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Bistability in the Ca®*/Calmodulin-Dependent Protein
Kinase-Phosphatase System

Anatol M. Zhabotinsky
Department of Chemistry and Volen Center for Complex Systems, Brandeis University, Waltham, Massachusetts 02454-9110 USA

ABSTRACT A mathematical model is presented of autophosphorylation of Ca®*/calmodulin-dependent protein kinase
(CaMKIl) and its dephosphorylation by a phosphatase. If the total concentration of CaMKII subunits is significantly higher than
the phosphatase Michaelis constant, two stable steady states of the CaMKIl autophosphorylation can exist in a Ca®™"
concentration range from below the resting value of the intracellular [Ca®*] to the threshold concentration for induction of
long-term potentiation (LTP). Bistability is a robust phenomenon, it occurs over a wide range of parameters of the model.
Ca?" transients that switch CaMKII from the low-phosphorylated state to the high-phosphorylated one are in the same range
of amplitudes and frequencies as the Ca®" transients that induce LTP. These results show that the CaMKII-phosphatase
bistability may play an important role in long-term synaptic modifications. They also suggest a plausible explanation for the
very high concentrations of CaMKIl found in postsynaptic densities of cerebral neurons.

INTRODUCTION

Long-term potentiation (LTP) is the most studied experi- Although a crucial role of CaMKIl autophosphorylation
mental model of memory (Bliss and Collingridge, 1993;in induction of LTP is widely accepted, its participation in
Huang et al., 1996; Malenka and Nicoll, 1999). Experimen-maintenance of LTP remains controversial (Giese et al.,
tal data suggest that LTP relates to intermediate memoryl998; Kennedy, 1998; Lisman, 1994; Lisman et al., 1997).
which can be rewritten, as shown by phenomena of depo¥o prove the latter, it is necessary to show that a permanent
tentiation and long-term depression (Linden, 1994; Beatevel of autonomous activity of CaMKIl lasts in the in-
and Malenka, 1994; Bear, 1996). Because memories of sualolved synapses as long as LTP does. Some indirect sup-
type often consist of bistable elements, it is natural to aslkporting evidence exists. Zhao et al. (1999) have found that
whether some of the biophysical and biochemical systems lasting increase in the in vivo phosphorylation level of
which participate in LTP, can operate as bistable switchesCaMKII accompanies long-term memory in chicks. Also, it
Lisman (1985) suggested that elements of the synaptiseems almost evident that long-term autophosphorylation of
memory can use bistability of protein phosphorylation, andCaMKIl should be connected with some specific structures
analyzed a bistable system that consisted of a protein kinase neurons. The basal autonomous CaMKII activity consti-
capable of intermolecular autocatalytic autophosphorylatioiutes~5% of the maximum activity in neurons, while it is
and a phosphatase that dephosphorylates the kinase.  only ~0.03% in the purified enzyme (Hanson and Schul-

Ca&"/calmodulin-dependent protein kinase Il (CaMKIl) man, 1992). This relatively high level of autonomous activ-
may be a key component of such a bistable moleculaity cannot be maintained in cytosol of neurons, where pro-
switch. It is known that autophosphorylation of CaMKIl tein phosphatase activity is relatively high and essentially
results in C&"/CaM-independent (autonomous) kinase ac-C&"-independent (Strack et al., 1997). Thus, it takes only
tivity (Braun and Schulman, 1995; Hanson and Schulmanseveral minutes to dephosphorylate CaMKII added to cell
1992; Soderling, 1995). During induction of LTP, short- extracts from the hippocampal CA1 region (Fukunaga et al.,
term high elevations of Ga concentration produce auto- 2000). The postsynaptic densities (PSD) (Harris and Kater,
phosphorylation of CaMKIl that lasts 30 min or longer 1994; Ziff, 1997) are the structures that could maintain high
(Fukunaga et al., 1993, 1995; Miller and Kennedy, 1986jevels of CaMKIl autophosphorylation because protein
Ouyang et al., 1997). As long as CaMKII remains autophosphosphatase activity in PSD is €adependent in vivo and
phorylated it is able to phosphorylate the LTP related tarshould be rather low at the resting level offCgMulkey et
gets, such as AMPA receptors (Barria et al., 1997), eveml., 1994; Strack et al., 1997). Indeed10% of CaMKII
after the return of [C&'] to its resting level (Lisman et al., remained phosphorylated in the total PSD fraction when
1997). isolation was done in the presence of inhibitors of protein
phosphatases (Strack et al., 1997).

In view of these data, it is of interest to determine whether
Received for publication 20 September 1999 and in final form 15 Augustca'vIKII autophosphorylation can be bistable in a wide range
2000. of [Ca?*] and whether such bistability can play a role in LTP.
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Coomber, 1998; Kubota and Bower, 1999). They showed a
strong dependence of the level of autophosphorylation on
the amplitude and duration of €apulses. Recently, Oka-
moto and Ichikawa (2000) have demonstrated that CaMKII
autophosphorylation is bistable in their model whenqQa
varies from 0.28 to 0.33M. This range is quite narrow and 1[, C 1[, 1L
does not include the resting €aconcentration. :

Here, | develop a simple model of autophosphorylation of
CaMKIl in the presence of a phosphatase. | show that if the
total concentration of CaMKIl subunits is significantly
higher than the phosphatase Michaelis constant, two stable
steady states of CaMKIl autophosphorylation can be found
over a wide range of concentrations of the intracellular
calcium. This range includes the resting®Caconcentra-
tion, and is wide enough to ensure that the background
firing activity cannot induce transition from the low- to the
high-phosphorylated states of CaMKII. | demonstrate that
Ca" transients that induce such transitions are in the same
range of amplitudes and frequencies as thé'Qeansients
that induce LTP. Moreover, concentrations of CaMKIl,
which are necessary to produce such a bistability, are shown
to be of the same order of magnitude as the values found in the
postsynaptic density. These results show that the CaMKII-
phosphatase bistability can play an important role in the long- _ _ _

IGURE 1 Schematic of the first two steps of autophosphorylation of

term syr)aptlc modlflcathns. They als‘? suggest a plau5|bl aMKIl holoenzyme. C designates the “C&almodulin complex, P is
explanation for the very high concentrations of CaMKII found o thophosphate.

in postsynaptic densities of cerebral neurons.

direction. The following scheme corresponds to the initiation step:

METHODS

4Ca&* + CaM=C (1)
Model
It is known that autophosphorylation of Fif in a-subunits of CaMKII Po+ C=PRC (2)
results in C&"/CaM-independent (autonomous) kinase activity (Hanson PC+ C= PG, (3)

and Schulman, 1992). The autophosphorylation is an intraholoenzyme,
intersubunit process (Hanson et al., 1994; Mukherji and Soderling, 1994).
CaMKII consists of 8—12 subunits that form a petal structure (Hanson and PC, — PG, (4)

Schulman, 1992). During autophosphorylation, one subunit acts as a cat- is th hosphorviated hol Gi®th fold oh
alyst and another as a substrate. Either binding &f @almodulin (C&*/ Here R is the unphosphorylated holoenzyme andis>the 1-fold phos-

CaM) or phosphorylation of TRF® is necessary for activation of the phorylated hgloengyme. Ic}escribe the fCpCaM activation of subunits
catalytic subunit. The substrate subunit must also bin@"@aM to be by the empirical Hill equation:

phosphorylated (Hanson et al., 1994). ([Ca2+]/K )4
Here | use a model with many simplifications. | ignore any difference — - H1 4 (5)
betweena- and B-subunits. Binding of ATP to a subunit does not appear 1+ ([Ca2 ]/KHl)

explicitly in the model. Binding of C&'/CaM and phosphatase to a subunit
is independent of the state of other subunits. Activation of subunits byHere F is the fraction of subunits bound to (€9,CaM andK,,; =
C&" obeys the Hill equation. Binding of phosphatase to a phosphorylatedC& ‘Iso is the calcium Hill constant of CaMKIl. The probability of
subunit and the rate of dephosphorylation is independent of binding ofC& ").CaM binding to two neighbor subunits is low when fChis
Ca2*/CaM. | consider catalytic activities of the unphosphorylated subunitsignificantly less thark,,;. In this case, the rate of the initiation step is:
bound to C&"/CaM and the phosphorylated subunit as being equal.

| use a model with asymmetric interaction of the neighbor subunits as V. = 1(](1([C6'2+]/KH1)8P0 (6)
proposed by Hanson and Schulman (1992). Essentially, their model is a ring L1+ (JCatYKu)h?
along which autophosphorylation propagates in one direction. | use a model
with 10 subunits in simulations and, in what follows, all the coefficients relatedHerek, is the rate constant of Reaction 4, 10 is the statistical factor.
to the number of subunits in a holoenzyme correspond to the 10-subunit The middle and right columns in Fig. 1 present two routes of propaga-
model. Fig. 1 shows a schematic of the first two steps of autophosphorylatiotion of autophosphorylation. Autonomous activity of the CaMKII is usually
of a holoenzyme with six subunits. The left column presents initiation of 60—80% of the (C& )/CaM-dependent activity (Hanson and Schulman,
autophosphorylation. After two neighbor subunits bind(QzCaM, desig- 1992). | assume here that catalytic activity of the autophosphorylated subunit
nated C, the first subunit phosphorylates the second one in the clockwisdoes not depend on binding of ®3,CaM. This means that | neglect

Biophysical Journal 79(5) 2211-2221



Bistability in the CaM Kinase-Phosphatase System 2213

differences between the middle and right columns, and in this case the rate phosphatase that dephosphorylates CaMKII in PSD according to Strack et
propagation of autophosphorylation depends only on the following reactionsal. (1997) and Yoshimura et al. (1999).
Activity of PP1 can be controlled by €&/CaM via inhibitor 1, cal-

P+ C=2PC (7) cineurin (CaN), and cAMP-dependent protein kinase (PKA) (Shenolikar
and Nairn, 1991; Mulkey et al., 1994). PKA phosphorylates inhibitor 1 (1)
PC — P, (8) and calcineurin dephosphorylates it (Shenolikar and Nairn, 1991). The Hill

) ) ) number for C&" activation of CaN is~3 (Stemmer and Klee, 1994).
Correspondingly, the rate of the second autophosphorylation step is: Phosphorylated inhibitor-1 (I1P) deactivates PP1 with= 1 nM (Endo et

k ([Ca2+]/K )4P al., 1996). The corresponding scheme is:
1 H) 1
271+ ([CaTJKy)? ©) I1+PKA =2 I11-PKA — I1P
3C&" +CaM = C,
Herek, is the rat tant of Reaction 8, which is th f Reacti
4.ere , is the rate constant of Reaction 8, which is the same as of Reaction CaN+C, = CaN-C,
In the absence of dephosphorylation, the subsequent steps of propaga- 1P+ CaN-C; = 11P-CaN-C; — |1 (16)
tion of autophosphorylation are identical to the first one because there is SP+ PPl = SP-PP1— PP1+S
always_ qnly one autophosphorylating pair in_which ‘the unphosphoryl(_g\ted PP1+ I1P = PP1-11P
subunit is adjacent to the phosphorylated neighbor in the clockwise direc- SP-PP1+ 11P = SP-PP1-I1P

tion. However, protein phosphatases dephosphorylate subunits at random.
As a result, there is a random distribution of phosphorylated and unphosy 35 me that the concentration of free I1 is constant and much les than
phorylated subunits in the holoenzyme. | assume that all distinguishable pa and the concentration of free I11P is much less thignof CaN.

configurations of subunits in the holoenzyme with a given number of e complete model of autophosphorylation of CaMKil in the presence
phosphorylated subunits exist with equal probabilities. In this case, they ca&*-dependent PP1 is:

effective number of autophosphorylating pairs is:

P dR,
Elljmj —2 = —v+ P
W, = Wy = Ei m ) (10) ddt
1 P
. L. . . . A 71 = Vl - V3Pl - V2P1 + 2V3P2
wheremy is number of distinguishable configurations wjtautophospho- dt
rylating pairs. . o o B dp,
Values ofw; are:w, = Wy = 1.0,w, = Wy = 1.8,w; = w, = 2.3,w, = —= = VP, — 2v3P, — 1.8v,P, + 3v;3P;
Wy = 2.7, W5 = 2.8. dt
Then, the rate of autophosphorylation of holoenzymes iyithosphor- dP3
ylated subunits is: o L8P = 3viPs = 2.3v,Ps + 4vsP,
= v WP dpP,
Vi = VWb, (11) "= 230 — AvPy — 2Py + BuPy
where
dp;
V B kl([Ca2+]/KHl)4 (12) E - 2.7\/2P4 - 5V3P5 - 2.8\/2P5 + 6V3P6
20 1+ ([Ca'Kyy? dP,
([ ] Hl) dite = 2.&/2'35 - 6V3P6 - 2'7VZP6 + 7V3P7

is the per-site rate of propagation of autophosphorylation.
Dephosphorylation of subunits proceeds according to the Michaelis—dp7

= 2'7VZPG - 7V3P7 - 2.3/2'37 + 8V3P8

Menten scheme: dt
dR

Here S is an unphosphorylated subunit and SP is a phosphorylated oneyp
Accordingly, the rate of dephosphorylation of holoenzymes wigthos- il g 1.8v,P5 — 9v;Py — VP + 10v5P;,
phorylated subunits is: dt

. dP;

V*i - V3|F)i y (14) Wlo = V2Pg - V310P10
where d
. ??’ = —ksley + Ke(epo—8)
26
Vs Tk, SR 15 d _ Vear([C& VK )

dt ksle, + Ka(€0—€p) + Vikalo 1+ ([CE K

is the per-subunit rate of dephosphorylatiepjs the concentration of the 17
active protein phosphatase, ahg and K, are the catalytic and the
Michaelis constants, respectively. HereP, is the concentration of thiefold phosphorylated CaMKII holoen-

Four protein phosphatases dephosphorylate CaMKII-P: PP1, PP2/Azyme, g, is the concentration of PP1 not bound to I, is the total
PP2C (Strack et al., 1997), and a specific CaMKII phosphatase (Ishida etoncentration of PP1l, is the concentration of free I1P, arlgd is the
al., 1998; Kitani et al., 1999). According to Strack et al. (1997), activity of concentration of free I1v,, v,, andv; are given by the rate Egs. 6, 12, and
PP1 is 20% and PP2A is 60% of the total phosphatase activity in cytosol5; k; andk, are, respectively, the association and dissociation rate con-
and, correspondingly, 50% and 8% in PSD. PP1 is the only proteinstants of the PP1:I11P complex;Vean = VeandKmezs Vean IS the activity,
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200

Kz is the Michaelis constant, arid,, is the Hill constant of CaNypa =
VeralKua: Vera @andKy,; are the activity and the Michaelis constant of PKA.,

During propagation of autophosphorylation | neglect the initiation terms
because the probability of (E8),CaM binding to two neighbor subunits is
very low when [C&"] is significantly less than [Cd s,

| use a model with a Cd-independent protein phosphatase in some
simulations. Inhibitor 1 is washed out during isolation of PSD. To simulate
suggested in vitro experiments with isolated PSD, llget 0 in Eq. 17.
This results ing, = &,, and is equivalent to elimination of the two last
equations in Eq. 17 and treating, as a parameter in the remaining
equations. | also use this truncated model to simulate kinetics of autophos-
phorylation and dephosphorylation of CaMKII in cytosol, where 80% of
the phosphatase activity is €aindependent, and | can neglect the’Ca
dependence of the remaining 20%. Table 1 gives the values of parameters
used in the simulations.

150 4

100 + l 1

50 +

subunits (uM)

Concentration of phosphorylated

A& . jB e
0.0 0.2 0.4 0.6 08 1.0
[Ca™](uM)

Calcium signaling

FIGURE 2 Bistability of the steady-state concentrations of phosphory-
In the time-dependent simulations, | use’Calynamics generated by a |ated subunits of CaMKII. In the shadowed bistability region, the top and
simple protocol for induction of LTP, which is a single tetanus with bottom branches of the steady-state curve consist of the stable steady states
frequencies of excitation varying from 5 to 100 Hz, and duration in the (@), while the middle branch consists of the unstable steady staes (
range from 1 to 1800 s (Bliss and Collingridge, 1993; Huang et al., 1996) Arrows show directions of evolution of the system in time at constant
C&" response to a single depolarization pulse is modeled by an instantoncentrations of G4. A is the static [C&"]-threshold for down-switch-

elevation and the following exponential decay. | assume a simple summang, andB is the up-switching static threshold. Parametersufit): K,,, =
tion of C&* pulses during periodic excitation (Helmchen et al., 1996): 0.7, Ku = 04,6 = 20.0,6,, = 0.05,1, = 0.1.

n
[C&']=[C& ext+ A exp(—i/(fr))  (18) the concentration of G4. In the shaded area of the region
1 of bistability, three steady states correspond to each'[Ca
Here [C&],.« IS the resting concentration of €3 A is the amplitude of The .tOp and bottom steady Stat_es ajre stable and,the middle
asingle C&" pulsef is the frequency of excitationis the relaxation time ~ ON€ IS unstable. Arrows show directions of evolution of the
of C&* decay, anch is the number of pulses in the tetanus. | use the System in time at constant concentrations of Ca is the
following values of the parameters: [€4.cq is 0.1 uM, 7is 02 s gstatic [C&*]-threshold for down-switching, an® is the

(Helmchen et al., 1996; Magc_ae and Johnston, 199_7_; Majew_ska etal., ZOOOQJp-SWitChing static threshold. These thresholds are bound-
| take A equal to 0.4uM to simulate background firing. To induce LTP, . . " .
Avries of the bistability region.

EPSPs and action potentials must coincide in time. In this case, amplitud ; . . . ..
of the single C&" pulses become rather large (Yuste et al., 1999). lAise Fig. 3 shows how boundaries of the region of bistability

equal to 1.0uM to simulate induction of LTP. depend on various parameters of the system. FigA 3
displays the bistability domain in the plane concentration of
CaMKIl (g) versus [CA"] at two values ofK,,. One can
see that the bistability region shrinks considerably whgen
Fig. 2 shows how the steady-state values of the total condecreases. Also, whef,, increases, the right boundary of
centration of phosphorylated subunits of CaMKII depend ordomain shifts significantly to the left, while the left bound-

RESULTS

TABLE 1 Parameters used in the model (Eq. 17)

Parameter Symbol Value Units Reference
Total concentration of CaMKI| e 0.1-30* uM Strack et al., 1997
Total concentration of protein phosphatase €0 0.01-1.2* M This paper
Concentration of free inhibitor 1 lo 0.0, 0.1* uM This paper
Activity of calcineurin divided by its Michaelis constant Vean 1.0 st This paper
Activity of PKA divided by its Michaelis constant Vpka 1.0 st This paper
The Michaelis constant of protein phosphatase Ku 0.4-20* uM This paper
The C&" activation Hill constant of CaMKII Kt 4.0 uM Fahrmann et al., 1998; De Koninck
and Schulman, 1998
The C&™ activation Hill constant of calcineurin Ky 0.3-1.4* uM Stemmer and Klee, 1994
The catalytic constant of autophosphorylation Ky 0.5 st Hanson et al., 1994
The catalytic constant of protein phosphatase ks 2.0 st This paper
The association rate constant of the PR1P complex kg 1.0 uM st Endo et al., 1996; This paper
The dissociation rate constant of the PR1P complex Kk, 1.10°3 st Endo et al., 1996; This paper

*Specific values are given in the figure legends.
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ary moves only slightly at low values ef. Fig. 3B shows

in more detail how the region of bistability diminishes when
Ky increases. I, equals 1uM, bistability vanishes when
Ky is larger than 12uM. Fig. 3 C shows positions of the
bistability domain in the plane concentration of PRl
versus [C&"] at two values ofe,. The domain boundaries
shift to the right where,, increases og, decreases. Fig. 3
demonstrates thad, must exceed 1@M, andK,, must be
significantly lower than 1uM to obtain a bistability range
that includes the resting value of the intracellular Ca
and is wide enough to prevent induction of LTP by random
fluctuations of C&" concentration.

Fig. 4 A shows positions of the bistability domain in the

plane €, [C&']) at three values of the calcium Hill
constant of calcineurinK(,,). One can see that activity of
PP1 has to decrease with decreadfpg in order to obtain
a proper C&" range of bistability; if,,, equals 1.4.M, e,
must be~0.3 uM, if K, equals 0.7uM, e,o must be~0.05
uM, and ifKy;, equals 0.3uM, e,o must be below 0.0LM.
Fig. 4B shows the bistability domain in the planeyd, K;,)
at the resting C& concentration equal to 0AM. It dem-
onstrates that the domain is quite largesat= 20 uM and
becomes very small whegy = 1.0 uM.

Fig. 5 shows kinetics of autophosphorylation during te-
tanic excitation. During the 10 Hz tetanus (Fig A}, the
average concentration of €ais well belowK,;, and it
takes almost 60 s to reach the level of total autophosphor-
ylation of 70uM, which eventually leads to transition to the
top steady state. At this set of parameters, 15 min of exci-
tation at 5 Hz cannot induce transition from the bottom to
the top steady state. Fig.B demonstrates that the system
need 1 s toreach the level of 92uM during the 100 Hz
tetanus, when the constant component of[Qés 19.5 uM.

In both cases shown in Fig. 5, the concentration of
autophosphorylated subunits continues to rise after the end
of excitation, but very slowly. At the resting concentration
of C&*, the system is almost “frozen” because activity of
CaMKIl is extremely low. Fig. 6A demonstrates that it
takes>500 days to reach the stationary level of 138l.
However, brain in vivo is not in a steady state, a permanent
background firing (BF) is always present, and affects almost
every neuron. | model BF by a permanent periodic firing
with a low amplitude and frequency of 5 Hz, which corre-
sponds to the major Fourier component of BF found in vivo
(Karnup, 1996). Fig. @B shows that BF greatly accelerates
the approach to the top phosphorylated state, which now

FIGURE 3 Effect of parameters on size and position of the bistability tgkes only~12 h. At the same time, this BF is unable to

domain. The lines on left correspond to the down-switching thresholds an
the lines on right correspond to the up-switching threshold as shown in Fig

2. Parameters (iuM): K, = 1.4, 1, = 0.1. &) The @, [C&"])-
planeg,, = 0.3 uM): solid lines K, = 0.4 uM; broken linesK,, = 10.0
uM. (B) The Ky, [Ca*])-plane €,o = 0.3 uM): solid lines g, = 20.0
uM; broken linesg, = 1.0 uM. (C) The @, [Ca&*])-plane K,, = 0.4
nM): solid lines e, = 20.0 uM; broken linesg, = 1.0 uM.

Switch the system from the low to high states of autophos-
phorylation, but only insignificantly elevates the concentra-
tion of phosphorylated subunits in comparison with the low
steady-state level. Fig. B also demonstrates that BF can
maintain the system in the top phosphorylated state even if
the C&" threshold for down-switching (0.1aM in this
case) is above the resting €aconcentration (0.JuM).
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FIGURE 4 Dependence of the bistability domain on the calcium Hill
constant of calcineurin and concentration of PP1. ParametergMin

Ku = 0.4,1, = 0.1. (A) Effect of K,,, on position of the bistability domain
in the @,0, [Ca"])-plane: g, = 20.0;dotted lines Ky, = 1.4 uM; solid
lines Ky, = 0.7 uM; broken linesK,;, = 0.3 uM. (B) The bistability
domains in thed,,, K.,,)-plane at the resting €& concentration equal 0.1
uM: solid lines e, = 20.0 uM; broken linesg, = 1.0 uM.

Concentration of phosphorylated

The dynamic up-switching threshold of autophosphory- o ‘
lation depends on amplitude and duration of Caansients 0 ' 1 o
and can be characterized by an amplitude-duration function time (s)
analogous to the classical strength-duration curve for the
firing threshold (Noble and Stein, 1966). However, thereFﬁ:nF:eEtefs iKi:/Tt.icE of %uzophOszfz)o(r)yllationociurQi:)thhe;a:(i)cHixceigatsion.
have been only a fe\.N attempts to dlrectly Cont_r0| amp“tUdeEetanus; the Eomg p?ot s'\rwws th'e%aransie’znot, the bottom plot displ,ays the
and duration of the intracellular €a transients in neurons total concentration of phosphorylated subunits versus time; parameters (in
(Yang et al., 1999) In most of the eXperimentS, the fre'MM): Kiz = 1.4,8,0 = 0.3. @) The 100 Hz, 1 s tetanus; parameters (in
quency and duration of stimulation are the controlled pauM): K, = 0.7,e,, = 0.1. Initial conditions correspond to the low steady
rameters during induction of LTP (Bliss and Collingridge, state at [C&'] = 0.1 uM.

1993). Fig. 5 demonstrates that the shape df'Geansients
varies greatly with the frequency and duration of stimula-

Biophysical Journal 79(5) 2211-2221



Bistability in the CaM Kinase-Phosphatase System 2217

A 520, 100
= ;
P !
5 80
2
2 150+
3 z
]
L S
< 100- Q
:
£
= & 40
o g
$ 50 =
g
§ 20 7
c
o 0Ll - | ; ; ]
o 0 200 400 - 600 800 1000
time (days) 0 e bt
0.1 1 10 100 1000
B =200 — Duration (s)

FIGURE 7 The dynamic up-switching threshold plotted in the plane
frequency versus duration of tetanic stimulation. Parametersukit):

1507 Ko = 1.4,Ky = 0.4, = 20.0,6,0 = 03,1, = 0.1.

100+ Fig. 9 illustrates feasible in vitro experiments that could

confirm the existence of such bistability. These can be done
} with isolated PSD, where 11 is washed out and PP1 becomes
507 ! Ca " -independent (Strack et al., 1997; Yoshimura et al.,
! 1999). Fig. 9A shows the steady-state curve of the system
with I, equal to zero. The system moves along a loop of

Concentration of phosphorylated subunits (uM)

ol . hysteresis, when [G4] gradually changes. When [€4]
0 2 4 6 8 10 12 increases, the system moves along the ABCDE path; when
time (hours) [Ca®"] decreases, the path is EDFBA. FigB@lemonstrates

FIGURE 6 Kinetics of transition to the stationary high—phosphorylatedthe dynamics of transitions between steady states, which

state after tetanic excitationAf Autophosphorylation in the autonomous follow sub f‘nd superthreshold step-wise changes if{Ca
model €,, = 0.04 uM). (B) Acceleration of transition in the model with  When [C&"] jumps from 1.3uM to 1.8 uM, the concen-

background firing €, = 0.1 um). Parameters (ipM): Ky, = 0.7,Ky, = tration of autophosphorylated subunits increases only
0.4, = 20+.0,I0 = 0.1. Initial conditions correspond to the low steady slightly (A), because the system remains on the bottom
state at [C&"] = 0.1 pM. branch of the curve shown in Fig.AQ when [C& ] jumps

from 1.3uM to 2.2 uM, the system transits to the top steady
tion. Therefore, it is more convenient to plot the thresholdstate B). When [C& '] is switched from 2.3uM to 1.8 uM,
curve directly in the frequency-duration plane (Fig. 7). Onethe system moves to a new steady state on the top branch of
can see that with decreasing frequency duration of théhe curve C); when [C&*] jumps from 2.3uM to 1.5 uM,
threshold tetanus increases sharply; the duration threshold ke system transits to the bottom branch of the cuBe (

~0.12 s at 100 Hz, ang-25 min at 5 Hz. Finally, | show that the model correctly describes kinetics
Fig. 8 demonstrates how mutations can affect bistabilityof autophosphorylation of CaMKII in cytosol of neurons. In
in our model. Substituting alanine in place of ¥helimi-  cytosol, at least 80% of the protein phosphatase activity is

nates inhibitor 1 phosphorylation by PKA and its phospha-C& " -independent, the principal phosphatase is PP2A, and
tase inhibitor activity (Endo et al., 1996). In this case, thethe concentration of CaMKIl is one order of magnitude
term vpgao IS €qual to zero in the model. Fig.8shows lower than in PSD (Strack et al., 1997). Fig. 10 displays
that the bistability region shifts toward higher concentra-behavior of the model with the E&-independent phospha-
tions of C&*, and the down-switching static threshold now tase and parameters that correspond to the cytosolic system.
becomes 1.26M. Fig. 8 B demonstrates that after the end Fig. 10A demonstrates that bistability is absent in this case.
of 100 Hz, 1 s tetanus, the systems drops to the lowFig. 10 B shows that during the 100 HA s tetanus, the
phosphorylated state within one hour, contrary to behavioconcentration of phosphorylated subunits reaché$ uM,

of the “wild type” system shown in Fig. B. and drops below 0.4m in <10 min.
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FIGURE 8 Dynamics of autophosphorylation in the system with a mu-
tant inhibitor 1 ok = 0.0). (A) The steady-state characteristic of the
system. B) Kinetics of autophosphorylation induced by 100 Hz, 1 s
excitation in the model with background firing. Parameterqufit): K,, =
0.4,e, = 20.0,¢,, = 0.1. Initial conditions correspond to the low steady
state at [C&"] = 0.1 uM.

FIGURE 9 Hysteresis and switching in the system with thé'Gade-
pendent protein phosphatase in vitr8) The steady-state curve with the
hysteretic loop (BCDF). Arrows show direction of movement wher?[a
slowly increases or decreas®) ([ransients after sub- and superthreshold
shifts of [C&Z"]: A, the systems remains on the bottom branch of the
bistability curve when [C&] jumps from 1.3uM to 1.8 uM; B, when
[Ca?*]jumps from 1.3uM to 2.2 uM, the system transits to the top steady
state;C, when [C&"] is switched from 2.3uM to 1.8 uM, the system
DISCUSSION moves to a new steady state on the top branch of the clDy§Ca"]

L jumps from 2.3uM to 1.5 uM, and the system transits to the bottom branch
Recently, all-or-none potentiation was found at CA3-CAL e curve. Parameters (irM): Ky, = 0.4,6, = 20.0,6,0 = 03,1, = 0.0.

synapses in hippocampus (Petersen et al., 1998). This bist-
ability of synaptic strength may depend on bistability of
phosphorylation of participating receptors and anchoringcentration range that includes the resting {Qaif the
proteins, which, in turn, may depend on bistability of ac-concentration of CaMKII is very high and the phosphatase
tivity of a major protein kinase at the resting fC& Bist-  activity is C&/calmodulin-dependent. These conditions
ability of autonomous activity of CaMKIl has been ana- are found in PSD. In cytoplasm, the concentration of
lyzed previously. However, Lisman (1985) did not considerCaMKII is relatively low and the protein phosphatase ac-
the effect of C&", and Lisman and Goldring (1988) as- tivity is essentially C&"-independent. In this case, accord-
sumed propagation of autophosphorylation to b&'Ca ing to the model, the bistability region is either shifted
independent. Okamoto and Ichikawa (2000) have foundtrongly to the right of the resting concentration ofCgor
bistability at C&" concentrations that are significantly absent, and the phosphorylated fraction of CaMKIl should
higher than the resting [¢4] and did not study bistability ~decay to a very low level after concentration oPCalrops
in the vicinity of the latter. to the resting value. The last result corresponds to the experi-
My simulations show that two stable steady states oimental observations. Thus, according to the model, high levels
autophosphorylation of CaMKII can arise in the®Cacon-  of autophosphorylation can be maintained at the resting con-
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eliminates inhibitor 1 phosphorylation by PKA and its phos-
phatase inhibitor activity (Endo et al., 1996). According to
the model, such a mutation should prevent autophosphory-
8+ lation of CaMKIl at resting [C&"] (Fig. 8); that could
down-regulate or eliminate LTP.

Bistability is a robust phenomenon in this model. It
persists even when any parameter in the model varies by an
order of magnitude, or more. However, the parameters signif-
icantly affect the position and extent of the “Carange of
bistability (Figs. 3 and 4\). Where possible, | use parameter
values estimated from available experimental data.

Values of [C&"]s, from 0.7 to 4uM have been reported

N L for Ca&*/calmodulin activation of CaMKIl (Farmann et
1.0 15 2.0 25 al., 1998; Gupta et al., 1992; Kennedy et al., 1983; Kuret
[Ca”](uM) and Schulman, 1984). De Koninck and Schulman (1998)
o have shown that the dissociation constant of ‘Cealmod-
ulin from the unphosphorylated-subunit of CaMKIl is
~0.08 uM. One can estimate that [€¥], varies from 2 to
8 uM, when the concentration of free calmodulin varies
from 40 to 0.2uM (Huang et al., 1981; Cohen and Klee,
1988). | have chosel,; = 4 uM.
The Hill number for C&" activation of calcineurin is &
0.1, and [C&'], can vary from 0.6 to 1.4uM, when
Céa*/calmodulin activates purified calcineurin in the pres-
ence of 6uM of Mg?". When [M¢f*] decreases, [Gd]s,
i also decreases (Stemmer and Klee, 1994). | ran simulations
} with K, equal to 0.3, 0.7, and 1 4M.
The Michaelis constants of PP1 for phosphoproteins vary
0 0 200 4‘00 600 800 10010 from 0.21 to 6.8uM (Johansen and Ingebritsen, 1987), and
from 3.8 to 31uM for catalytic subunit of PP2A (Bialojan
and Takai, 1988). | could not find direct data for dephos-
FIGURE 10 Dynamics of autophosphorylation of CaMKIl in cytoplasm phorylation of CaMKIl. | a.ssume that the Michaelis constants
(ks = 0.0). (A) The steady state characteristic is single valuByiK{netics of these phosphatases with CaMKIl as a substrate are of the
of autophosphorylation induced by 100 Ht s tetanus. Parameters (in Same order of magnitude as for the other phosphoproteins.
uM): Ky = 15.0, = 1.0,e,, = 0.05. Initial conditions correspondtothe  The average concentration of thesubunits of CaMKII
low steady state at [C4] = 0.1 uM. is ~10 uM in forebrain according to Erondu and Kennedy
(1985), McNeil and Colbran (1995), and Strack et al.

centration of C&" only in PSD. The model also shows that (1997). Our estimation of this concentration in PSD is 80
stimulation protocols, which induce LTP, switch the system#M on the basis of data published by Suzuki et al. (1994),
from the low-phosphorylated to the high-phosphorylated stateé?d 200uM according to data presented by Strack et al.
while background firing is unable to switch. However, back-(1997). The total phosphatase activity toward CaMKIl in
ground firing can maintain the system in the top phosphorynomogenates of hippocampus-9.1 uM - s™* (Fukunaga
lated state even if the &4 threshold for down-switching is €t al., 2000).
above the resting ¢a concentration. | chose the value df; according to Hanson et al. (1994).
The existence of bistability of the CaMKII autophosphor- | made reasonable estimates of parameters involved in the
ylation in PSD can be tested in in vitro experiments. If oneC& " regulation of the protein phosphatase activity. It is
would maintain isolated PSDs in a medium with ATP andworth mention that the results of simulations are insensitive
gradually change the &4 level in both directions, hyster- to absolute values of these parameters as long as they are
esis should be observed, approximately as shown in Fig. 8ot too small, and their ratios are kept constant.
A. The addition of inhibitor 1 should shift the bistability — Here | use a rather simplified model. The scheme of
region to lower concentrations of &aand make it wider. ~autophosphorylation is strictly valid only if [E4] is sig-
Experiments with transgenic animals can provide evi-nificantly less tharK,,;. However, [Cd*] becomes much
dence that such bistability plays a role in the maintenance dfigher thanK,; during high-frequency stimulation. For
LTP. It is known that substituting alanine in place of ¥hr assurance, | have run several simulations with an extended
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model that included additional terms in the autophosphor8raun, A. P., and H. Schulman. 1995. The multifunctional calcium/
ylation scheme. The difference in results was0%. E,ﬁ;g?g“g? ff?fgigm protein kinase: from form to functiénau. Rev.
PSISISI(-)i negleCt aﬂy bmdmg Cl)f t,he C?%K&E?Ilqenéérggs to Cohen, P., and C. Klee. 1988. Calmodulin. Elsevier, Amsterdam.

' Owever’_t e accumulation o a n I$ aCoomber, C. J. 1998. Site-selective autophosphorylation of+Ca2
result of such binding. It was shown that CaMKII can bind calmodulin-dependent protein kinase 11 as a synaptic encoding mecha-
to the C-terminal tails of subunits of the NMDA receptor in  nism.Neural Comput10:1653-1678.

PSD (Gardoni et al., 1999; Leonard et al., 1999; Strack an®e Koninck, P., and H. Sch_ulm_an. 199_8. Sensitivity of CaM kinase Il to
Colbran, 1998). To be kept in PSD, CaMKII must be eitherD the freo!”eA”Cy °; iﬂ\;si:fnonsl'i;::”;e279'hZ27__23?' o
: . osemeci, A., and R. W. Albers. . A mechanism for synaptic fre-
aUtOphOSphorylated (Gardom etal, :!'999’ Strack and Col- quency detection through autophosphorylation of CaM kinasBid-
bran, 1998; Strack et al., 1997; Yoshimura et al., 1999), or phys. J.70:2493-2501.
bound to C&*/CaM (Shen and Meyer, 1999). One can seeendo, S., X. Z. Zhou, J. Connor, B. Wang, and S. Shenolikar. 1996.
that these requirements are the same as for the CaMKI| Multiple structural elements define the specificity of recombinant human
L . . TN inhibitor-1 as a protein phosphatase-1 inhibit&iochemistry.35:
activation. This means that the catalytic and autoinhibitory 5,54 5,58
dpmfilns of the CaMKIl subunits must dissociate beforleErondu, N. E., and M. B. Kennedy. 1985. Regional distribution of type Il
binding to PSD, and suggests that one of these domainsca&*/calmodulin-dependent protein kinase in rat brain.Neurosci.
binds the NMDA receptor or another anchor protein. There 5:3270-3277. _ _ -
are two variants, if only one subunit participates in binding.Férmann, M., M. Mailig, H. Schatz, and A. Pfeiffer. 1998. Purification
. . L and characterization of a €a/calmodulin-dependent protein kinase Il
!f the catallyt|c.3|te rgmams _actlve in the b_ound.statfa and can from hog gastric mucosa using a protein-protein affinity chromato-
interact with its neighbor in the clockwise direction, the graphic techniqueEur. J. Biochem255:516-525.
bound subunit will become the initiation point of autophos-Fukunaga, K., D. Muller, and E. Miyamoto. 1995. Increased phosphory-
phorylat|on. As a result, autophosphorylaﬂon can proceed lation of C& /ca_lmodullln-dependent proteln-kmase_-ll an_d its endoge-
. . . nous substrates in the induction of long-term potentiatioBiol. Chem.
faster in comparison with the unbound holoenzyme. How- 570-6119-6124.
ever, if the catalyyc Sm_? becomes |ncapaC|.tated, the rate Qfukunaga, K., D. Muller, M. Ohmitsu, E. Bako, A. A. DePaoli-Roach, and
autophosphorylation will decrease approximately twofold. E. Miyamoto. 2000. Decreased protein phosphatase 2A activity in hip-
In these two cases, there is a moderate quantitative change?°¢ampal long-term potentiatiod. Neurochem?74:807-817.

; ; FH ukunaga, K., L. Stoppini, E. Miyamoto, and D. Muller. 1993. Long-term
in the dynam|cs of the system due to the bmdmg’ and th potentiation is associated with an increased activity of @zalmodulin-

results remain valid. However, autophosphorylation is se- dependent protein-kinase-Ul. Biol. Chem268:7863—7867.

verely hindered if the holoenzyme binds two or more anchoGardoni, F., L. H. Schrama, J. J. W. van Dalen, W. H. Gispen, F. Cattabeni,
sites. In this case, the bistability region shifts to much higher and M. Di Luca. 1999.CaMKiIl binding to the C-terminal tail of
concentrations of C?é, and the physiological importance of NMDA receptor subunit NR2A and its modulation by autophosphory-

oneehy lation. FEBS Lett456:394—398.
bistability becomes doubtful. Giese, K. P., N. B. Fedorov, R. K. Filipkowski, and A. J. Silva. 1998.

The very high concentration of CaMKIl in PSD can be a Autophosphorylation at TAF® of the a calcium-calmodulin kinase 11 in
result of translocation of CaMKII from cytosol during high ~ LTP and learningScience279:870-873.
elevations of [C&"] (Shen and Meyer, 1999; Strack et al., Gupta, R. P., D. M. Lapadula, and M. B. Aboudonia. 1992. €a2

P . . . calmodulin-dependent protein kinase-ll from hen brain—purification
1997). The preliminary simulations with a two-compart- and characterizatiorBiochem. Pharmacok3:1975-1988.

me_nt. model ShOW .that this tr‘_"‘nsmcat'on affects the Charaq:!anson, P. I, T. Meyer, L. Stryer, and H. Schulman. 1994. Dual role of
teristics of bistability only if the C& -dependence of calmodulin in autophosphorylation of multifunctional CaM kinase may
CaMKIl activity is quite different in Cytop'asm and PSD. underlie decoding of calcium signalNeuron.12:943-956.
Hanson, P. I, and H. Schulman. 1992. Neuronaf @ealmodulin-
dependent protein kinase&nnu. Rev. Biochen1:559—-601.
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