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Abstract. Recently the properties of temperature sensingnany different experimental findings described in the
in plants have been demonstrated experimentally by Pliliterature of the last 150 years and on electrophysiologi
eth et al. The Plant Journall999. 18:491-497). The cal studies, Minorsky (1989) hypothesized that tempera
relevant biophysical parameters are established here liyre sensing in plants depends on cooling rat€/d?
mathematical modeling in order to understand the exrather than on absolute temperature (Minorsky & Spans
perimental findings in quantitative terms. A simple one-wick, 1989; Minorsky, 1989). However, the sensor for
compartment model is presented, as a preliminary aptemperature perception has not yet been found. Murat
proach to explain how the input signal (i.e., temperatureand Los (1997) emphasised the role of membrane fluid
T) is perceived and how the information is translated intojty. They speculate that the sensor is located in micro
an output signal in the plant cell (i.e., [E%). The  domains of the membrane and able to detect physic:
model is based on the fact that calcium influx into the phase transitions Wthh then |ead to Conformationa
cytoplasm is mediated by calcium-permeable channelghanges and/or phosphorylation dephosphorylatiol
which are assumed to be solely dependent on coolingycles due to changes in temperature. Hunei€t and
rate dT/dj and calcium efflux is mediated by calcium garhan (1998) mentioned the photosynthetic apparatt
pumps which have been shown to be dependent on akynich might sense changes in temperature through ir
solute temperatureT]. Firstly, it is demonstrated that reased energy imbalance and photoinhibition. Finally i
this model is able to meet the demand for a satisfactory, < peen hypothesised that the cold-induced[Cae-
interpretation of the experimental data, and secondly thaéponse is the primary sensing event (Minorsky, 1989
it reproduces the experimentally observed features of th?’ickard, 1984) and Gapermeable channels weré even
000"”9 induced [C&], changes Wel_l' This suggests that roposed to be the primary sensors (Monroy & Dhindsa
the+pr|mary temperature sensor in plants might be 995). Therefore Plieth et al. (1999) have measure(
Ce"-permeable channel. [C&a?"]. in Arabidopsisroots in response to different tem-
perature change regimes, in order to gauge their effect
on the cold-sensing system in plant cells. Their result:
demonstrate directly that the [€3, response in plants to
cooling is dependent on the cooling rat@/dt. Similar
findings have also been reported for animal systems b
Introduction Nagai and Nakaoka (1998).

A valuable approach to understand the biophysica
Many environmental and endogenous stimuli are linkedParameters pertaining to the processes involved is th
to changes in [CH]. in plants (Gong et al., 1998; formulation of a mathematical model (Brook & Wynne,
Knight, H. et al., 1996; Knight, M.R., Smith & Tre- 1988; Sanderson, 1995). Modeling which may help tc
wavas, 1992; Knight, M.R. et al., 1991; Sedbrook et al.,understand the experimental findings in quantitative
1996). In particular it has been demonstrated that plantierms has to start from the fact that the cytoplasmic cal
react to cold-shock (i.e., a temperature drop of severatium concentration [Cd], in living organisms is bal-
degrees within less than a second) by an immediate ananced by several influx and efflux processes. Buffers
transient rise in cytosolic calcium ([€§.) (Knight, (Plieth, Sattelmacher & Hansen, 1997; Plieth & Hansen
M.R. et al., 1991, 1992; Russell et al., 1996). Based 0rL998) can smooth transitions, but cannot influence the
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import-export balance. Thus, the experimental resultspectively. Hence, it makes sense to assume an allosteric behavic
(Plieth et al. 1999) are interpreted here soIer in terms ofvhich enables these proteins to perform their computational task (Bray
temperature action on €ainfluxes (,,) and effluxes
(Iex)-

THe CaALClUM INFLUX INTO THE CELL(l,y) 1S MEDIATED

The Model BY C&* PERMEABLE CHANNELS

. o . . The activity of calcium influx transporters (channels) is assumed to be
Due to the prevailing driving forces, influx into the cy- only dependent on the cooling rateT(d in a hypersensitive (i.e.,
tosol (,y) is mediated by calcium-permeable chan- sigmoidal) manner:
nels (Johannes, Brosnan & Sanders, 1991; Thuleau et
al., 1994,h). To keep the model as simple as possible . <d_T>”1
we have to restrict our interest to channels in the plas; e dt
malemma. However, the iterative algorithm developed'™ Kn1+<d_T>”1
below does not exclude the participation of “Ca o\t
permeable channels of internal stores (Allen & Sanders, _ _
1994a,b: Johannes, Brosnan & Sanders, 1892 The free parameters ai€;, n,, I_INO' Il,\,,_na)o wherel_,Nmaxlsthe inaximal
Knight, Trewavas & Knight, 1996 Plieth et al., 1998) in L?n current whlc_h can be achievekii1 is the cooling rate wh|_c.h.y|elds
g LY . alf of the maximal current (i.e., a measure of the sensitivity of the
_part'CUIar and the peirtimpation Of_ Oth?r parts of t.he (.:e”channels)nl denotes the ‘degree of cooperativity;y, is the steady-
in temperature sensing and acclimation (Kawczinski &state leak influx into the resting cell which is usually compensated by
Dhindsa, 1996) in general. The €alriving forces also  a steady state outward-rectified pump currdpt see beloy
imply that calcium efflux [g,) has to be mediated by Any other dependency oy, on the C4" gradient across the
Ca-ATPases (Calcium pumps) (Briskin, 1990)_ Hereplasma mem_brane is omitted for simplifying reasons. This is possible
again, the restriction to plasmalemma pumps does nd{ecause Ca-influx has a huge surplus_of driving fori:e. ThLiS, it can b
exclude the participation of pumps in membranes of in—fizutlei:;?:;tehpigsgsf Z;ﬁ:ﬁﬁgﬁ;‘izén the saturation-region, with fl
ternal stores. The model presgnted herells based on the 1pe important feature in Eq. 1 is the dependence of th&" Ca
statements above and two main assumptions: (i) The d&nflux on cooling ratedT/dtand not on absolute temperatufe, Thus,
pendence of the cooling-induced R increase on the the channel acts as a differentiator. Such a characteristic oP& Ca
cooling ratedT/dt is brought about by the opening of permeable channels is not surprising and has been described earll
Ca* permeable influx channels. (i) BiT/dtis zero or ~ (Sachs, Qin & Palade, 1995). o
even positive (i.e., heating) changes in qu (i.e., the To account for the a_ssumptlon abovglthat the channel activity is
turn of the [C5+] level to normal steady state) have to s_oIer dependent on coollngi'_(/dt< 0), positive te_mperature changes _
re ; dc y (i.e., heating) have to be avoided. For computational convenience thi
be associated with the €apumps, because under these s acnieved by the following modification of Eq. 1:
conditions the cooling-activated channels will be closed.

=lno*

Two additional experimental findings have to be ex- dr\ ot )\ ™
plained by the model: Sensitization (i.e., increase of the ((a) “lat )
[C&?"], response to coolingd{T/d) at lower absolute Inmax \ =5
temperaturesT), Fig. 2) and desensitization (i.e., at- 1, =140+ — ®)
tenuation of the [C&], response with time of cold ex- ((d_T) _|9T )
posure, Fig. 4 ande). The first effect can be explained " e/ |dt
by the dependence of the €gpump turnover rate on the K 2

absolute temperaturé (Caldwell & Haug, 1981). The
second effect is introduced by a continuous adjustmenthere #T/d{ denotes the absolute value.
of pump capacity to an elevated mean fGain order to
maintain a basic low [Cd]. even at low temperatures.
This attenuates the effect of channel opening.

The mathematical background of the model is de-
scribed in detail below. For reasons of simplicity We The enzymatic activity of this GaATPase is known to have an ex-
consider a one-compartment system in which thé{{za  ponential dependence on temperature (Caldwell & Haug, 1981). Alsc

is balanced by two calcium flux mechanisms (Fig).1  for the sake of simplicity a strict linear Arrhenius plot is assumed here
with a constantQ,, value. TheQ,, value denotes the proportion to
which the enzyme activity increases if the temperature is increased b
Quantitative Description 10°C. Caldwell and Haug (1981) found factors in the range ofQ, s
< 20. Thus:

THE EFFLUX OF CALCIUM (Igy) 1S MEDIATED BY THE
CaLcium EFFLUX Pumps

Both, C&"-permeable channels, and Tgumps are enzymes which
are in the following modeled as membrane bound receptor molecules _ . T _In(Q)
(Bray, 1995) dependent on cooling rate and absolute temperature, ri—Ex_ lexo* eXpKe " (T=To)) WhereaKo=—7 @)
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Table. Model parameter chosen for the iterative calculation of the{icdor different temperature experiments

T-data ca*- Influx (channels) Efflux (pumps) Desensitization
from model
Plieth et presented lino | inmax Ky n, | exmax Kwm n, Q Po Kp
al. (1999) here nm/sec pm/sec M nm/sec M um/seé wMm/sec
Fig. 1b-h 0.005 3 1 3 1 0.5 2 10 0.005 0.5
Fig. 1a Fig. 2a 0.005 1 1 15 1 0.5 2 10 0.01 0.5
Fig. 1b Fig. 2 0.01 1 2 15 5 05 2 10 0.01 0.5
Fig. 3 Fig. 2 0.005 2 1 15 1 0.5 2 10 0.005 0.5
Fig. 7 Fig. & 0.005 2 1 15 1 0.5 2 10 0.005 0.5
Fig. 6 Fig. & 0.001 1 1 15 1 0.5 2 10 0.005 0.5
[Ca®*], Was always set to 0.jum.
lexo is the current all = T,. Thus, it becomes obvious thatTif- T, ITERATIVE CALCULATION OF THE MODEL

= 10°C thenlgx = Q lgxo. Nevertheless, the pump current is also
dependent on the [CH, (i.e., the enzyme’s substrate) at least in a The cytosol is a reservoir of [&4. filled and depleted by influx and
simple Michaelis-Menten dependent fashion. However, in order to in-efflux (Fig. 1a). The temporal behavior of [¢4.. is obtained from an
clude the option of a cooperative action, a Hill exponeyis intro- iterative calculation (i.e., calculatinga,, at timet,,; = t, + dt from
duced, whose value will be determined by fitting the data. Ca at timet,) with respect to the given temperatufeand the tem-
perature changed{/d), = T, - T,_;
[Ca”

W (4) Ca,, = Ca + (I — lex) - dt (7)

lexo = lex max”

Introducing Egs. 2, 5, 6 into the iteration Eq. 7 yields:

Introducing Eq. 4 into Eqg. 3 yields the temperature dependent pump
current:

[ e
Ca,; =Cg+dt- | Iino+ — _ — e maxi+1) * €XPKq - (T
[Ca2+ 22 KTl + Tinl
lex =1 ceXpKg  (T=-Tp)  ———— 5
EX EX max q Q ( 0)) Knm2+[Ca2+]22 ( ) Cd-.z
~To) - W (8)
m

The free parameters arkymax Q) Ky N

with T, = =¥ - ((dT;/dt) — |dT,/dt)), according to Eq.2 and
DESENSITIZATION 1S SIMULATED BY INCREASING NUMBER lex maxi+n) = lex masiy ¥ Alex maxi) 9)

OF AcTIVE PumpPs
anddlgx maxi = dt - (Pg - sign(Cq — Ca.) - Ca/(Kp + Cg)), according
to Eqg. 6. All iterative calculations were performed on an Excel work-

As there is an obvious attenuation of the fJaresponse during con- sheet (vers. 7.0, MicroSoft) which can be obtained from the author.

tinuous exposure to low temperatures (Plieth et al., 1999, e.g., &ig. 2
we have to consider this in our model. The desensitization mentioned

above was assigned to the activation of the pump. This can be modeled;5o51nG APPROPRIATEPARAMETERS

in various ways. To keep the whole system as simple as possible it is

assumed that a long lasting glevateqz[‘qtalevel stimulates the acti- g whole model consists of eleven free parameters: Four for the influs
vation of C&*-ATPases, thus, |ngreaS|mg><maxto counteract thg cold- Kz, N Linion liemes)s TOUF fOF the efflux (xemax @, Koy N,) and three for
reduced power of the pumps by increasing the number of active pUMPshe gesensitization ([, Py, Kp). Because of numerical reasons all

From the view of a living cell it makes_, sense when the activation of parameters are given in termsofi concentrations of [C4]., (Table).
pumps @lexma{dt) depends on the deviation of [€%, from the base  \1any different parameter sets had to be tested for their ability to fit the

level [C&"]co experimental findings. However, previous publications and certain con

siderations restricted most parameters to a reasonable range of phy:

dl [Ca*] ological meaningful and relevant values limiting the number of fits to
EX max_ c

Py - sign[Ca*], — [Ca" o) -

= —_— 6
at Ko+ [C"T, (6) be performed.

Many previous studies showed that the steady-state cytoplasmi
calcium concentration [C4], in plants is usually in the range of 8&in
sign([C&*], — [Ca&"]) = —1 when [C&"], < [C&"]y, otherwise itis = [Ca?"],, = 250 rv (Bauer et al., 1998; Knight, H. et al., 1996; Plieth

+1. Thus, the number of active pumps (as measuredzhy.,) in- et al., 1998, 1999). The maximum of the fCr peak during cold
creases when the [€9, is increased, and pumps are switched off shock is as high as am and reached within less of two seconds
when [C&"], falls below [C&"],. The free parameters arBp, Kp, (Knight, H. et al., 1996). Thus a maximum inward current,Qf, ., =

[Ca®*co 1 pm/sec seems to be an appropriate estimate. The maximal outwar
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current (gxmay) IS assumed to be of the same order of magnitude (abouta y1/4¢

i . . . - lex T !2«1'2 1
1 pm/sec), since a calcium clearance after cold shock is achieved within \Sab /

about 20 sec (Knight, H. et al., 1996) although the pumps are inhibited =0.8 1
at the much lower temperatuiieby a factor ofQ,, = 10 (see beloy In  ATP Ca* “KDpup, ‘:"‘;0.4 1
Compared to this the steady state influx leakage through the plasma 2 O,
[Ca™] cytoplasm 0.0 T T 1

membrane has to be some orders of magnitude lolygs € 0.01
wM/sec) because it would otherwise affect the energy balance (ATPE 42 - d 45
consumption) of the cell. The €aaffinities (K,,) of Ca-ATPases have S

been shown to be in the range of 0,0M < K, < 12 um (Bush, 1995). ‘_‘1;0'8 i _:o 81
Thus, physiological meaningful values are within this interval. Find- & 0.4 4‘(\ 350.4
ings of Caldwell and Haug (1981) are used for a first estimat®,gf = £ J/\
They found that the activity\{,,,,) of the Ca-pump is decreased about 0.0 ' ' ' 00 ' ' '
one order of magnitude when a 10°C lower temperature was adjusted’.A 1.2 'A1.2 1

For reasons of simplicity a linear Arrhenius plot and thus an exponen-
tial dependency o¥/,,.x = lgxo ON the temperature wit,, = 10 is

assumed here. “w 0.4 -_//—\ “w 0.4 -/\
Responses of [G4], were iteratively calculated on the basis of e e

the above equations (Egs. 1-9) and with different temperature protocols 0.0 ' ' ' 0.0 ' ' '
as input variables. Sets of parameters which generateti][C@me 9 12 h 12

= =
=0.8 1 20.8

series close to the experimental findings are listed in the Table. 30 s - 30 8
&m 0.4 1 :‘m 0.4 1
o, . 9 I —
Results and Discussion 0.0 T T ' 0.0 " T '
0 300 600 900 0 300 600 900
Time (s) Time (s)

A first step to prove the validity of the model is its _ _ _
application to experiments where single exponentiaIIyF'g'l' Responses of [(4].. to single cooling steps at= 100 sec with

decaving cooling steps with different initial cooling rates different initial rates of cooling predicted by a simple one-compartment
ying 9 P g model. &) Scheme of a one-compartment model with passivé"Ca

(ie., dlff_erent time ConStant_S) are gpplled (Fig—t). influx transporters which are modulated by the cooling rdiédt,and

A single [Ca™"]. peak is obtained when a ‘cold active efflux transporters which are directly affected by the absolute
shock’ is applied (Fig. ). At very low cooling rates temperatureT. [Ca®']. = cytoplasmic free calcium concentratiob—
however the response lacks the initial peak completelyl) Numerical simulation of [C#]. responses to different rates of cool-
(Fig. 19) The deprivation of pump power by low tem- N9 frqm 18°C _dowq to 4°C. The underlying model and its iterative
perature leads to the second slow phase of théﬂ]@a equations are given in the text. The parameter values employed here a

increase because the Tdeak infl current is main- displayed in the Table. The cooling rate is given by the time constan
: u infiux cu : ! of the applied exponential temperature decay and its amplitude. Th

tained. A.biphasic response _t‘_) a Singl'e cooling step igime constants correspond to different initial cooling rates as given in
thus obtained when the sensitizing action on the pumpshe following:

by low temperatureT) reaches a similar magnitude as
the response of the channels to the changes in temperkigure b c d e f g h
ture dT/dY (Fig. 1c—6. The responses predicted by the rni(tf’aelcgooling 80 3% 45 60 120 240 900
model here (F|g. 1) reflect all characteristics of the mea-"_.. (°Clsec) 0.47 -0.40 031 -0.23 -0.12 —-0.06 —0.016
sured ones (Plieth et al., 1999).

In Figs. 2 and 3 the temperature protocols from Pli-
eth et al. (1999) were used to calculate the predicted
responses. The parameters employed in the calculation §€a?*]... Thus, the time courses of the parameters respor
the responses in Figs. 1-3 are shown in the Table. Theible for sensitization (i.e., exG(T — Tp)), @ measure
comparison of measured data (grey traces) and predictesf the actual pump power) and desensitization (i.e.
changes in [C&],. (bold lines) shows that the basic fea- Iy @ measure of the number of active pumps) are
tures of the experimental results are predicted correctlydisplayed in Fig. 4 in addition to the predicted and mea-

Basically, the accuracy of the predictions does notsured time courses of [, shown in Fig. 2. Here it
verify that the underlying model is true, but it shows thatbecomes obvious how the interplay of sensitizing anc
the assumptions are not in contradiction to the experidesensitization of the pump changes the magnitude of th
mental results. This indicates that the model gives a postransient [C&"], responses and the value of the f(a
sible explanation for the observations. level.

The time series modeled in Figs. 2 and 3 provide an  As already mentioned above, the sensitizing charac
interesting representation of the cooperation of the difteristic (deprivation of pump power) of the system is in
ferent mechanisms involved in the cooling response oparallel with the temperatur@ (Fig. 2f vs. Fig. 4a)
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Fig. 2. Time series of [C&]. iteratively calculated from the tempera-
ture time courses on the basis of the model shown in Fig.The
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Fig. 3. Time series of [C#], iteratively calculated from the tempera-
ture time courses on the basis of the model shown in Fig.The

iterative equations are derived in the text. The parameters of the simuiterative equations are derived in the text. The parameters of the simt

lations are given in the Table. The measured?[atime series (Plieth
et al., 1999) are overlaid here & b,ande as grey lines for compari-
son. é—d Effect of repetitive cold shocks on [€4,. (a) Responses to
cold shocks with constant temperature amplitud@s(§) Responses to
cold shocks with increasing temperature amplitud@s(é) Responses
to stepwise decrease in the temperatdyag input signal.

whereas the desensitizing characteristic (number of ac;
tive pumps) increases in response to the duration of el- °

evated cytosolic Cd during low temperature exposure
(Fig. 4b). The latter decays slowly as soon as {Gais
back to the previous base level (i.e., fCay).

DEVIATIONS BETWEEN PREDICTED AND
MEASURED CURVES

The modeling above shows that the experimental datag

can be well described by the model depicted in Figg. 1

lations are given in the Table. The measured?[Gatime series (Plieth
et al., 1999) are overlaid as grey lines for comparisomamdc. (a and
b) [Ca®"],. responses to cooling with changes in cooling ratear(dd)
[C&a?"], responses to an oscillating cooling regineg ds input signal.
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Deviations between predicted and measured time courses
(Figs. 2 and 3) should not be taken too seriously as thigig. 4. Time series of sensitizatiomYand desensitizatiorb] from the
first approach was aimed solely at modeling the basicxperiment shown in Fig.e2 f. Sensitization (i.e., deprivation of pump

mechanisms. The main reason that the model does n@fWer given by the term extd(T ~ To)), with T, =
match the obtained data exactly is that many simplifica
tions have been made in order to keep the mathematics

25°C) and
desensitization (i.e., number of active pumps givenlby,.) were

iteratively calculated from the temperature time course in Hignzhe

Pasis of the model shown in Figalnd on the basis of the equations

uncomplicated as possible. Several features are Neven in the text. The corresponding traces of modeled and measure

glected:

() Internal stores (e.g., vacuole; Knight, H. et al.,

[C&*]., are shown in Fig. & The parameters of the simulations are
given in the Table.
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1996) participate in the [é’ﬂc increase in response to Bush, D.S. 1995. Calcium regulation in plant cells and its role in
low temperature by release of theirCéons. This would signaling.Annu. Rev. Plant Physiol. Plant Mol. Bigl6:95-122
render the model much more complicated as the intemaq:aldwell, C.R., Haug, A. 1981. Teznc”ltperature dependence of the barle
. root plasma membrane-bound“Gaand Mg *-dependent ATPase.
stores are depletable and certainly have pumps and chan- Physl?ol Plant 53:117-124 ! g*-dep
nels of different biophysical and biochemical propertieSgong, ., Luit, AH. van der, Knight, M.R., Trewavas, A.J. 1998,
(Bush, 1995). (ii) Limitations of speed and kinetics of  Heat-shock induced changes in intracellula?Cavel in tobacco
[Ca?"],. signaling by diffusion processes (Neher & Au-  seedlings in relation to thermotolerangant Physiol.116:429—
gustine, 1992) as influenced by buffer capacity and 437 o .
buffer mobility (Plieth et al., 1997: Plieth & Hansen, Huner, N.P.A., Quist, G., Sarhan, F. 1998. Energy balance and accli-

) . - mation to light and coldTIPS 3:224-230
1998; Zhou & Neher, 1993)' ("I) Nonlinear Arrhenius Johannes, E., Brosnan, J.M., Sanders, D. 1991. Calcium channels al

pIo.t of the temperature dgpendency of the pump _aCt'V'ty signal transduction in plant cell8ioEssaysl3:331-336
W_h|Ch ought to be approximated by several linear lines ofyohannes, E., Brosnan, .M., Sanders, D. 29@2lcium channels in
different slopes as shown by Caldwell and Haug (1981). the vacuolar membrane of plants: multiple pathways for intracel-
(iv) Further mechanisms which may contribute to the lular calcium mobilizationPhil. Trans. R. Soc. London #38:105—
cold acclimation phenomena iArabidopsissuch as 112
change of the receptor sensitviy o cooling rate (Kg, e, Bosran 10, Savces . wsBarmlel pauays for
Eq. 1) or change of membrane lipid composition and 297102 gherp ’
general membrane properties after coollng as shown b)(alwczynski, W., Dhindsa, R.S. 1996. Alfalfa nuclei contain cold-
Murat_a and Los (1997) and Lynch (1990). responsive phosphoproteins and accumulate heat-stable protei
Direct determinations of channel and pump rates during cold treatment of seedlingBlant Cell Physiol.37:1204—

which are not accessible to experimental recordings in 1210 _ S
vivo at the present stage will have to be performed in the<night, H., Trewavas, A.J., Knight, M.R. 1996. Cold calcium signaling
future to evaluate the interference by the latter mecha- N Arabidopsisnvolves two cellular pools and a change in calcium
nisms mentioned above. At present the above conclug signature after acclimatiolant Cell 8:489-503

. ’ p . ) Knight, M.R., Campbell, A.K., Smith, S.M., Trewavas, A.J. 1991.
S|ons_ Can_ be_used as a basis for t_he _dISCUSSIOn of the Transgenic plant aequorin reports the effects of touch and cold.
physiological importance of the cooling induced fQ@ shock and elicitors on cytoplasmic calciuMature 352:524-526
response in general and of the importance of'Ca Knight, M.R., Smith, S.M., Trewavas, A.J. 1992. Wind-induced plant
permeable channels as possible primary cold sensors in mqtion immediately increases cytosolic calciupmoc. Natl. Acad.
particular. However, even if the primary mechanism for ~ SCi. USAB9:4967-4971
cooling-evoked changes in cytosolic [:t“]ais produced Lynch, D.\'/.'1990. Chl'Illng injury |n' plants: The relevance of merq-

+ . . brane lipidsin: Environmental Injury to Plants. F. Katterman, edi-

by C&* permeable channels, the sensor itself could still

tor. pp. 17-33. Academic Press, San Diego, New York, Boston,
be a regulatory element upstream of the channels. London, Sidney, Tokyo, Toronto

Minorsky, P.V. 1989. Temperature sensing by plants: a review anc
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