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Abstract. The observed endogenous circadian rhythm in
plants performing Crassulacean acid metabolism is ef-
fected by malate transport at the tonoplast membrane.
Experimental and theoretical work asks for a hysteresis
switch, regulating this transport via the ordering state of
the membrane. We apply a schematic molecular model to
calculate the thermally averaged order parameter of the
membrane lipid structure in its dependence on external
parameters temperature and area per molecule. The
model shows a first order structural phase transition in a
biologically relevant temperature range. Osmotic conse-
quences of malate accumulation can trigger a transition
between the two phases by changing the surface area of
the cell vacuole. Estimation of the energy needed to ex-
pand the vacuole under turgor pressure because of os-
motic changes while acidifying shows that energy
needed as latent heat for the calculated change between
phases can easily be afforded by the cell. Thus, malate
content and the coexisting two phases of lipid order,
showing hysteretic behavior, can serve as a feedback
system in an oscillatory model of Crassulacean acid me-
tabolism, establishing the circadian clock needed for en-
dogenous rhythmicity.

Key words: Crassulacean acid metabolism — Endog-
enous rhythm — Lipid membrane structure — Phase
transition — Osmotic cell pressure

Introduction

Crassulacean acid metabolism (CAM) is a special mode
of photosynthesis, where inorganic carbon is concen-

trated and water use economized (Osmond, 1978; Lüttge,
1987). CO2 is fixed nocturnally and stored in the cell
vacuoles in the form of organic acids, normally malic
acid, and remobilized again during the light period for
photosynthetical assimilation behind closed stomata.
This cycle ofCO2-exchange and organic acid accumu-
lation/remobilization also occurs under constant external
conditions as a free-running endogenous rhythm
(Wilkins, 1984; Lüttge & Beck, 1992). Hence, it is
clearly necessary to postulate the existence of an endog-
enous oscillator. This can also be readily demonstrated
by a computer model of CAM (Blasius, Beck & Lüttge,
1997) having four major pools of metabolites connected
via metabolite flows as well as positive and negative
feedback loops, where incorporation of a ‘hysteresis
switch’, i.e., a mechanism which regulates the passive
efflux of malate in dependence on the malate content in
the vacuole, leads to a stable oscillatory behavior (Bla-
sius, Beck & Lüttge, 1998). In our modeling we realized
this beat oscillator by two discrete states of the tonoplast
which could be switched to efflux ‘on’, or ‘off’, respec-
tively, by increasing or decreasing the malate filling level
of the vacuole. Though this model reproduces many em-
pirical observations very well (Blasius et al., 1997,
1998), the effective beat oscillator has no physiological
explanation so far.

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-
sive malate efflux, and the enzyme phosphoenolpyruvate
carboxylase (PEPC) serving nocturnalCO2-fixation have
both been considered most seriously as the possible can-
didates (Wilkins, 1984; Anderson & Wilkins, 1989; Lütt-
ge & Beck, 1992; Grams et al., 1997). PEPC-activity
regulated by phosphorylation/dephosphorylation in theCorrespondence to:R. Neff

J. Membrane Biol. 165, 37–43 (1998) The Journal of

Membrane
Biology
© Springer-Verlag New York Inc. 1998

Neff et al 935



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
(Lüttge, 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
epiphenomenon (Grams et al., 1997). Conversely, the
model does need the tonoplast hysteresis switch (Blasius,
1997). Furthermore, regular endogenous oscillations of
CAM in Kalanchoë daigremontianaunder the influence
of the external control parameter temperature are driven
into arrhythmic behavior. This occurs both at a critical
low and at a critical high temperature (Grams et al.,
1997). When the endogenous rhythm is reinitiated again
by increasing temperature from a temperature too low for
regular oscillations, it sets in with decreasedCO2-uptake
and malate mobilization. Conversely, when the reiniti-
ated endogenous rhythm is due to lowering of the tem-
perature from a level too high for regular oscillations, it
begins with an increase inCO2-uptake and malate accu-
mulation. This can be easily explained by temperature
effects on the physical state of the tonoplast membrane
affecting passive malic acid efflux from the vacuole. At
low temperature efflux is low and the rhythm stops with
the vacuole remaining full of malate, at high temperature
the vacuole is emptied when the rhythm goes into ar-
rhythmicity. The phenomenon is observed both in vivo
and in the performance of the CAM model (Grams et al.,
1997). Finally, the critical temperature thresholds for the
change between rhythmicity and arrhythmic behavior in
continuous light are dependent on the growth tempera-
tures of the plants (Grams, Kluge & Lüttge, 1995). Mea-
surements with isolated tonoplast membranes have
shown that this is due to homeoviscous adaptation; mea-
sured at the same temperature the tonoplast membranes
from plants grown at higher temperatures have a higher
state of order than those kept under lower temperatures
during growth (Schomburg & Kluge, 1994). Thus, tono-
plast functions must play a decisive role in driving en-
dogenous circadian CAM oscillations.

In the present work we used a theoretical approach
to find out if it is thermodynamically and energetically
feasible that the lipid order of the tonoplast functions as
a hysteresis switch. The highly simplified and schematic
membrane model of Jähnig (1977, 1979) could be pa-
rameterized so that it gave two coexisting phases, one in
which the order of lipid molecules in the membrane is
high, and one in which it is low. The set of parameters is
in a temperature range relevant for CAM plants, and

where transitions between the two states are thermody-
namically easily feasible in view of known biophysical
behavior of CAM-plant vacuoles and their tonoplast
membrane during acidification and deacidification in
vivo (Lüttge, Kluge & Ball, 1975; Steudle, Smith & Lütt-
ge, 1980; Lüttge, 1986).

Materials and Methods

The schematic membrane model developed by Jähnig (1977, 1979)
concerns a pure lipid matrix. The headgroups of the lipid molecules are
neglected, and only a monolayer is taken into account, which, never-
theless, is proven generally to give reasonable results also in applica-
tion to the basic thermodynamics of bilayers (Nagle, 1976), because
only a constant surface pressure has to be added to transfer all physical
properties from a monolayer. The model thus consists of single hydro-
carbon chains with equal length, arranged in one plane and interacting
with each other by van-der-Waals forces and mutual steric hindrance
(see Fig. 1).The phase character of the system remains qualitatively the
same regarding short chains without elastic energy or infinitely long
chains with elasticity (cf. Figs. 5 and 6 in Jähnig, 1979). Changing the
effective temperature scale only transfers one case into the other (see
below). Thus, in the calculations presented here, the hydrocarbon
chains are regarded as rigid, because with this assumption the thermo-
dynamic averages can be evaluated almost completely in analytic form.
The chain-chain interaction is substituted by a self-consistent potential
acting on a specific chain, i.e., a mean field approximation is employed.
According to Jähnig (1977, 1979), the energy of one chain in the
molecular field is

E~cosq! = −N G cosq − NL ^S&
1

2
~3 cos2q − 1!, (1)

where q is the polar angle of the chain defined with respect to the
inward surface normal (cf. Fig. 1). N defines the chain length, ex-
pressed as the number of carbon atoms. The first term in Eq. 1 reflects
the steric hindrance exerted by the surrounding lipid chains, with pa-
rameterG giving its strength. The second term is the mean field of the
van-der-Waals forces of all surrounding chains with a constant strength
parameterL (cf. Table) and the dynamical parameters〈S〉 describing
the mean orientational order of all chains (for detailed explanation of

Fig. 1. Schematic representation of a monolayer of the lipid molecules
as rigid rods reflecting the excluded volume of the hydrocarbon chains
in the lateral plane of the membrane.q is the angle of deviation from
the membrane normal.
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the energy termssee Jähnig 1977, 1979 and the references given
therein). The cornered brackets of〈S〉 denote the thermodynamic av-
erage. Thus, the microscopical energy of one chain is not only depen-
dent on its own orientation but also on the orientation of the ensemble
of chains as a whole. Calculating the thermodynamic averages using
E(cosq) (seeEqs. 3 and 4), leads to a self consistency problem (see
Eqs. 11) because of this dependency on the thermodynamically aver-
aged〈S〉. Equation 1 implies, that the chains at low temperature, and by
that at low excitation, tend to straighten rectangular to the membrane
surface.

The orientations of all chains are summed up in〈S〉, called the
order parameter of the membrane lipids. It is derived from the quadru-
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〈S〉 in the form

^S& =
1

2
~3^cos2q& − 1! (2)

This order parameter〈S〉 characterizes by the second order term
〈cos2q〉 the orientational order of the system. If all chains orientate
themselves parallel to the membrane normal, the maximum value〈S〉
4 1 is reached. On the other hand, a completely random orientation
with q < p/2 for each lipid chain yields〈S〉 4 0. 〈S〉 can be measured
directly by electron paramagnetic resonance (EPR), nuclear magnetic
resonance (NMR), or by fluorescence anisotropy (FA), using probe
molecules.

The probabilityp(x) of a chain to have a unitary dipole moment
x 4 cosq is given by the Boltzmann distribution:

p~x! =
expF−

E~x!

kT G
*−1

1
expF−

E~x!

kT G dx

(3)

The thermodynamic average of any quantity A(x) in thermodynamic
equilibrium is defined by the integral

^A& = *−1

1
A~x!p~x! dx (4)

The macroscopic observables for such an ensemble are the tempera-
ture T, and the mean area per moleculef. They are not introduced
explicitly in the computation. Rather, the temperatureT is merged with
the parametersN and L in the dimensionless parametert, called re-
duced temperature:

t : =
kT

NL
(5)

The other macroscopic quantity, the mean area per molecule,f, is
strongly related to the average〈x〉 of the unitary dipole moment of the
chains due to the fact, that a tilted chain consumes more membrane
surface area than a rectangular one. Simple geometric reasoning (Jäh-
nig, 1979; Neff, 1997) gives:

f 8: = Nr ? f = ~b ? ^x&!−1, (6)

wherer is the number of chains per volume andb is the effective length
of oneC—Cbond. For the calculations, the left hand side of Eq. 6 is
combined into the second free varying parameterf 8.

The scale of the reduced temperaturet depends on the assumption
about the chain flexibility. As pointed out earlier in this section, the
calculations performed by Jähnig (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
changing the reduced temperature scale. This can be seen immediately
from the underlying physical mechanisms. For the rigid chain the ther-
modynamic excitations of a given chain in its mean field surroundings
are the bending modes, described by the bending angleu (Eq. 1), and
a mean field strength parameterL. For the long elastic chain this mode
is replaced by the relative bending modes of the individual parts of the
chain, once more characterized by a bending angle, but additionally
also by the elastic bending constantM. Thus, the reduced temperature
for rigid chains, Eq. 5, is replaced for elastic chains by (Jähnig, 1979)

tel: =
kT

=ML
, (7)

where the denominator now contains the geometric mean of the two
force constants,M andL. Eqs. 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
and 26 carbon atoms (Haschke et al., 1990) which is certainly closer to
the second of the two limiting cases. To apply our results to the tono-
plast membrane we therefore have to relate the scales to each other by
defining an effective chain length,Neff , for the short rigid chain which
brings the phase tansition to the same value of the reduced temperature
as for the long elastic chain (where it is uniquely determined by the
realistic force parametersM andL, cf. Table). This results in

t ≈ 0.5 tel, (8)

Table. Parameters occurring in the membrane model

Symbol Calculatory
Relation

Value Unit Meaning

T External K Temperature
f External m2 Mean area per

molecule
r External 6.25? 10−30 m−3 Chains per volume
k Constant 1.381? 10−23 J K−1 Boltzmann constant
L Constant 2,800 J mol−1 Strength of

van-der-Waals
forces

M Constant 10,500 J mol−1 Elasticity constant
for bending

Neff Constant 4 None Effective chain
length

G Calculated J mol−1 Strength of steric
hindrance

〈q〉 Calculated None Mean angle to
membrane normal

〈x〉 Calculated 〈cosq〉 None Mean unitary dipole
moment of the
chains

〈S〉 Calculated None Order parameter
(Eq. 2)

The external parameters are not used directly in the calculation, but
they are needed to obtain realistic values from modeling. The calcu-
lated quantities depend on the effective parameterst (Eq. 5) andf 8 (Eq.
6). (Values ofM andr from Jähnig, 1977, p. 59 and p. 104; value of
L from Marcelja, 1974)
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or

Neff ≈ 2ÎM

L
(9)

The advantage of the drastically simplified membrane model with
rigid chains is that nearly all steps of the calculation of thermodynamic
averages can be done analytically; only one Dawson-Integral has to be
solved numerically. Besides that, a numerical procedure is also needed
to fit the two self-consistency conditions: The first one results from the
fact that the thermodynamic average〈x〉 has to fulfill Eq. 6, where the
parameterf 8 is chosen as starting value in the calculation. Using Eq. 4
to express〈x〉 leads to the consistency requirement

^x& =
*−1

1
x ? expF−

E~x!

kT G dx

*−1

1
expF−

E~x!

kT G dx

=!
1

b ? f 8
(10)

This equation figures the dependence of the steric hindrance on the area
available for the molecules expressed byf 8, and therefore the unkown
steric hindrance parameterG (cf. Eq. 1) is adjusted to fulfill Eq. 10. The
second self-consistency follows since the order parameter〈S〉 influ-
ences the strength of the molecular field, as expressed in Eq. 1, while
it is simultaneously dependent on this interaction, as〈S〉 is a thermo-
dynamic average. Formally this is done by inserting Eq. 4 into 2 and
therefore the following equation has to be solved:

^S& =!
1

213 ?

*−1

1
x2 ? expF−

E~x!

kT G dx

*−1

1
expF−

E~x!

kT G dx

− 12 (11)

One should bear in mind thatE(x) contains〈S〉. The combination of the
Eqs. 10 and 11 is equivalent to the mathematical problem of finding the
roots of a function with two variables, hereG and 〈S〉. A numeric
computer algorithm was invented to determine these variables employ-
ing all relevant parameters summarized in the Table.

Results and Discussion

Jähnig’s model in the form adapted here contains two
free varying parameters: the reduced temperaturet (Eq.
5) and the reduced surface area per moleculef 8 (Eq. 6).
The calculation starts by choosing values for both. Then
calculating the thermodynamic averages by solving the
self-consistency conditions, Eqs. 10 and 11, results in
values for the order parameter〈S〉 of the membrane for
each pair oft andf 8 (Fig. 2). There, a coexistence region
shows up, i.e., a region in the parameter space where〈S〉
has three different solutions. Only the two outer states
(the upper and lower values for〈S〉) are relevant, because
the middle one is unstable:

d^S&
df8

. 0, or
d^S&
dt

. 0 ⇒ unstable (12)

The remaining two stable states establish two phases,
distinguished by the order parameter〈S〉: a high and a

low ordered phase between which the system can switch.
These phases can be considered as the two states of the
hysteresis switch needed to explain the endogenous
CAM rhythm (see Introduction). The jumb from one
phase to the other is a first order phase transition with
latent heat. At the critical point the coexistence region
vanishes, and a phase transition of second order takes
place.

Taking cuts across the parametric space at constant
temperature results in the isotherms as shown in Fig. 3.
Here we discuss only the case of constant temperatures,
since the endogenous rhythm of CAM is normally de-
fined under constant environmental conditions. Starting
on a Z-like curve, i.e., in the coexistence region (e.g.,t 4
0.224 in Fig. 3), with a low value off 8, and thus a high
one of 〈S〉 indicating a high orientational order of the
lipid chains, increasingf 8 causes at first only a slight
decrease in〈S〉, and thus only a slight weakening of the
rectangular orientation of the chains until the system
reaches the turning point. Further increase off 8 forces
the system to jump down on the lower branch of the
curve into a disordered state having a much lower value
of 〈S〉. In this state the chains are more excited, and in
consequence the system has a higher internal energyU.
This consumption of energyDU is overcompensated by
the disordering process incrementing the entropySE by
DSE resulting in a net decrease of the Helmholtz free
energyDF 4 DU − TDSE at the transition according to
the fundamental thermodynamic law, that the energy po-
tential F has to be minimized. Decreasingf 8 drives the
system back towards the lower turning point and in result
to a reversal transition to a high ordered state at a much
lower f 8 than at the first jump establishing the hysteresis.

To find the temperature range, which the coexist-
ence region with its hysteretic phase behavior belongs to,
one has to adopt a value for the effective chain length
Neff. TakingL 4 2,800J mol−1 andM 4 10,500J mol−1

Fig. 2. The order parameter〈S〉 in its dependence on the calculation
parametersf 8 andt, showing a region in the parameter space with three
coexisting different solutions for〈S〉 at a given combination off 8

and t.
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(cf. Table), one obtainsNeff ≈ 4 (Eq. 9). The resultant
temperatures lie in the interval between 299 and 307K
for the isotherms shown in Fig. 3, and this is well in the
range of temperatures relevant for CAM plants. Thus, the
Jähnig’s model in this simple form becomes quite suffi-
cient for our discussions of how the tonoplast could func-
tion as a hysteresis switch in endogenous CAM oscilla-
tions.

It is known (Lüttge et al., 1975; Steudle et al., 1980),
that the night-time acidification and the day-time de-
acidification in CAM-plants lead to oscillating osmotic
pressure and, in consequence, to oscillating turgor. Thus,
not only the malate content of the vacuole, but also the
vacuole volume changes periodically during the CAM
rhythm. The nocturnal volume expansion,DV, of single
cells of CAM plants has been measured, i.e., 4.6% for
Kalanchoë daigremontianaand 2.3 to 10.7% forSenecio
medley-woodii(Lüttge, 1986). The vacuole expansion
can be regarded as being equal to the cell expansion,
because the vacuole takes up more than 98% of the
whole cell volume. Assuming that the vacuole has a
spherical shape and stays spherical when expanding and
shrinking, the volume expansion can be translated into a
surface expansion. Correspondingly, the volume expan-
sions of 2.3, 4.6 and 10.7% result in surface area expan-
sions of 1.5, 3.0 and 7.0%, respectively. This is just in the
range of permitted maximal surface expansion before
bilayer vesicles burst (Evans & Needham, 1986). With
constant chain densityr the relative change of the whole
surface of the vacuole is equal to the relative change of
the mean are per moleculef. Thus, it is very probable,
that the change of the malate content in the vacuole
during the CAM cycle affects the area available per

membrane lipid molecule. The first order phase transi-
tion calculated in the model will then establish a hyster-
esis, driven by the area change. In turn, the hysteretic
phase behavior may influence the malate transport across
the tonoplast, irrespective of whether it occurs by diffu-
sion or via a carrier.

A necessary requirement for this possibility of the
tonoplast membrane realizing a dynamic hysteresis
switch, is the energy involved. The jump of the order
parameter〈S〉, when the membrane lipids are going from
one phase to the other, is correlated with a jump in the
Helmholtz free energyF of the system. In the membrane
model this jump with the parameter values adopted here
is around 5? 10−11 J. An estimation of the expansion
work, DW, which is needed to expand the whole cell
against the turgorP, as it is experimentally observed to
occur in CAM plants (see above), is about a factor of
hundred times bigger than the theoretically evaluated en-
ergy above, as it is given by the following consider-
ations: An amount of workdW 4 P dV is needed to
expand the CAM cell against the turgor,P, while malate
accumulates in the vacuole and water is taken up osmoti-
cally. Assuming that the volumetric cell-wall elastic
modulusε is constant, the turgorP changes as:

P~V! = P0 + ε ln S V

V0
D, (13)

where the index0 indicates quantities at the start of the
expansion. This results in a total workDW of the whole
expansionDV:

DW = *
V0

V0+DV
P~V!dV

= V0F~P0 − ε!
DV

V0
+ ε S1 +

DV

V0
D ? ln S1 +

DV

V0
DG
(14)

For valuesDV/V0 4 4.6% inKalanchoë daigremontiana
with V0 4 3.9? 10−13 m3 (Lüttge, 1986), andP0 4 1.82bar,
ε 4 42.4bar (Steudle et al., 1980) the expansion work is

DW ≈ 5 ? 10−9 J (15)

Thus, the energy actually involved in the observed cell
expansion and shrinking during acidification and de-
acidification, respectively, is much larger then the energy
needed for the jump of the order parameter〈S〉 between
the two stable phases in the coexistence region of Ja¨h-
nig’s membrane model. This shows that the dynamic
switch proposed here is indeed energetically possible.

Fig. 3. Cuts across the parameter space (as shown in Fig. 2) showing
the order parameter〈S〉 in the coexistence region in its dependence on
f 8 for different constantt. According to the values given in the Table,
t 4 0.222 and 0.2228 corresponds to temperaturesT 4 299K and 307
K, respectively.

41R. Neff et al.: Membrane Hysteresis Switch



Conclusion

Experimental as well as theoretical model studies of the
endogenous CAM rhythm strongly support the role of
the tonoplast as oscillatory generator. This implies that
malate efflux out of the vacuole is regulated, depending
on the malate content in the vacuole, between high and
low states of membrane permeability. Since the latter
depends on the ordering structure of the lipid chains in
the membrane (Friemert et al., 1988; Kliemchen et al.,
1993), two states of high and low order have to exist
under the same external conditions to establish a hyster-
esis switch, or beat oscillator.

We have employed a molecular model of lipid mem-
brane order, developed by Ja¨hnig (1977, 1979), to inves-
tigate its dependence on the two external parameters,
temperature and mean area per lipid molecule. Despite
its highly schematic nature the model can be so manipu-
lated that it serves our purpose to show a coexistence
region of two stable states in parameter space, connected
by a first order phase transition. With appropriate physi-
ological parameters for the van-der-Waals interactions of
the lipid molecules and the chain elasticity the coexist-
ence region lies in a reasonable temperature range rel-
evant for CAM plants. The switching between the two
states occurs by the elastic stretch of the membrane layer
resulting from osmotic and turgor pressure changes oc-
curring during malate accumulation/remobilization in the
vacuole. The energy needed for the order change in the
membrane model is only about 1/100 of that actually
afforded by the cells during pressure changes, thus they
can easily initiate the order transitions in the tonoplast.
This is not trivial, because the first energy is estimated by
theory of molecular dynamics of the membrane lipids
disregarding any osmosis and the latter is calculated
from experimentally obtained physiological data of a
whole cell.

Our analysis shows that the operation of the tono-
plast membrane as a hysteresis switch in the circadian
rhythm of CAM is a physically realistic possibility, and
incorporation of the calculations shown here into the
existing CAM computer model (Blasius et al., 1997) pro-
duces simulations of the metabolic cycle in total accor-
dance to experimental data (Blasius, 1997, and paper in
preparation). This beat oscillator indeed may be an im-
portant element of the endogenous oscillations.

Coming experimental work has to prove the exis-
tence of the proposed hysteresis switch by checking if a
phase transition in the lipid order is responsible for the
turnover from malate influx to malate efflux at the tono-
plast. Therefore, the thermodynamic behavior of the to-
noplast membrane has to be examined further and with
special concern for the transmembrane flux. Further-
more it is decisive, if the osmotic expansion and shrink-
ing of the vacuole drives indeed the flux regulation. This
question depends on the pure mechanical properties, like

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

This work was sponsored by the Sonderforschungsbereich 199 (Teil-
projekt B5) of the Deutsche Forschungsgemeinschaft, Bonn, Germany.
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gremontianais caused by membrane proteins.Bot. Acta107:328–
332

Steudle, E., Smith, J., Lu¨ttge, U. 1980. Water-relation parameters of
individual mesophyll cells of the Crassulacean acid metabolism
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