luttge et al., 1975; Steudle et al., 1980), expansionAV:
that the night-time acidification and the day-time de-
acidification in CAM-plants lead to oscillating osmotic VoAV
pressure and, in consequence, to oscillating turgor. Thu&W= va P(V)dV
not only the malate content of the vacuole, but also the
vacuole volume changes periodically during the CAM AV AV AV
rhythm. The nocturnal volume expansiaxy, of single =V, [(P0 -¢g) VA +e (1 + 7) -In (1 + V—)]
cells of CAM plants has been measured, i.e., 4.6% for 0 0
Kalanchoé daigremontianand 2.3 to 10.7% foBenecio
medley-woodii(Llttge, 1986). The vacuole expansion
can be regarded as being equal to the cell expansion,
because the vacuole takes up more than 98% of thEor valuesAV/V, = 4.6% inKalanchoé daigremontiana
whole cell volume. Assuming that the vacuole has awith V, = 3.9- 103 n? (Littge, 1986), ané, = 1.82bar,
spherical shape and stays spherical when expanding arnd= 42.4bar (Steudle et al., 1980) the expansion work is
shrinking, the volume expansion can be translated into a
surface expansion. Correspondingly, the volume expans,,, 9
sions of 2.3, 4.6 and 10.7% result in surface area expanéW~ 5-107J (15)
sions of 1.5, 3.0 and 7.0%, respectively. This is justin the
range of permitted maximal surface expansion beforeThus, the energy actually involved in the observed cell
bilayer vesicles burst (Evans & Needham, 1986). Withexpansion and shrinking during acidification and de-
constant chain densigythe relative change of the whole acidification, respectively, is much larger then the energy
surface of the vacuole is equal to the relative change oheeded for the jump of the order paramdi®rbetween
the mean are per molecufeThus, it is very probable, the two stable phases in the coexistence region’lof Ja
that the change of the malate content in the vacuolaig’s membrane model. This shows that the dynamic
during the CAM cycle affects the area available perswitch proposed here is indeed energetically possible.

(14)
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Conclusion shape and embedding of the tonoplast, and on physi-
ological ones, like homeoviscious adaption.

Experimental as well as theoretical model studies of the

endogenous CAM rhythm strongly support the role of this work was sponsored by the Sonderforschungsbereich 199 (Teil-

the tonoplast as oscillatory generator. This implies thaprojekt B5) of the Deutsche Forschungsgemeinschaft, Bonn, Germany.
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