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ABSTRACT: The dependence of calcineurin on Ca?* for activity is the result of the concerted action of
calmodulin, which increases the turnover rate of the enzyme and modulates its response to Ca2* transients,
and of calcineurin B, which decreases the K, of the enzyme for its substrate. The calmodulin-stimulated
protein phosphatase calcineurin is under the control of two functionally distinct, but structurally similar,
Ca?*-regulated proteins, calmodulin and calcineurin B. The Ca?*-dependent activation of calcineurin by
calmodulin is highly cooperative (Hill coefficient of 2.8-3), and the concentration of Ca2?* needed for
half-maximum activation decreases from 1.3 to 0.6 uM when the concentration of calmodulin is increased
from 0.03 to 20 uM. Conversely, the affinity of calmodulin for Ca?* is increased by more than 2 orders
of magnitude in the presence of a peptide corresponding to the calmodulin-binding domain of calcineurin
A. Calmodulin increases the V., without changing the K, value of the enzyme. Unlike calmodulin,
calcineurin B interacts with calcineurin A in the presence of EGTA, and Ca2?* binding to calcineurin B
stimulates native calcineurin up to only 10% of the maximum activity achieved with calmodulin. The
Ca?*-dependent activation of a proteolyzed derivative of calcineurin, calcineurin-45, which lacks the regulatory
domain, was used to study the role of calcineurin B. Removal of the regulatory domain increases the V.«
of calcineurin, as does binding of calmodulin, but it also increases the affinity of calcineurin for Ca?*. Ca2*
binding to calcineurin B decreases the K, value of calcineurin without changing its V.. Like native
calcineurin, calcineurin-45 contains two high-affinity Ca?* sites (K4 < 0.07 uM) and one or two low-affinity
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sites (Kq > 0.07 uM).

The calmodulin-stimulated protein phosphatase calcineurin
is the only calmodulin-regulated enzyme subject to a dual
Ca?* control mediated by two different Ca?*-regulated
proteins, calmodulin and calcineurin B (Klee et al., 1987).
Like calmodulin, calcineurin B is a Ca2*-binding protein with
four “EF-hand” Ca2*-binding sites (Aitken et al., 1982); its
secondary structure, determined by multidimensional NMR,
issimilar to that of calmodulin (Anglister et al., 1993). Despite
their structural similarity, the two proteins are not functionally
interchangeable. Calcineurin B cannot replace calmodulin
in the activation of the enzyme, and calmodulin cannot
substitute for calcineurin B in the reconstitution of calcineurin
(Merat et al., 1985; Klee et al., 1985). The interaction of
calmodulin with calcineurin is Ca?*-dependent and ac-
companied by a large increase in protein phosphatase
activity. Calcineurin B is tightly bound to the enzyme even
at low Ca?* concentration, and Ca2* binding to calcineurin
B stimulates the enzyme to less than 10% of the activity
achieved with calmodulin (Stewart et al., 1982).

The dual Ca?* regulation is a highly conserved property of
calcineurin from yeast to man. All the isolated calcineurins,
regardless of source, have the same two-subunit structure (Klee
et al., 1987). The organization of the functional domains of
calcineurin A is also conserved and consists of a catalytic
domain in the amino-terminal half and a regulatory domain
inthe carboxyl-terminal half. Theregulatorydomain contains
calmodulin- and calcineurin B-binding subdomains and an
autoinhibitory region (Hubbard & Klee, 1989). The enzyme
is likely to be stimulated by calmodulin by a mechanism which
involves the displacement of the autoinhibitory region upon
calmodulin binding. The amino acid sequence of calcineurin
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B and that of its binding subdomain! on calcineurin A are the
most highly conserved features of calcineurin. Human, mouse,
and rat calcineurin B have identical amino acid sequences
(Guerini et al., 1989; Ueki et al., 1992), and there is 85 and
56% identity between Drosophila melanogaster and yeast
calcineurin B and the vertebrate proteins (Guerini et al., 1992;
Cyertetal,, 1992; Kunoetal., 1991). Thecalmodulin-binding
subdomains of human, rat, mouse, Neurospora crassa, and
D. melanogaster calcineurin A are highly conserved, and the
calcineurin B-binding subdomains of these species are identical
with the exception of two amino acid substitutions in
Neurospora and the two yeast isoforms (Kincaid et al., 1988,
1991; Guerini & Klee, 1989; Kuno et al., 1989; Ito et al.,
1989; Higuchi et al., 1991; Guerini et al., 1992; Cyert et al.,
1991; Liu et al., 1991; Ye & Bretscher, 1992).

The essential role of calcineurin B for calcineurin activity
wasdemonstrated by Meratetal. (1985). Withthe exception
of Neurospora calcineurin A, which is active in the absence
of calcineurin B (Higuchi et al.,, 1991), the calmodulin
stimulation of all recombinant calcineurins A depends on the
addition of calcineurin B (Perrinoetal., 1992; Ueki & Kincaid,
1993). Calcineurin B is also needed for the inhibition of
calcineurin by the immunosuppressive drugs cyclosporin A
and FK506 complexed with their respective immunophilins
(Haddyet al., 1992). This requirement is consistent with the
recent report that calcineurin B itself may be the target of the
immunosuppressants (Li & Handschumacher, 1993). Despite
these important roles of calcineurin B, little is known about
its mechanism of action. In this paper we compare the Ca2+
activation of calcineurin mediated by calmodulin and cal-
cineurin B and demonstrate that calmodulin and calcineurin
Bactivate the phosphatase activity of calcineurin by different
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and complementary mechanisms. The concerted action of
these two regulatory proteins is responsible for the requirement
of the enzyme for the levels of Ca?* found in stimulated cells.

MATERIALS AND METHODS

Materials

Bovine brain calcineurin and ram testis calmodulin were
isolated as previously described (Klee et al., 1983; Newton et
al., 1984). Calcineurin-45, obtained by limited proteolysis of
calcineurin with clostripain in the absence of calmodulin, was
separated from small peptides by gel filtration on Sephadex-
G100.! A synthetic peptide (ARKEVIRNKIRAIGKMAR-
VFSVLR) corresponding to the calmodulin-binding domain
of calcineurin A, as predicted by Kincaid et al. (1988), was
purchased from Peptide Technologies, Washington, DC, and
purified by HPLC2 on a uBondapak C18 column (10-um resin
diameter; 3.9 mm X 30 cm) eluted with a 0 to 40% linear
gradient of acetonitrile in 0.01% trifluoroacetic acid. The
peptide-containing fractions were dried by flash evaporation,
and the peptide was dissolved in deionized water at a final
concentration of 0.6 mM. The synthetic calcineurin peptide
substrate DLDVPIPGRFDRRVSVAAE (Blumenthal et al.,
1986), purchased from Peninsula Laboratories, was purified
by HPLC and phosphorylated with the catalytic subunit of
cAMP-dependent protein kinase (a generous gift of Dr. E.
Fischer, University of Washington, Seattle) as previously
described (Hubbard & Klee, 1991). Standard solutions of
CaCl, wereobtained from Radiometer, and standard solutions
of EDTA and TbCl; were from Aldrich.

Methods

Removal of Contaminating Metals. Plasticware, dialysis
membranes, and stock solutions used for the flow dialysis
experiments were treated as described by Crouch and Klee
(1980). Calmodulin solutions were freed of contaminating
EGTA by two successive gel filtrations over Sephadex G-25
PD-10columns (Pharmacia) equilibrated in buffer A (10 mM
Hepes—-KOH, pH 7.6, containing 100 mM KCl). Contami-
nating metals were removed by passage through a column of
Bio-Rad Chelex 100 [0.5 mL/(mg of calmodulin)] equilibrated
with buffer A (Klee 1977). The stock solution of calmodulin-
binding peptide was used without prior decalcification.
Calcineurin was partially decalcified by passage through
Chelex [1 mL/(mg of protein)] or parvalbumin-Sepharose
columns. One to two moles of CaZ* remained bound per mole
of calcineurin. The parvalbumin-Sepharose used for these
experiments was prepared by coupling 1 mg of frog parval-
bumin (a gift of J. Haiech, University of Marseille, France)
to 1 mL of CNBr-activated Sepharose 4-B according to the
manufacturer’s instructions. It had a capacity of 140 nmol
of Ca?*/mL after decalcification by treatment with 100 mM
KCl adjusted to pH 4 with acetic acid.

Ca?* Concentration Measurements. Total Ca?* was mea-
sured by atomic absorption with a Perkin-Elmer 5000 atomic
absorption spectrophotometer equipped with an autosampler
and a graphite furnace (Haiechetal., 1981). Standard curves
measured in the presence of the samples to be tested were
used to correct for the effect of solvents and proteins on the
Ca?* measurements. Hepes and KCl decreased the signal,
while Mg?* increased it. No significant effect was observed
at protein concentrations up to 1 mg/mL.

2 Abbreviations: HPLC, high-performance liquid chromatography;
Hepes, N-(2-hydroxyethyl)piperazine-N’-2-ethanesulfonic acid; CaM,
calmodulin.
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Flow Dialysis Experiments. Ca2* binding to calmodulin
and to equimolar mixtures of calmodulin and calmodulin-
binding peptide was measured by the method of Colowick
and Womack (1969) with the flow dialysis chamber of
Feldman (1978) as described by Haiech et al. (1981) with the
following modifications. The calmodulin concentration was
varied from 10 to 25 uM when Ca2* binding was examined
in the absence of peptide and from 3 to 5 uM in the presence
of an equimolar amount of calmodulin-binding peptide. The
flow rate of the dialysate was decreased from 3 to 1 mL/min
when the calmodulin-binding peptide was included in the
experiment. The volume of the protein solutions was increased
to 2 mL to minimize the effects of Ca2* loss. The contents
of the flow cell were weighed at the end of the experiment to
verify that the volume remained constant. All Ca2+additions
were made with Hamilton syringes. The concentration of
“Ca?* atthe start and the end of the experiment was measured
as the average of five independent determinations. Addition
of 1 mM carrier CaZ* to the starting material, prior tosampling
for Ca?* determinations, was required to prevent loss of
radioactive ligand by adsorption to the walls of the pipet tips
at low Ca2* concentration. The molar concentration of total
Ca?t at the start of the experiment was less than 10% of the
calmodulin concentration.

Calculations of Bound Ligand and Correction for Loss of
Ligand during Dialysis. The calculations of bound Ca?*
measured by flow dialysis experiments are based on the
assumption that no significant loss of unlabeled or radioactive
ligand occurs during the course of the experiments. A
consistent loss of 12-17% of the radioactive ligand observed
during the 2.5-3-h dialysis experiments prompted us to
examine the effect of this loss on the quantitative analysis of
the Ca?*-binding data. After each addition of Ca?*, the
content of radioactive ligand in the flow well (L*) was corrected
for 45Ca?* lost in the effluent collected prior to the next addition
of Ca?* (AL*). The amount of radioactive ligand remaining
after n successive additions of Ca2* was

L*,=L* — (AL*, + ..+ AL* - 1) (1)
where AL* is the sum of the counts (cpm) in the fractions of
effluent collected during the equilibration and the plateau
following an addition of Ca2* to the well, L*; is the initial
amount of radioactive ligand, and AL*,_,is the loss of L* at
steps 1-n. The loss of unlabeled ligand after each addition
(AL, .. ,) was calculated on the basis of the specific activity of
Ca2* after the Ca?* addition corrected for Ca?* and 45Ca?*
lost at each step.

AL, = AL*, (L, ,/L*.}) (2)

The amount of Ca?* remaining after n successive additions
of Ca?* is

L,=L— (AL, + ..+ AL ) A3)

Lt being the total Ca2* added to the well at step n,and L;_ ,,
the Ca2* in the well corrected for the loss of Ca2* up to step
1...n. The free Ca?* (CaZ*;) was calculated as described by
Haiech et al. (1981) using the ratio of (counts per minute)/
milliliter in the effluent after each Ca2?* addition (¢*;_n1*)
to the (counts per minute)/milliliter in the effluent recovered
after addition of a large excess of unlabeled ligand (c+,) at the
end of the experiments after correction for the dilution and
the loss of labeled ligand at each step.
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Table 1: Effect of the Correction for Loss of Ligand during Flow
Dialysis on the Determination of Binding Parameters?

Table 2: Ca?*-Dependent Activation of Native and Proteolyzed
Calcineurin®

parameter without correction with correction
Kb 167 11.7+24
K> 2%x1 3208
K; 86 + 28 112.0 £ 23
K, 3917 46.0 £ 14
J 0.02 £ 0.002 0.014 £ 0.002
N 0.96 = 0.01 1.02 £ 0.01
rsd¢ 0.054 0.040

2 The experimental conditions are described in Methods. Data are
from a representative experiment in which calmodulin was 20 uM and
MgCl, was 6 mM. ¢ Macroscopic dissociation constants K1, K3, K3, and
K, (10~ M) were determined by fitting the data to the Adair-Klotz
equation (Edsall & Wymann, 1958):

/» N(x/K, + 2x*/K K, + 3x° | KK Ky + 4x* /K K,K K ,) tir
4(1 + x/K, + X}/ KK, + x* | K, KKy + x*/ K K,KK,)

where y is the moles of bound Ca?* determined experimentally, j is the
slope term for nonspecific binding,? x is the concentration of free Ca?*,
and y* is the estimated value for the maximum amount of bound Ca?*.
The factor N is the ratio of the value of y* derived from fitting the data
to that calculated on the basis of the experimental protein determination.
y* = 4m/MW, where m is the amount of protein (mg/mL) and MW is
the molecular weight of calmodulin (16 500). Standard errorsareshown.
¢ Residual standard deviation.

Caz+f = (c* 1/C* DLy n (4)

As shown in Table 1, correction for the loss of ligand during
the flow dialysis experiment significantly improves the
computer fit of the data with a standard deviation of the
residuals of 0.04, as opposed to 0.054, and consistently lower
standard errors in the determinations of the macroscopic
constants. As expected, the extent of the correction depends
on the extent of Ca2* loss and the duration of the experiment.

Protein Determinations. The protein concentrations were
determined spectroscopically using the following extinction
coefficients: ey7¢am = 3300 for decalcified calmodulin (Klee
& Vanaman, 1982), €3780m = 57 940 for calcineurin, ey780m =
52 000 for calcineurin-45!, and e3sgnm = 195 for the synthetic
peptide? corresponding to the calmodulin-binding domain of
calcineurin A.

Enzymatic Assays. Phosphatase activity was assayed as
previously described (Hubbard & Klee, 1991). Theincubation
mixture (60 uL) was 40 mM Tris-HCl, pH 7.5, containing
100 mM KCl; 6 mM MgCly; 0.1 mM dithiothreitol; 0.1 mg/
mL bovine serum albumin; EGTA, CaCl,, and calmodulin as
described for individual experiments; and enzyme at a final
concentration of 3-30nM. Thereaction was routinely started
by addition of substrate to a final concentration of 1 uM
(2-280 uM for the determination of the kinetic constants).
The substrate concentration was based on the specific activity
of ATP used for the phosphorylation reaction. Initial rates
were calculated as described earlier (Klee et al., 1983). The
concentration of free Ca2* in the EGTA-buffered solutions
was calculated with a computer program (Jean & Klee, 1986)
using the dissociation constants of EGTA for Ca?+, Mg?*,
and K* reported by Fabiato and Fabiato (1979). A mean Ky
value of 23 uM, determined in this study, was used for the
dissociation constant of the four Ca2* sites of calmodulin in

% The value of the j term is independent of calmodulin concentration
(0.04 = 0.005 and 0.035 = 0.005 with 5 and 25 uM calmodulin,
respectively), indicating that it reflects nonspecific binding of Ca2* to the
membranes rather than Ca?* binding to low-affinity sites on calmodulin.

4 The extinction coefficient of the calmodulin-binding peptide is based
on the absorbance of its single phenylalanyl residue at 256 nm.

Ca2*? CaM Koot Hill max. act.?
(M) (uM) M) coefficient [nmol/(min-mg)]
Native Calcineurin
=<1 0.14 £0.02 (10)
10 n.d.e 1.10 & 0.02 (3)
10 3 10.9 £ 0.6 (10)

100 0.03 1.34 3.1 10.3
30 0.3 0.79 31 9.9/
10 3.0 0.62 2.9 10.9
5.5 20.0 0.56 2.8 12.4
Calcineurin-45
<1 0.8 £0.09(7)
10 0.06 1.8 10.0 % 0.6 (7)
10 3.0 10.8 £ 0.6 (3)

@ The phosphatase activity was assayed in the presence of the indicated
concentrations of calmodulin and Ca2* as illustrated in Figures 1 and 4.
The enzyme concentration was 2-10nM. & The Ca?* concentrations were
adjusted with 2 mM (native calcineurin) and 5 mM (calcineurin-45)
EGTA as described in Methods and the caption to Figure 1. ¢ Concen-
tration of Ca?t required for half-maximal activity. ¢ The initial rates
were measured, in the presence of 1 uM substrate, as described in Methods,
and the maximum activities are the mean = the standard error of 3-10
such determinations. The number of independent determinations is shown
in parentheses. ¢ The biphasic character of the calmodulin-independent
activation of calcineurin by Ca?* prevented the accurate determination
of a Hill coefficient. / Maximum activities of the enzyme in the experiments
illustrated in Figure 1.

the presence of 6 mM Mg2*. The concentration of the stock
EGTA solution was determined by titration of a standard
solution of Tb3* (Woyski & Harris, 1963). The data were
corrected for a decrease in the pH from 7.5 to 7.3 at 30 °C
but were not corrected for the dropin pH from 7.1 to 6.8 when
theincubation mixtures containing 5 mM EGTA were brought
from 1077 to 5 X 10~ M free Ca?t,

RESULTS

Calmodulin- Dependent Stimulation of Calcineurin by
Ca?t. In the absence of Ca?* the enzymatic activity of
calcineurin is very low [0.14 nmol/(min-mg)]. Addition of
Ca?t results in an almost 10-fold stimulation, whereas a 100-
fold stimulation is observed upon the combined addition of
Ca?* and calmodulin (Table 2). The calmodulin-mediated
Ca?*-dependent stimulation of calcineurin is strongly coop-
erative with a Hill coefficient of 2.8-3.1, indicating that binding
to at least three Ca2* sites is required for activity (Figure 1
and Table 2). Consistent with the fact that calmodulin
stimulation of calcineurin is the result of the Ca2*-dependent
binding of calmodulin to calcineurin, the concentration of
Ca?* needed for activation decreases with increasing con-
centrations of calmodulin (Figure 1).

The apparent affinity of calmodulin for Ca?* is expected
toincrease in the presence of calcineurin. Inorder to test this
expectation, we measured the binding of Ca?* toan equimolar
mixture of calmodulin and a synthetic peptide whose sequence
corresponds to the calmodulin-binding domain of calcineurin.
This peptide prevents the activation of calcineurin by cal-
modulin with a k; of 1 nM but does not inhibit the calmodulin-
independent phosphatdse activity of calcineurin-45 (M. H.
Krinks and C. B. Klee, unpublished observations). The binding
of Ca?* to calmodulin was measured in the absence or presence
of a physiological concentration of Mg2* (1 mM) and in the
presence of the concentration of Mg+ (6 mM) used for the
protein phosphatase measurements. Asshown by thedatain
Figure 2, the affinity of calmodulin for Ca?* is increased by
1-2 orders of magnitude in the presence of the peptide. The
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FIGURE 1: Activation of calcineurin protein phosphatase activity as
a function of free Ca2* concentration at different levels of calmodulin.
The calmodulin concentrations are 0.03 (@), 0.3 (a), 3 (W), and 20
uM (#). The data are corrected for calmodulin-independent Ca?+-
stimulated activity. The free Ca?* concentrations were calculated as
described in Methods. All buffers were treated with Chelex, EGTA
was 5 mM, and added Ca?* was in the millimolar range to minimize
the contribution of contaminating Ca?*.

macroscopic dissociation constants derived from such binding
experiments are listed in Table 3. In the absence of Mg2+ the
affinity of the first site to be occupied is low (K;=17.8 uM),
and that of the second site is high (K, = 0.4 uM), suggesting
positive cooperativity between these two sites. The relatively
low affinities of the remaining two sites (K3 = 14.7 and K,
= 11.2 uM) are not significantly different, in agreement with
the report of Minowa and Yagi (1984) showing that coop-
erativity is less marked for the low-affinity than for the high-
affinity sites. Addition of 1 mM Mg?* has a complex effect
on Ca?*binding tocalmodulin. It greatly increases the affinity
of the first site and slightly decreases the affinities of the
second and the third, while'it moderately increases the affinity
of the fourth. Higher concentrations of Mg2* significantly
decrease the affinities, probably by competing with Ca?*, at
all four sites. This effect is particularly significant on those
sites whose affinities was increased by addition of 1 mM Mg2+.
Addition of the calmodulin-binding peptide greatly increases
the affinity of calmodulin for Ca2* (Figure 2) but also exerts
different effects on the different sites (Table 3). A 270-fold
increase in the affinity of the third site and a 10-15-fold
increase in the affinities of the first, second, and fourth sites
are observed. In the presence of 6 mM Mg?* similar effects
are observed, but in this case the affinity of the first site is also
increased substantially (75-fold) upon addition of the peptide.

These data do not determine how many Ca2* sites on
calmodulin need to be filled to support the activation of
calcineurin. A comparison of the probability of the number
of Ca?* sites occupied, calculated on the basis of the CaZ*
binding measured in the presence of the calmodulin-binding
peptide (Table 3), and the stimulation of the phosphatase
activity, measured in the presence of 0.03 uM calcineurin and
3 uM calmodulin, is not valid. The number of sites could be
overestimated since the concentration of calcineurin used for
the activity measurements is lower than the concentration of
peptide in the binding experiments. Alternatively, the higher
affinity of calcineurin for calmodulin (K4 = 0.1 nM) than for
the peptide (K4 = 1 nM) (Hubbard & Klee, 1987) can lead
to an underestimation of the affinity of the calmodulin-
calcineurin complex for Ca2* (Hubbard & Klee, 1987).

Stemmer and Klee
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FIGURE 2: Effect of the calmodulin-binding domain of calcineurin
on Ca?* binding to calmodulin: panel A, in the presence of 1 mM
Mg?*; panel B, in the presence of 6 mM Mg?*. The calmodulin
concentration was 25 uM in the absence of peptide (®) and 5 uM
in the presence of 5 uM peptide (A). The data are corrected for
binding to the membrane [/ values were 0.025 (A) and 0.018 (B) in
the absence of peptide and 0.03 (A) and 0.04 (B) in its presence] and
for calmodulin concentration (<£6%) using the N values determined
by the computer fitting of the data, as described in Table 3.

Table 3: Macroscopic Ca?* Dissociation Constants for Calmodulin
in the Presence and Absence of the Calmodulin-Binding Domain of
Calcineurin?

additions macroscopic dissociation constants (uM)?

Mg2* peptide

(mM) (M) K, K, K; K, n
0 0 17.8 (5.1) 0.4 (0.2) 14.7 2.0) 11.233.1) 3
1 0 0.9(0.2) 1.1(0.04) 21.5(0.5) 28(0.5) 3
1 3-5 0.06 (0.01) 0.1 (0.01) 0.08 (0.01) 0.3 (0.04) 4
6 0 14.6 (5.9) 3.3(0.03) 1234 (31.1) 457(0.02) 2
6 3-5 0.2(0.06) 0.7(0.4) 0.3(0.2) 3127 2

4 The experimental conditions are described in Methods. The cal-
modulin concentration was 20—25 uM in the absence of peptide and 3-5
#M in the presence of an equimolar concentration of peptide.  Mac-
roscopic dissociation constants K), K5, K3, and K, were determined as
described in footnote b of Table 1. The value of factor NV varied from
0.95to 1.05. Standard errors of the mean for » = 3 or 4 and differences
in values for n = 2 are indicated in parentheses. ¢ Number of
determinations.

Ca’* Bindingto Calcineurin B Is Required for Calmodulin
Stimulation. The following rate equation was derived by
Huanget al. (1981) to analyze the Ca2*-dependent activation
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FIGURE 3: Ca?* dependence of the activation of calcineurin in the
absence and presence of saturating concentrations of calmodulin.
Calcineurin activity was measured in the absence of calmodulin (A).
The y intercepts of double-reciprocal plots of the % activation as a
function of calmodulin concentration (data illustrated in Figure 1)
were used to calculate the % activation at an infinite concentration
of calmodulin (v) as a function of Ca2?* concentration (®). Theline
was generated by fitting the data to v = (100[Ca?*]/k)/(1 +
[Ca?*]7/k).

of cyclic nucleotide phosphodiesterase in the presence of excess
calmodulin:

1_1 ( e, BK, )

Av  Ake, \ P, &,[CaM],
In this equation, Av is the calmodulin-stimulated activity minus
the basal activity; Ak is the difference between the catalytic
rate constants for the activated and nonactivated enzyme
species; e, is the calcineurin concentration; [CaM]; is the total

calmodulin concentration; and ®,, ®,, and ®; are defined as
follows:

&, =1+C/K,+CYK K, +

C}/K'\K',K’s + C*/K \K',K',K,
&, =C*/K' K,K';K',
&, =1+ C/K, + C*/K,K, + C*/K,K K, + C*/K K,K K,

in which C is Ca2* concentration; K, K3, K3, and K, are the
macroscopic dissociation constants of calmodulin; and Xy,
K3, K3, and K’ are the corresponding macroscopic constants
of the enzyme-calmodulin complex.

When the calmodulin concentration ([CaM];) was in excess
of calcineurin concentration (e)—0.3, 3, and 20 uM cal-
modulin, as opposed to 0.03 uM calcineurin (Figure 1)—as
was reported for the activation of cyclic nucleotide phos-
phodiesterase, plots of 1/Av as a function of 1/[CaM]; at
different Ca2* concentrations were linear (data not shown).
Unlike the plots of the cyclic nucleotide phosphodiesterase
(Huang et al., 1981), the calcineurin plots did not intercept
ontheordinate. A plotoftheextrapolated values of the Ca2*-
dependent phosphatase activity at an infinite concentration
of calmodulin (derived from the y intercepts), expressed as
the percent of maximum activity, is illustrated in Figure 3.
At an infinite concentration of calmodulin, the Ca2* depen-
dence of the calmodulin stimulation of calcineurin closely
resembles the Ca2*+ dependence of the calcineurin B-mediated
activation of calcineurin measured in the absence of cal-
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FIGURE 4: Ca?*-dependent activation of the proteolyzed derivative
of calcineurin (calcineurin-45). The calmodulin-independent protein
phosphatase activities of calcineurin-45 (@) and native calcineurin
without (A) and with calmodulin () were measured in the presence
of 1 uM substrate. EGTA was 5 mM.

modulin.’ Thus, Ca2?* binding to calcineurin B appears to be
a prerequisite for the calmodulin stimulation of calcineurin.

Calmodulin-Independent Activation of Calcineurinby Ca?*
Binding to Calcineurin B. Inthe absence of calmodulin, Ca2+
has only a small stimulatory effect on the phosphatase activity
of calcineurin which is difficult to analyze quantitatively.
Furthermore, the Ca?*-dependent activation of native cal-
cineurin is biphasic with a small, but reproducible, activation
between 0.01 and 0.1 uM Ca?*, which is probably the result
of a 2-3% contamination of native calcineurin by calcineurin-
45 (see below).

We selected the proteolyzed derivative of calcineurin,
calcineurin-45, to characterize the calmodulin-independent,
calcineurin B-mediated activation of calcineurin. As shown
in Figure 4, in the absence of calmodulin, calcineurin-45
exhibits a low, but significant, level of activity at Ca?*
concentrations below 10 nM, and it is stimulated more than
10-fold by increasing Ca2?* concentration with a K¢, of 0.06
uM. Native calcineurin, assayed in the absence of calmodulin,
isinactive at less than 10 nM Ca?* and is maximally activated
with a K, 0f 0.5 uM. The activation of calcineurin-45 is less
cooperative than the calmodulin-dependent activation of
calcineurin with a Hill coefficient of 1.8 (Table 2). The high
affinity of calcineurin-45 for Ca2+ accounts for the difficulties
encountered in the decalcification of calcineurin-45. Inorder
to characterize the Ca?*-binding properties of calcineurin-
45, the protein was first equilibrated with a saturating
concentration of $3Ca2+ and the exchange of the protein-bound
45Ca?* with unlabeled Ca?* was monitored by gel filtration
on Sephadex G-25 columns equilibrated with decreasing
concentrations of Ca2*, as shown in Figure 5. During the 40
min required for the elution of the protein from the column,
more than 95% of the bound 4*Ca2* exchanges with unlabeled
Ca?* when the concentration of free Ca2*is 2.1 uM and only
5% of 45Ca2* remains bound to calcineurin-45 (Figure 5A).
When the concentration of Ca2* is decreased to 0.06 uM, the
amount of unlabeled free Ca?* (a total of 0.6 nmol in the first
10 fractions of the column as opposed to 6 nmol of 4Ca2* in
the protein sample) is insufficient to significantly decrease

5 The high basal activity below 0.1 uM Ca?* (Figure 4) is believed to
be due to the presence of partially degraded calcineurin.
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FIGURE S: Displacement of 45Ca2* bound to calcineurin-45 by gel
filtration in the presence of unlabeled Ca?*. Calcineurin-45 (4.2 uM)
was dialyzed for 48 h at 0—4 °C against buffer E (10 mM Tris Cl,
pH 7.5, containing 100 mM KCl, 1 mM MgCl,, and 0.5 mM
dithiothreitol) made 0.7 uM 4Ca?* to a constant specific activity of
190 & 20 cpm/pmol. Aliquots of 0.5 mL containing 9 nmol of CaZ*,
determined by atomic absorption, were applied to 22-mL (1 X 29
cm) Sephadex G-25 columns equilibrated at 22 °C with buffer E
made 2.1 (panel A) or 0.06 (panel B) uM Ca?*, The columns were
monitored for radioactivity (@). Absorbance at 280 nm (A) was used
to determine the protein concentration. Total Ca?* in buffer and
protein-containing fractions was determined by atomic absorption
spectrophotometry.

Table 4: Ca?* Binding to Calcineurin-454

free Ca2* (uM) bound Ca2*? (mol/mol}
0.07 2.3+ 0.06
0.17 2.5+£0.31
0.33 27+£0.1
0.7 2.8
2.2 2.7£0.22

4 The experimental conditions are described in the caption to Figure
5. b £Standard deviation from the mean of three determinations,

the specific activity of bound Ca2*. Thus, most of the 43Ca2*
remained associated with calcineurin-45 (Figure 5B), con-
firming the high affinity of the protein for Ca2?*. As
summarized in Table 4, more than 2 mol of Ca2* is bound per
mole of calcineurin-45 at 0.07 uM Ca?*, a concentration of
Ca?* sufficient to support 50% of the maximum activity. No
significant increase in Ca?* binding is observed above 0.3 uM
Ca?* where maximum activation is achieved. The Ca2*-
dependent activation of calcineurin-45 (Figure 4) appears to
coincide with the occupancy of one or two “low-affinity” sites,
whereas calcineurin-45 is inactive when one or two “high-
affinity” sites are occupied below 0.03 uM Ca2*, A Hill
coefficient of 1.8 would be consistent with the involvement of
two low-affinity Ca2* sites in the activation process.®
Effect on Kinetic Parameters. A large increase in Vyayx
with little effect on the Ky, value accompanies the Ca?*-
dependent binding of calmodulin to calcineurin (Table 5). A
moderate increase in V. accompanies Ca?* binding to
calcineurin B with apparently no effect on the K, value.

¢ Underestimation of the total number of Ca2* sites may be due to
overestimation of the protein concentration due to light scattering.

Stemmer and Klee

Table 5: Effect of Ca?* on the Kinetic Parameters of
Calcineurin-Mediated Peptide Dephosphorylation®

EGTA Vinex
enzyme® Ca?*c (mM) Knf [nmol/(min-mg)]
calcineurin (2) 0 5 52+ 19 50+9
calcineurin (3) 0.01 0 10013 320+ 18
calcineurin/CaM (3) 0.01 0 94 =11 2012 £ 95
calcineurin-45 (2) 0 5 395+ 63 1016 £ 113
calcineurin-45 (2) 0.01 0 68 @10 1079+ 77

2 The assay conditions are described in Methods. ® The numbers in
parentheses indicate the number of experiments. © Added Ca?* was not
corrected for contaminating Ca2*. 4 +Standard errors of the mean for
n = 3 and differences in values for n = 2,

Removal of the regulatory domain of calcineurin, including
both calmodulin-binding and autoinhibitory domains, not only
has a large effect on the Vp,,, similar to that of the putative
displacement of this regulatory domain induced by calmodulin
binding to the calmodulin-binding domain, but also increases
the K, value by 8-fold. Reversal of this change in the K,
value requires the binding of Ca?* to calcineurin B. Thus,
Ca?* binding to the two regulatory proteins, calmodulin and
calcineurin B, has different effects on the kinetic parameters
of the phosphatase activity of calcineurin.

DISCUSSION

The activation of calmodulin-stimulated enzymes by Ca2+
is the result of the Ca2*-dependent interaction of calmodulin
with these enzymes. Thus, the Ca?* concentration required
for activation of cyclic nucleotide phosphodiesterase and
myosin light chain kinase was shown to decrease as the
concentration of calmodulin is increased (Huang et al., 1981;
Blumenthal & Stull, 1980; Olwin & Storm, 1985). In the
presence of micromolar concentrations of calmodulin, all these
enzymes are activated at levels of Ca2* found in stimulated
cells (0.5-1 uM). Likewise, the Ca?* concentration required
for half-maximal activation of calcineurin by calmodulin
decreases from 1.3 t0 0.6 uM as the calmodulin concentration
is increased from 0.03 to 20 uM. It is not clear why these
values of the K, are lower than the value of 20 uM reported
by others (Kincaid & Vaughan, 1986). As for most calm-
odulin-regulated enzymes, the activation of calcineurin is
highly cooperative, allowing the enzyme to respond to very
narrow Ca?* thresholds (Stewart et al., 1982). Hill coefficients
of 2.8-3.1 indicate that at least three Ca2* sites are involved
in the activation process. Since calcineurin is itself a Ca2*-
binding protein, these sites could be located on calcineurin B
as well as on calmodulin.

The affinity of calmodulin for Ca?* should increase in the
presence of calcineurin. The lack of effect of calcineurin on
the affinity of calmodulin for CaZ* previously reported
(Kincaid & Vaughan, 1986) is therefore unexpected. This
conclusion was not based on direct Ca2* binding to calmodulin
but on the Ca?* dependence of a conformational change
affecting the environment of dansylated residues in calmodulin
monitored in the presence and absence of calcineurin.
Although increased fluorescence was observed at lower Ca2*
concentrations in the presence of calcineurin than in its absence,
the concentrations of Ca2* needed for the half-maximal
increase in the fluorescence were similar in both cases. The
preparation of dansylated calmodulin used in these studies
contained inactive protein, which was possibly unable to
interact with calcineurin. Ca?* binding to this inactive
derivative would not be affected by calcineurin, thereby
obscuring the contribution of calcineurin to the affinity of the
calmodulin-calcineurin complex for Ca2?*,
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Direct measurement of the affinity of calmodulin for Ca2+
in the presence of calcineurin by flow dialysis is difficult
because calcineurin B also contains four Ca2*-binding sites.
To avoid this complexity, we measured the affinity of
calmodulin for Ca2* in the presence of the calmodulin-binding
peptide of calcineurin. In the absence of the peptide the four
Ca?*sites of calmodulin have relatively low affinities for Ca2+,
and the macroscopic constants are consistent with the generally
accepted sequential and cooperative binding of Ca?* to the
two high-affinity carboxyl-terminal sites followed by oc-
cupancy of the two low-affinity amino-terminal sites [as
reviewed by Forsen (1986)]. In the presence of 6 mM Mg?*,
calmodulin still binds four Ca2*, although with decreased
affinity. In the presence of the calmodulin-binding peptide,
the affinities of all four sites are increased with a particularly
large, 300—400-fold increase of the affinity of the third site.
This peptide-dependent increase of the affinity of calmodulin
for Ca2* indicates that Ca?* binding to calmodulin and not
to calcineurin B is responsible for the large Ca?*-dependent
increase of the affinity of calcineurin for calmodulin (from
<10-M to 10719 M).” A similar increase in the affinity of
calmodulin for Ca?* in the presence of calmodulin-binding
peptides (Maulet & Cox, 1983; Yasawa et al,, 1987) or
calmodulin-binding proteins (Olwin & Storm, 1985) has been
reported. With the exception of the calmodulin-binding
domain of the CaZ* ATPase of the plasma membrane (Yasawa
et al., 1992), these increases in affinity are less pronounced
than in the case of calcineurin. The sequential binding of
Ca?* to calmodulin is altered differently by different targets.
A large decrease in K, is observed with myosin light chain
kinase (Olwin et al., 1984), whereas the calmodulin-binding
peptide of the ATPase exerts its largest effect on K, (Yasawa
etal., 1992). These differences could reflect different modes
of interaction of calmodulin with different targets (Newton
et al., 1984; Ni & Klee, 1985). Occupancy of the four Ca?*
sites is required for activation of myosin light chain kinase,
whereas the ATPase, which is activated by the carboxyl-
terminal fragment of calmodulin (Guerini et al., 1984), may
affect primarily the filling of the two carboxyl-terminal sites.

It is not possible on the basis of the Ca?*-binding data alone
to identify the sequence in which the sites are successively
filled. It was proposed that occupancy of the two carboxyl-
terminal Ca?* sites, which is sufficient to promote calcineurin
binding to calmodulin, although with low affinity (Ni & Klee,
1985), alsoincreases the flexibility of the central helix (Mackall
& Klee, 1991). The structure of the complex of calmodulin
with a calmodulin-binding peptide indicates that distortion of
the central helix is required to allow interaction of the amino-
terminal half of calmodulin with the calmodulin-binding
peptide bound to the carboxyl-terminal half of calmodulin
(Ikuraetal., 1992; Meadoret al., 1992). Since peptide binding
toeither of the two halves of calmodulin depends on the Ca2*-
induced formation of a hydrophobic patch, the proximity of
the peptide to the amino-terminal domains of calmodulin would
facilitate interaction and thereby increase the affinity of a
third site postulated to be on the amino-terminal half of
calmodulin. The two cooperative sites predicted by the Hill

7 Binding of nitrocalmodulin to calcineurin was not detected at
concentrations of nitrocalmodulin and calcineurin up to 10 uM (P.
Richman and C. B. Klee, unpublished observations).

8 Calcineurin and calcineurin-45 retain equivalent amounts of Ca?*
after treatment with Bio-Rad Chelex, indicating that the high-affinity
Ca?*-binding sites are not affected by proteolysis but that the “activation
sites” have higher affinity for Ca2* in calcineurin-45 as suggested by the
low K, of calcineurin-45 compared to the K,y of native calcineurin
(P. M. Stemmer, unpublished observations).
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plots could be located on opposite halves of calmodulin as
opposed to adjacent sites as is the case in the absence of the
target peptide. A similar model has been proposed by Yasawa
et al. (1987) to explain the positive cooperative binding of
Ca?* to the two halves of calmodulin in the presence of
mastoporan.

Despite the important role of calcineurin B in the regulation
of the phosphatase activity of calcineurin, little is known about
its mechanism of action. Calcineurin B is required to
reconstitute the phosphatase activity of calcineurin from its
isolated subunits (Merat et al., 1985). It is also required for
the function of calcineurin in promoting adaptation of yeast
cells to pheromone treatment (Cyert et al., 1992). Kinetic
analysis of the Ca2*-calmodulin-dependent activation of
calcineurin using the model proposed by Huang et al. (1981)
suggests that calmodulin stimulation requires Ca?* binding
tocalcineurin B, in agreement with the reports that calcineurin
Bis required for the reconstitution of a calmodulin-stimulated
protein phosphatase from calcineurin A expressed in
Escherichia coli or SF-9 cells (Perrino et al., 1992; Ueki &
Kincaid, 1993). The affinity of two of the CaZ* sites of
calcineurin Bisvery high (K3 < 108 M). These sites, occupied
at resting Ca2* levels, may serve a structural role by ensuring
the tight interaction of the two subunits, while occupancy of
the remaining sites would be responsible for the calmodulin-
independent as well as the calmodulin-dependent activation.
Like calcineurin-43, native calcineurin has at least two high-
affinity sites and one or two low-affinity sites whose occupancy
is required for the calcineurin B-mediated activation.®

Removal of the regulatory domain of calcineurin A by
proteolysis results in a large increase in the Vi, similar to
that resulting from the proposed displacement of the auto-
inhibitory domain induced by the Ca?*-dependent binding of
calmodulin. The modified enzyme remains Ca2*-dependent
and can therefore be used to study the role of calcineurin B
in the Ca?*-dependent activation of calcineurin. In contrast
to the native enzyme whose Vi is dependent on Ca2+ and
calmodulin, the Va5 of the proteolyzed enzyme is calmodulin-
independent. Removal of the regulatory domain is also
accompanied by a 5-6-fold increase of the K, value, and the
Ca?* dependence of the activity of calcineurin-45 is due to a
Ca?*-induced decrease of the K, value of the enzyme. The
Ca?*-induced decrease of the K, appears toreflect an increase
in the affinity of calcineurin for its substrate since the k;
terms in the expression of the Ky [Km = (k_1/k1) + (k2/k1)]
are apparently identical in the presence and absence of Ca2*,
Likewise, Ca2* binding to calcineurin B is responsible for the
increased affinity of native calcineurin for its substrate, which
allowed Tonks and Cohen (1983) to purify calcineurin by
affinity chromatography on phosphorylated myosin light chain
coupled to Sepharose.

The data presented in this paper indicate that the two
regulatory proteins, calcineurin B and calmodulin, play
different roles in the Ca2* stimulation of calcineurin. Ca2*
binding to calmodulin displaces the autoinhibitory domain
and increases Vyax, Whereas Ca2* binding to calcineurin B
increases the affinity of calcineurin for its substrate. The
absolute requirement of Ca2* binding to calcineurin B ensures
that the enzyme is dependent on stimulated levels of Ca2* for
activity and controls the Ca2*-independent activation of the
enzyme by proteolysis occurring in vivo.
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