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ABSTRACT: Calmodulin (CaM) is an essential, eukaryotic protein comprised of two highly homologous
domains (N and C). CaM binds four calcium ions cooperatively, regulating a wide array of target proteins.
A genetic screen ofParameciaby Kung [Kung, C. et al. (1992)Cell Calcium 13, 413-425] demonstrated
that the domains of CaM have separable physiological roles: “under-reactive” mutations affecting calcium-
dependent sodium currents mapped to the N-domain, while “over-reactive” mutations affecting calcium-
dependent potassium currents localized to the C-domain of CaM. To determine whether and how these
mutations affected intrinsic calcium-binding properties of CaM domains, phenylalanine fluorescence was
used to monitor calcium binding to sites I and II (N-domain) and tyrosine fluorescence was used to monitor
sites III and IV (C-domain). To explore interdomain interactions, binding properties of each full-length
mutant were compared to those of its corresponding domain fragments. The calcium-binding properties
of six under-reactive mutants (V35I/D50N, G40E, G40E/D50N, D50G, E54K, and G59S) and one over-
reactive mutant (M145V) were indistinguishable from those of wild-type CaM, despite their deleterious
physiological effects on ion-channel regulation. Four over-reactive mutants (D95G, S101F, E104K, and
H135R) significantly decreased the calcium affinity of the C-domain. Of these, one (E104K) alsoincreased
the calcium affinity of the N-domain, demonstrating that the magnitude and direction of wild-type
interdomain coupling had been perturbed. This suggests that, while some of these mutations alter calcium-
binding directly, others probably alter CaM-channel association or calcium-triggered conformational change
in the context of a ternary complex with the affected ion channel.

Calmodulin (CaM;1 Figure 1) is comprised of two highly
homologous domains that appear to have arisen from two
successive gene-duplication events. Sequence alignment
indicates that the four calcium-binding sites (I and II in the
N-domain and III and IV in the C-domain, Figure 1) are
very similar; of the 12 amino acids in each site, positions
1(D), 3(D), 4(G), 6(G), and 12(E) are identical in all four.
Although these sites in CaM are in homologous helix-loop-
helix motifs or EF-hands, calcium binding to the domains is
sequential: sites III and IV in the C-domain are nearly 100%
saturated before saturation of sites I and II in the N-domain
reaches a few percentages (1, 2).

Calcium binding to CaM causes major structural changes,
including exposure of a hydrophobic cleft in each domain

(3); these surfaces mediate protein-protein interactions that
enable CaM to function as a member of many calcium-
dependent signal transduction cascades. The level of calcium
saturation required for the interaction with targets can vary.
A high-resolution structure of apo (calcium-depleted) CaM
associated with a long peptide fragment of a calcium-
activated small conductance potassium (SK) channel (4) and
two crystallographic studies of half-saturated CaM [(Ca2+)2-
CaM] associated with targets (5, 6) demonstrate that calcium
saturation is not required for specific CaM-target inter-
actions. Apo-CaM can bind to some targets with a higher
affinity than calcium-saturated CaM [(Ca2+)4-CaM] (7, 8)
and serves as an integral enzyme subunit (9) or ion-channel
subunit (10) that is bound constitutively.

A comparison of the high-resolution structures of CaM
bound to its targets in these different ligation states illustrates
the broad potential for molecular plasticity that was envi-
sioned when models of co-complexes of CaM bound to a
peptide from MLCK (11, 12) and CaMKII (13) showed that
“the central helix” of CaM could bend to accommodate a
target protein. While the CaM-target complexes with only
2 equiv of calcium demonstrate separable roles of the two
homologous domains in target recognition and activation,
this principle was originally discovered via a genetic screen
of Paramecium tetraureliathat identified two classes of
deviant chemotactic phenotypes and defective ion-channel
regulation (14). Unexpectedly, both classes of mutants were
linked to mutations in CaM (not to the sequences of the
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calcium-dependent ion channel per se), and each phenotype
was mapped to a specific domain of CaM.

Mutations in the N-domain ofParameciumCaM (PCaM)
causedParameciato under-react to various stimuli; they
showed little or no reversal in swimming direction in
response to stimuli compared to wild-typeParamecia. These
mutations also caused defective calcium-activated sodium
currents. As shown in Figure 1, all but one of these mutations
is betweensites I and II (the exception is G59S in site II).
This region is known to change conformation when calcium
binds to the C-domain (15-17), and nearby methionine
residues (M36 and M51) contribute to the hydrophobic clefts
of CaM that have an important role in calcium-dependent
molecular recognition of target proteins (18, 19).

In contrast to the mutations found in the N-domain of
PCaM, Kung and co-workers found that mutations in the C-
domain of PCaM (Figure 1) caused an over-reactive pheno-
type, whereby a negative stimulus causedParameciato swim
in the reverse direction longer than observed for wild-type

Paramecia(i.e., avoidance behavior persisted longer than
normal). These C-domain mutations also caused defective
calcium-activated potassium currents. All but one of these
over-reactive mutations werewithin sites III and IV and were
expected to disrupt calcium binding to the C-domain. The
outlying mutation M145V was located in the terminal helix
of CaM (following site IV) and disrupted one of two
occurrences of vicinal methionine residues in CaM (see
Figure 1).

Although the CaM-binding domains of the affected
Parameciumion channels have not yet been identified, an
essential first step in understanding the molecular basis for
defective calcium-dependent signaling by these viable mu-
tants is to characterize their effects on the intrinsic calcium-
binding properties of both domains of PCaM. Presumably,
differences in the ability of a mutant sequence to bind cal-
cium at concentrations that would be sufficient for activating
wild-type PCaM would contribute to differences in the ability
of that mutant to bind to and regulate calcium-dependent

FIGURE 1: Calcium-saturated PCaM. (A) Ribbon diagram of calcium-saturated PCaM [PDB 1OSA (52)] created with MOLSCRIPT (53)
and RASTER3D (54). Backbone atoms of residues in calcium-binding loops (I, II, III, and IV) and calcium ions are yellow; positions of
mutations are indicated by orange spheres. Fluorescent residues Phe (green) and Tyr (violet) are shown in a ball-and-stick representation.
(B) Sequence alignment of the four calcium-binding sites in PCaM. Highlighted are positions of mutations (orange), Phe residues (green),
and the single Tyr residue (violet) in wild-type PCaM.
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ion channels. CaM is in equilibrium between the free and
channel-bound forms. Therefore, the intrinsic calcium-
binding affinity of each PCaM mutant, as well as its calcium
affinity when bound to channels or other targets, will be of
interest in understanding the biological effects of these
mutants.

Equilibrium constants for calcium binding to full-length
PCaM (PCaM1-148) were determined directly by monitoring
the decrease in intrinsic phenylalanine (Phe) fluorescence
(which selectively reports on the occupancy of the pair of
sites in the N-domain) and the increase in intrinisic tyrosine
(Tyr) fluorescence (which selectively reports on the occu-
pancy of the pair of sites in the C-domain) of PCaM1-148

(20). The position of these native fluorophores is illustrated
in Figure 1. Results were compared to those obtained for
calcium binding to the same sites in isolated N-domain
(PCaM1-80) or C-domain (PCaM76-148) fragments to inves-
tigate whether the mutations perturbed normal interdomain
interactions in PCaM1-148.

The calcium-binding titrations in this study were conducted
under physiological magnesium conditions and showed that
the under-reactive mutations (all located in the N-domain of
PCaM) and M145V, the single over-reactive mutation that
is outside of sites III and IV (in the C-domain of PCaM),
did not alter the calcium-binding properties of PCaM. In
contrast, all four of the over-reactive mutations that are within
sites III or IV showed a decrease in affinity for calcium
binding to sites III and IV in PCaM1-148 and PCaM76-148,
with the greatest effect observed for E104K, which abolished
binding to site III. A mutation in site III (D95G) seemed to
abolish the cooperativity of binding calcium to sites III and
IV in PCaM1-148 and PCaM76-148. The mutations D95G,
S101F, and H135R in the C-domain had no effect on calcium
binding to the N-domain (their effects were local). However,
the mutation E104K, which altered the bidentate glutamate
at position 12 in site III, had the most deleterious effect on
the C-domain and also increased the calcium-binding affinity
of sites I and II in the N-domain, perturbing interdomain
interactions. These results provide evidence for the allosteric
regulation of domain differences in calcium affinity.

This analysis of calcium binding and calcium-induced
switching suggests two distinct models for the molecular
determinants of domain-specific regulation of calcium-
dependent ion channels by CaM. It suggests that most over-
reactive mutants lower intrinsic calcium binding directly and
thereby increase the level of calcium required to allow PCaM
to associate with and close a potassium channel during a
cellular influx of calcium. In contrast, the under-reactive
mutants probably act by altering the association constant of
PCaM for a target or changing the calcium-triggered con-
formational change in the context of a ternary complex with
the affected sodium ion channel.

MATERIALS AND METHODS

Chemicals.All chemicals were reagent-grade.
OVerexpression and Purification of CaM. Original vectors

for Parameciumwild-type and mutant PCaM1-148 genes were
a gift from C. Kung, University of WisconsinsMadison. The
DNA encoding full-length PCaM1-148 sequences (the wild
type and the 11 PCaM mutants: V35I/D50N, G40E, G40E/
D50N, D50G, E54K, G59S, D95G, S101F, E104K, H135R,

and M145V); the corresponding N-domain fragments
(PCaM1-80) of the wild-type protein and mutants V35I/D50N,
G40E, G40E/D50N, D50G, E54K, G59S; and C-domain
fragments (PCaM76-148) of the wild-type protein and mutants
D95G, S101F, E104K, H135R, and M145V were cloned into
the bacterial overexpression vector pT7-7 (21, 22) using
standard techniques (17) and overexpressed inE. coli Lys-S
cells (U.S. Biochemicals, Cleveland, OH) as described
previously (15). Proteins were purified as described by
Putkey et al. (23); some protein preparations underwent an
additional 10 min of incubation at 80°C in saturating calcium
(10 mM CaCl2) to precipitate any remaining contaminating
proteins. The recombinant proteins were 97-99% pure as
judged by silver-stained SDS-PAGE and reversed-phase
HPLC. Sequencing of plasmids was conducted by the DNA
Facility, and amino acid analysis of proteins was conducted
by the Molecular Analysis Facility, both at the University
of Iowa Carver College of Medicine.

Equilibrium Calcium Titrations. Titrations were conducted
in a thermally jacketed quartz cuvette and monitored using
8 nm bandpasses on an SLM 4800 (SLM Instruments, Inc.,
Champaign-Urbana, IL) or 4 nm bandpasses on a PTI-QM4
spectrofluorometer (Photon Technology International, Bir-
mingham, NJ); both were equipped with a xenon short arc
lamp (Ushio, Inc.). PCaM samples [6µM in 50 mM N-2-
hydroxyethylpiperazine-N′-2-ethanesulfonic acid (HEPES),
100 mM KCl, 1 mM MgCl2, 0.05 mM ethylene glycol bis-
(aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA), and
5 mM nitrilotriacetic acid (NTA) buffer at pH 7.4 and 22°C]
were titrated with a concentrated calcium solution (50 mM
to 1 M CaCl2 in the same buffer) using a microburet outfitted
with a Hamilton syringe. Note the buffer contained 1 mM
MgCl2 total, but the calculated free concentration of Mg2+

was lower (∼150 µM) at the start of the calcium titration
and increased as the calcium concentration increased.

Calcium binding to sites I and II was monitored by observ-
ing calcium-dependent changes in the steady-state fluores-
cence intensity of the five Phe residues in the N-domain (λex

of 250 nm andλem of 280 nm), and binding to sites III and
IV was monitored by observing calcium-dependent changes
in the steady-state fluorescence intensity of the single Tyr
residue in the C-domain (λex of 277 nm andλem of 320 nm)
as developed for mammalian CaM (20). Calcium titrations
of PCaM1-148 under stoichiometric conditions indicated that,
like mammalian CaM, the decrease in Phe fluorescence of
PCaM1-148 was linearly proportional to the calcium occu-
pancy of sites I and II and the increase in Tyr fluorescence
was linearly proportional to the calcium occupancy of sites
III and IV (data not shown) (24). Although the PCaM mutant
domain fragments each contained only one pair of sites, both
sets of wavelengths were monitored to ascertain that they
retained the properties of wild-type fragments.

The fluorescent dye Oregon Green 488 BAPTA-5N (0.1
µM; Molecular Probes, Eugene, OR) was used as an indicator
of free calcium concentration (see eq 1)

wheref[high] is the fluorescent intensity of Oregon Green at
the high plateau (high calcium),f[low] is the fluorescent
intensity at the low plateau (calcium depleted), andf[X] is

[calcium]free ) Kd

f[high] - f[X]

f[X] - f[low]
(1)
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the intensity of the indicator dye after each addition of
calcium. TheKd of calcium binding to Oregon Green was
determined experimentally to be 34.24µM in 50 mM
HEPES, 100 mM KCl, and 1 mM MgCl2 at pH 7.4 and 22°C
(25). Calcium titrations of wild-type PCaM and each mutant
sequence were repeated 3-9 times. Representative titrations
are shown in Figures 2-4 and 6.

Stoichiometric Calcium Titrations.Wild-type PCaM1-148

binds 4 equiv of calcium, and each domain fragment
(PCaM1-80 and PCaM76-148) binds 2 equiv of calcium. For
each protein that showed a decrease in the median calcium
concentration of equilibrium titrations relative to the behavior
of the corresponding wild-type sequence, the number of
calcium ions bound at saturation was determined by monitor-
ing changes in steady-state fluorescence throughout stoichio-
metric calcium titrations of highly concentrated (60-150
µM) solutions of PCaM (data not shown). All of the mutants
except E104K showed a stoichiometry of binding corre-
sponding to 4 calcium per PCaM1-148 and 2 calcium per
PCaM1-80 or PCaM76-148. Stoichiometric titrations of E104K
PCaM76-148 and E104K PCaM1-148 showed that the C-
domain of this mutant bound only 1 calcium ion, consistent
with previous stoichiometric calcium titrations of E104Q
DrosophilaCaM monitored by 1D proton nuclear magnetic
resonance (NMR) (26). The N-domain of E104K PCaM1-148

has a wild-type sequence; it bound 2 equiv of calcium, for
a total of 3.

Analysis of Free Energies of Binding. Each domain of
CaM may be considered as a two-site macromolecule
described by the linkage diagram below (27).

Free energies of calcium binding to sites I and II or to
sites III and IV were determined by fitting the data to a
model-independent two-site binding function (eq 2a) origi-
nally described by Adiar (28). The nomenclature in the
expression for fractional saturation has been used in prior
publications from this laboratory (16, 17, 29) and many
others (30-34)

where [X] represents the free calcium concentration andK1

is the sum of intrinsic microscopic equilibrium constants (k1

+ k2) for two sites: either sites I and II in the N-domain or
sites III and IV in the C-domain. The second macroscopic
equilibrium constant (K2) is the product (k1k2kc) of the
intrinsic constants with the cooperativity constant,kc. The
parameters∆G1 and ∆G2 are macroscopic binding free
energies with∆Gi equal to-RT ln Ki. In the case of a two-
site domain having only one functioning binding site, the
expression for fractional saturation reduces to

To account for normal variations in the values of the high
and low endpoints of fluorescence intensity in each titration
(these are a function of slight differences in the starting con-
centration of CaM, age of the lamp, etc.), the function [f(X)]
used for nonlinear least-squares analysis of the calcium-
dependent change in fluorescence intensity is given by

where Yh refers to the average fractional saturation as
described by eq 2a or 2b,Y[X]low is the fluorescence intensity
at the lowest calcium concentration, andspanis the difference
between the fluorescence intensity signal at high and low
ligand concentrations (15). Note that the value of the param-
eterspanis negative for the calcium-dependent decrease in
intensity of Phe fluorescence resulting from calcium binding
to sites I and II and positive for the calcium-dependent
increase in intensity of Tyr fluorescence resulting from
calcium binding to sites III and IV. Values for all parameters
were fit simultaneously. Average free energies and standard
deviations based on individual nonlinear least-squares analy-
sis of 3-9 replicate titrations are reported in Tables 1 and 2.

The free energy of cooperativity between the sites in each
domain may be estimated from the macroscopic equilibrium
constants only by assuming that calcium binds with equal
intrinsic affinity to the paired sites in a domain. The value
of ∆Gc(-RT ln(kc)) is given by the expression in eq 4

If the values ofk1 andk2 are not equal, using this equation
to estimate∆Gc provides a lower limit (underestimate) for
the degree of cooperative interaction between the sites (see
ref 15 for a discussion).

Perturbations of Fluorescence Intensities Caused by a
Mutation. The calcium-dependent decrease in Phe fluores-
cence intensity of wild-type PCaM1-148 reports exclusively
on calcium binding to the N-domain, while the increasing
Tyr fluorescence reports exclusively on calcium binding to
the C-domain (20). However, the validity of this interpreta-
tion for the mutants had to be tested experimentally. None
of the mutations in the N-domain changed the content of
aromatic amino acids. Analysis of stoichiometric titrations
showed that the calcium-induced changes in steady-state
fluorescence intensity were linearly proportional to occu-
pancy, as observed for wild-type PCaM (data not shown).
However, the mutation S101F introduced an additional Phe
residue into the C-domain within site III. It was necessary
to determine whether this residue would contribute a calcium-
dependent change to the net fluorescence intensity measured
for PCaM or whether it would be quenched in the same
manner as the other three Phe residues are in the wild-type
sequence. Furthermore, it was necessary to determine
whether other over-reactive mutations in the C-domain might
perturb the conformation of CaM in a manner that would
change the interpretation of the Phe signal as representing
calcium binding only to sites I and II. This was addressed
by determining whether the C-domain fragment (PCaM76-148)
of each mutant PCaM displayed a calcium-dependent change

Yhtotal ) Yh1 )
k1[X]

(1 + k1[X])
(2b)

f(X) ) Y[X]low + Yh · span (3)

∆Gc ) ∆G2 - 2∆G1 - RT ln(4) (4)

Yhtotal ) Yh2 )
K1[X] + 2K2[X] 2

2(1 + K1[X] + K2[X] 2)
(2a)
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in intensity at 280 nm when excited at 250 nm (the same
wavelength pair used to monitor calcium-dependent changes
in Phe intensity of the N-domain).

Calcium titrations of the C-domain fragments (PCaM76-148)
of all over-reactive mutants showed that only S101F
PCaM76-148 exhibited a calcium-dependent change in the
intensity of fluorescence emission at 280 nm. The observed
decrease in fluorescence indicated that the change in the Phe

fluorescence of S101F PCaM1-148 included a component
sensitive to calcium binding to the C-domain as well as
calcium binding to the N-domain. To account for the
spectroscopic contribution from calcium binding to the C-
domain, the observed fluorescence intensity was fit to a sum
of 2 two-site (Adair) binding equations, each having an
amplitude representing the fraction of Phe fluorescence inten-
sity coming from each domain. This is expressed in eq 5

where fN represents the fraction of Phe fluorescence con-
tributed by calcium binding to the N-domain,YhN represents
the fractional saturation of the N-domain,fC represents the
fraction of Phe fluorescence contributed by calcium binding
to the C-domain, andYhC represents the fractional saturation
of the C-domain. The value forfC was determined experi-
mentally by performing titrations of S101F PCaM76-148 using
solution conditions and instrument settings identical to those
of S101F PCaM1-148 and comparing the absolute changes
in intensity (values from three replicate experiments were
averaged). The absolute change in the Phe intensity observed
for S101F PCaM76-148 alone was determined to be 22.5
( 1.7% of that observed for S101F PCaM1-148. Thus, the
fractional contribution of the Phe residues in the N-domain
was calculated as the complement (1- fC): 77.5%. This
calculation assumes that the spectroscopic behavior of S101F
PCaM76-148 represents the behavior of that domain within
S101F PCaM1-148.

The titration data were fit to eq 6, which allows for varia-
tions in the initial fluorescence intensity (Y[X]low ) andspan
of the data

The free energies of calcium binding to sites I and II (∆G1

and∆G2) in S101F PCaM1-148 (see Table 1) were resolved
by fixing fC to the experimentally determined value of 22.5%
and calculatingYhC using the values of free energies resolved
from fitting the calcium-dependent change in Tyr fluores-
cence of S101F PCaM1-148 to eq 2a (see Table 2).

Anti-cooperatiVity Versus Unequal Affinity. For a macro-
molecule or domain that binds 2 mol of ligand, the expression
for average fractional saturation (eq 2a) makes no assumption
about the relative affinities of the two sites. However,
analytically identical macroscopic binding isotherms may
arise from two cases that are quite distinct in terms of
microscopic energetics. Case “a”, in which the sites have
unequal intrinsic association constants (k1 * k2) and bind
ligand independently (kc ) 1), may appear to be identical to
case “b”, in which sites have equal intrinsic association
constants (k1 ) k2) but anti-cooperative binding (kc < 1).
Distinguishing experimentally between cases “a” and “b”
would require a method that could determine individual-site
binding isotherms under equilibrium conditions (27). The
steady-state fluorescence approaches applied in this study
cannot do that; however, it is possible to calculate the
maximum level of microscopic heterogeneity consistent with
an experimentally determined macroscopic titration (i.e., one
that gives the average degree of saturation) determined from
calcium-dependent changes in fluorescent intensity.

Proteins for which the value of∆Gc (eq 4) was close to 0
were candidates for those that bound calcium independently

Table 1: Free Energies of Calcium Binding to N-Domain Sites I
and II

protein length ∆G1
a ∆G2

a ∆∆G2
b

wild-type 1-148 -6.09( 0.33 -12.26( 0.08 n/a
1-80c -5.80( 0.31 -12.13( 0.10 n/a

V35I/D50N 1-148 -6.52( 0.09 -12.37( 0.09 -0.11
1-80 -5.86( 0.17 -12.07( 0.11 0.06

G40E 1-148 -5.75( 0.37 -12.51( 0.05 -0.25
1-80 -5.97( 0.13 -12.49( 0.01 -0.36

G40E/D50N 1-148 -5.54( 0.32 -12.67( 0.08 -0.41
1-80 -6.08( 0.05 -12.71( 0.02 -0.58

D50G 1-148 -6.19( 0.13 -12.40( 0.06 -0.14
1-80 -5.81( 0.14 -12.20( 0.03 -0.07

E54K 1-148 -6.28( 0.13 -12.31( 0.09 0.05
1-80 -5.75( 0.10 -12.03( 0.04 0.10

G59S 1-148 -6.24( 0.15 -12.32( 0.09 0.06
1-80 -5.71( 0.17 -12.13( 0.06 0.00

D95G 1-148 -6.26( 0.11 -12.34( 0.02 -0.08
S101Fd 1-148 -5.81( 0.10 -12.04( 0.05 0.22
E104K 1-148 -6.59( 0.02 -13.08( 0.06 -0.82
H135R 1-148 -6.07( 0.20 -12.41( 0.09 -0.15
M145V 1-148 -6.47( 0.08 -12.58( 0.05 -0.32

a Gibbs free energies (in kcal/mol; 1 kcal) 4.184 kJ). Values and
errors represent averages and standard deviations between 3 and 9 trials.
The square root of the variance ranged from 0.010 to 0.057.b ∆∆G2

) ∆G2(mutant)- ∆G2(wild-type) (in kcal/mol).c Taken from ref25.
d Gibbs free energy resolved from the decrease in Phe fluorescence for
S101F PCaM1-148 shown in Figure 6 that is represented by a 22.5%
contribution from the C-domain and a 77.5% contribution from the N-
domain of S101F PCaM1-148 (see the Results).

Table 2: Free Energies of Calcium Binding to C-Domain Sites III
and IV

protein length ∆G1
a ∆G2

a ∆∆G2
b

wild-type 1-148 -7.76( 0.20 -15.92( 0.12 n/a
76-148 -6.45( 0.50 -15.49( 0.13 n/a

V35I/D50N 1-148 -7.76( 0.30 -15.82( 0.08 0.10
G40E 1-148 -7.35( 0.63 -16.11( 0.08 -0.19
G40E/D50N 1-148 -7.80( 0.10 -16.07( 0.06 -0.15
D50G 1-148 -7.61( 0.08 -16.06( 0.05 -0.14
E54K 1-148 -7.45( 0.25 -15.60( 0.08 0.32
G59S 1-148 -8.00( 0.26 -16.24( 0.08 -0.32

D95G 1-148 -7.07( 0.04 -13.02( 0.09 2.90
76-148 -6.65( 0.07 -12.58( 0.09 2.91

S101F 1-148 -6.67( 0.19 -13.62( 0.09 2.30
76-148 -5.68( 0.12 -13.17( 0.02 2.32

H135R 1-148 -6.41( 0.11 -13.79( 0.08 2.13
76-148 -5.35( 0.75 -13.46( 0.09 2.03

M145V 1-148 -7.00( 0.90 -15.59( 0.07 0.33
76-148 -6.52( 0.33 -15.24( 0.14 0.25

E104Kc 1-148 -6.78( 0.02
76-148 -6.54( 0.04

a Gibbs free energies (in kcal/mol; 1 kcal) 4.184 kJ) are described
(eq 2a). Free energies and errors represent averages and standard
deviations between 3 and 9 trials. The square root of the variance ranged
from 0.006 to 0.046.b ∆∆G2 is the difference between∆G2 for mutants
and wild-type CaM (in kcal/mol).c Stoichiometric calcium titrations
of E104K76-148 and E104K1-148 indicated that this mutation abolishes
the binding to site III (data not shown). Therefore, the Gibbs free
energies reported for binding to the C-domain of this mutant were
resolved from fitting to a single-site Adair function (eq 2b).

Yhtotal ) fNYhN + fCYhC (5)

signal) f(X) ) Y[X]low + (fNYhN + fCYhC) · span (6)
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and nonequivalently at two sites (i.e., according to case “a”).
For these, the model-independent values ofK1 andK2 were
used to calculate microscopic equilibrium constants (k1 and
k2) consistent with the titrations by setting the value of∆Gc

to 0 (i.e.,kc ) 1) and calculating values ofk1 andk2 using
expressions in eqs 7 and 8

This calculation provides a limit on the magnitude of the
difference between intrinsic affinities of two sites that would
be consistent with the experimental titration curve. The
average fractional saturation for a molecule with no cooper-
ativity between two sites is given by eq 9 and is equivalent
to the average of two individual-site isotherms, each char-
acterized by an intrinsic affinity,ki

The value of∆Gc for mutant D95G PCaM1-148 was close to
0 and had the greatest deviation from the value for wild-
type PCaM1-148. Values ofk1 andk2 consistent withkc equal
to 1 were calculated from the model-independent free
energies, and simulations of the two non-identical individual-
site isotherms (Yh1 and Yh2) were compared to the best-fit
macroscopic isotherm for the C-domain as shown in Figure
6F.

RESULTS

Wild-Type PCaM. An equilibrium calcium titration of
wild-type PCaM1-148 is shown in Figure 2A. From analysis
of the calcium-dependent decrease in fluorescence intensity
of Phe (2), the total free energy (∆G2) of calcium binding
to sites I and II in wild-type PCaM1-148 was determined to
be-12.26( 0.08 kcal/mol (see Table 1). From analysis of
the calcium-dependent increase in fluorescence intensity of
Tyr (4), the total free energy of calcium occupancy of sites
III and IV was determined to be-15.92( 0.12 kcal/mol
(see Table 2). Values of free energies reported in Tables 1
and 2 indicate the average and standard deviation of nonlinear
least-squares analysis of at least three discrete trials. For all
of the titrations included in the analysis, the confidence
intervals of the individual fits for total free energy (∆G2)
were smaller than 0.10 kcal/mol. Solid curves show titrations
simulated using the best-fit values for the data set shown.

The difference between the free energy of calcium binding
to the C- and N-domain sites of PCaM1-148 was-3.66 kcal/
mol (a factor of 22 difference inKeq per site at 22°C). The
lower limit of cooperative free energy (∆Gc) between sites
I and II was calculated to be-0.89 kcal/mol, and∆Gc

between sites III and IV was-1.21 kcal/mol. NMR studies
of wild-type PCaM1-148 showed that both sites in each
domain filled simultaneously (2). This is consistent with the
intrinsic association constantsk1 andk2 being equal, although
the intradomain cooperativity may mask subtle differences.

The energetics of calcium binding to the paired sites in
PCaM1-148 were compared to those of the same sites in the
corresponding domain fragments. Figure 2B shows a rep-
resentative titration of sites I and II in an isolated N-domain
fragment (PCaM1-80); filled triangles show the normalized
values of the observed calcium-dependent decrease in Phe
fluorescence. The average total free energy was-12.13
( 0.1 kcal/mol; the solid curve was simulated using the best-
fit values resolved from the data set shown. For a compari-
son, a titration of sites I and II in PCaM1-148 is shown as
the dashed curve. The small decrease in calcium affinity of
PCaM1-80 relative to PCaM1-148 (∆∆G2 of 0.13 kcal/mol)
was close to the standard deviations (0.08 and 0.10) of the
determinations of∆G2 for calcium binding to the N-domain
sites I and II in PCaM1-148 and PCaM1-80.

Figure 2C shows a titration of sites III and IV in the
isolated C-domain fragment (PCaM76-148); open triangles
represent normalized values of the observed calcium-
dependent increase in Tyr fluorescence. The average total
free energy was-15.49( 0.13 kcal/mol; the solid curve

k1 )
K1 + xK1

2 - 4K2

2
(7)

k2 )
K2

k1
(8)

Yht ) 1
2
(Yh1 + Yh2) )

k1[X]

2(1 + k1[X])
+

k2[X]

2(1 + k2[X])
(9)

FIGURE 2: Calcium titration of wild-type PCaM monitored by Phe
and Tyr fluorescence. The normalized fluorescence intensity [(f -
fmin)/(fmax - fmin)] for Phe (2) and Tyr (4) is shown as a function
of free calcium for titrations conducted in 50 mM HEPES, 100
mM KCl, 1 mM MgCl2, 50µM EGTA, and 5 mM NTA at pH 7.4
and 22°C. (A) Wild-type PCaM1-148, (B) wild-type PCaM1-80,
and (C) wild-type PCaM76-148. The solid black curve was simulated
using the best-fit values resolved for the data set shown. Dashed
curves indicate calcium binding to (B) sites I and II and (C) sites
III and IV in wild-type PCaM1-148 for a comparison to the corre-
sponding domain fragment.
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was simulated using the best-fit values resolved from the
data set shown. A titration of sites III and IV in the C-domain
in PCaM1-148 is shown as the dashed curve. The decrease in
affinity of PCaM76-148 (0.43 kcal/mol) relative to PCaM1-148

is statistically significant and similar to that observed for a
calcium-binding comparison of mammalian CaM76-148 to
CaM1-148 (17).

Under-ReactiVe Mutants.Six PCaM mutants that affect
the regulation of the calcium-dependent sodium current of
Parameciumwere studied. Five of these have modifications
between sites I and II, while one (G59S) is modified in site
II of the N-domain (see Figure 1). Titrations of PCaM1-80

(Figure 3A) and PCaM1-148 (Figure 4) containing these
mutations were conducted to determine how their calcium-
binding properties differed from those of wild-type PCaM.
The results (Table 1) showed that the total free energy of
calcium binding to sites I and II in all six of these mutants
was similar to that of wild-type PCaM, whose behavior is
represented by the dashed simulated titration in Figures 3
and 4. There were slightly greater differences observed
among the PCaM1-80 fragments of the mutants than among
their corresponding full-length counterparts.

Two mutants showed a small but statistically significant
decrease in free energy of calcium binding to sites I and II,
as compared to wild-type sequences of both PCaM1-80 and
PCaM1-148. Both contained the G40E mutation, located at
the junction between the two EF-hands of the N-domain
(Figure 1). This mutation alone caused the∆G2 of sites I
and II in PCaM1-148 to become more favorable by-0.25
kcal/mol and the corresponding sites in PCaM1-80 to become
more favorable by-0.36 kcal/mol (Table 1). The double
mutation G40E/D50N also had a favorable effect on calcium
binding. Relative to wild-type PCaM, the value of∆G2 for
sites I and II was lowered by-0.41 kcal/mol in PCaM1-148

and by -0.58 kcal/mol in PCaM1-80. These differences
exceeded the experimental standard deviations for the
average values for three or more replicate titrations of these
proteins.

A comparison of calcium affinities for sites I and II in
PCaM1-148 and PCaM1-80 (Figure 5A) showed that, for the
wild-type sequence and four of the under-reactive mutants,
calcium binding to sites I and II in PCaM1-80 was∼0.2 kcal/
mol less favorable than the same sites in PCaM1-148. For
the two G40E-containing mutants, there was no significant
difference in the energies of calcium binding to sites I and
II in PCaM1-148 and PCaM1-80 (i.e., the presence of the C-
domain had no measurable effect).

In these under-reactive PCaM1-148 mutants, the sequence
of the C-domain is identical to that of wild-type PCaM1-148.
Calcium titrations of sites III and IV in these mutants (4 in
Figure 4) were nearly identical to those of wild-type
PCaM1-148 (- - - in Figure 4). The free energies of calcium
binding are given in Table 2. The largest differences were
observed for E54K PCaM1-148 (∆∆G2 was 0.32 kcal/mol)
and G59S PCaM1-148 (∆∆G2 was -0.32 kcal/mol). These
differences were larger than the confidence intervals obtained
in fits of individual titrations (<0.1 kcal/mol) and the
standard deviation (<0.1 kcal/mol) computed when fits of
three or more independent trials were averaged. Estimates
of cooperative free energies of interaction (∆Gc) between
the paired sites in each domain according to eq 4 showed
small differences.

OVer-ReactiVe Mutants. All but one of the over-reactive
mutants inParameciumcontains mutations within calcium-
binding sites III and IV (Figure 1). The exception, M145V,
is located outside of site IV, near the C-terminal residue
(K148) of PCaM. Calcium titrations of mutant forms of
PCaM76-148 (Figure 3B) and PCaM1-148 (Figure 6) were
performed to determine how their calcium-binding properties
differed from those of wild-type PCaM. The results showed
a decrease in the calcium affinity of sites III and IV for all
five mutants with an amino acid substitution within one of
the sites, with the greatest decrease observed for E104K,
which abolished any observable binding to site III at
concentrations of calcium up to 2.42 mM (17.10 Ca2+/CaM;
data not shown). The slope of the titration of D95G was
similar to that of E104K, but stoichiometric titrations (not
shown) demonstrated that the C-domain of D95G bound 2
calcium ions. Therefore, the molecular basis for the change
may be distinct. Titrations of calcium binding to sites III
and IV in M145V were nearly identical to those of wild-
type PCaM. A comparison of calcium affinities of these sites
in PCaM1-148 and PCaM76-148 (Figure 5B) showed that, for
wild-type PCaM and these over-reactive mutants, calcium

FIGURE 3: Calcium titrations of domain fragments of PCaM
mutants. Normalized fluorescence intensity [(f - fmin)/(fmax - fmin)]
as a function of free calcium for titrations conducted in 50 mM
HEPES, 100 mM KCl, 1 mM MgCl2, 50 M EGTA, and 5 mM
NTA at pH 7.4 and 22°C. (A) N-domain fragments (PCaM1-80)
of six mutants defective in regulating calcium-dependent sodium-
channel function: V35I/D50N (b), G40E (O), G40E/D50N (2),
D50G (4), E54K ([), and G59S (]). (B) C-domain fragments
(PCaM76-148) of five mutants defective in regulating calcium-
dependent potassium-channel function: D95G (b), S101F (O),
E104K (2), H135R (4), and M145V ([). Titrations shown are
one representative trial of at least three replicates for each PCaM
mutant sequence studied. In each panel, the solid black curve was
simulated using the best-fit values resolved for the data set shown
and the behavior of the corresponding wild-type fragment is
represented by a black dashed curve.
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binding to sites III and IV in PCaM76-148 was ∼0.5 kcal/
mol less favorable than to the same sites in PCaM1-148, as
had been observed for wild-type PCaM (Figure 2C).

In this set of five over-reactive mutants, the N-domain
sequence is identical to that of wild-type PCaM1-148. Stoi-
chiometric titrations (not shown) demonstrated that the
fractional occupancy of calcium-binding sites I and II was
linearly proportional to the decrease in Phe fluorescence
intensity. Thus, the fluorescence signal of the three Phe resi-
dues in the C domain made no contribution to the calcium-
dependent Phe fluorescence signal. To evaluate the effects
of mutations on the calcium affinity of sites I and II, it was
necessary to determine whether the Phe residues in the C-
domain of mutant PCaM sequences behaved in the same way
as those in wild-type PCaM.

To test this, calcium-dependent changes in Phe fluores-
cence of the isolated mutant C-domain fragments (PCaM76-148)
were measured. For D95G, E104K, H135R, and M145V,
the net calcium-induced change in steady-state fluorescence
intensity of the Phe (250/280) signal of PCaM76-148was<4%
of that observed for the corresponding mutant form of

PCaM1-148 (data not shown). Therefore, for these four
mutants, the contribution of fluorescence intensity arising
from calcium binding to the C-domain was considered negli-
gible and the decrease in signal from PCaM1-148 was inter-
preted as reflecting changes in the occupancy of sites I and
II. The free energies of calcium binding to sites I and II were
resolved using eq 2a. In PCaM1-148, mutations D95G and
H135R did not significantly alter the calcium-binding
properties of the N-domain (see Table 1). The mutation
M145V (∆∆G2 ) -0.32) caused a small increase in affinity
of sites I and II, while the mutation E104K (∆∆G2 ) -0.82)
caused a large increase in affinity. The effect of the fifth
over-reactive mutation, S101F, on calcium binding required
an analysis of the spectroscopic contribution of the newly
introduced F101.

Phe Intensity of S101F PCaM. Of the 11 mutants studied
here, only 1 (S101F) changed the composition of aromatic
groups in PCaM. The addition of a Phe residue in site III
caused a calcium-dependent decrease in the raw (un-
normalized) Phe fluorescence signal of S101F PCaM76-148

that was approximately one-quarter (22.5( 1.7%) of the

FIGURE 4: Calcium titrations of under-reactive PCaM mutants. The normalized fluorescence intensity [(f - fmin)/(fmax - fmin)] for Phe (2)
and Tyr (4) is shown as a function of free calcium for six mutants defective in regulating calcium-dependent sodium-channel function.
Titrations of (A) V35I/D50N1-148, (B) G40E1-148, (C) G40E/D50N1-148, (D) D50G1-148, (E) E54K1-148, and (F) G59S1-148 PCaM were
conducted in 50 mM HEPES, 100 mM KCl, 1 mM MgCl2, 50µM EGTA, and 5 mM NTA at pH 7.4 and 22°C. The solid black curve was
simulated using the best-fit values resolved for the data set shown, and the dashed line in each panel represents the behavior of wild-type
PCaM1-148. Titrations shown are one representative trial of at least three replicates for each PCaM mutant sequence studied.
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decrease in the signal observed for S101F PCaM1-148 (see
the Materials and Methods). This indicated that the total
change in the Phe fluorescence signal observed in a titration
of S101F PCaM1-148 contained contributions from calcium
binding to sites in both of the domains, rather than from the
N-domain alone. Therefore, the calcium-dependent decrease
in Phe fluorescence intensity of S101F PCaM1-148 was
analyzed according to eq 5. The free energies of calcium
binding to sites I and II resolved from this analysis of the
total change in Phe fluorescence of S101F PCaM1-148

revealed that this mutation in the C-domain caused a slight
decrease in calcium affinity of the sites (∆∆G2 of 0.22 kcal/
mol) in the N-domain (see Table 1) relative to the values
determined for wild-type PCaM.

Model-Dependent Analysis of D95G Assuming Indepen-
dent Sites. The free energy of cooperativity (∆Gc) between
the paired sites (I and II or III and IV) was estimated by
assuming a model in which each of the sites within a domain
had equal intrinsic calcium affinity, an assumption supported
but not proven by NMR studies of PCaM (2). Wild-type
PCaM1-148 had a cooperative binding energy of-1.21 kcal/
mol for sites III and IV, indicating favorable site-site
interactions. In contrast, the calculated values of∆Gc for
sites III and IV in the over-reactive mutant D95G suggested
slightly anti-cooperative calcium binding in D95G PCaM1-148

(∆Gc of +0.31 kcal/mol) and essentially independent binding
in D95G PCaM76-148 (∆Gc of -0.09 kcal/mol).

A macroscopic binding isotherm that is apparently anti-
cooperative may also arise from the binding of a ligand to
two sites that are nonequivalent and independent. Thus, to

determine the extent of difference possible between the
intrinsic affinity of sites III and IV in the D95G C-domain,
the isotherms were analyzed using a model in which the two
sites were treated as independent (kc ) 1, and∆Gc ) 0 kcal/
mol) but were allowed to have different intrinsic binding
affinities (k1 * k2). With this assumption, individual free
energies of binding calcium to site III or IV could be
estimated from the model-independent determination of∆G2

using eqs 7 and 8. For D95G PCaM1-148, the estimated
intrinsic free energies (corresponding tok1 and k2) were
-6.07 and-6.95 kcal/mol, indicating a difference of 0.88
kcal/mol between the two sites. These individual-site values
represent the largest possible difference in intrinsic free
energies between the two sites that is also consistent with
the classical average titration determined experimentally (see
Figure 3 in ref27 for a similar case). The corresponding
independent individual-site isotherms are shown as solid
curves in Figure 6F, with a simulated average degree of
saturation shown as a dashed curve. Experimental studies
in which it was possible to to distinguish the saturation of
site III from site IV would be required to determine whether
intrinsic site differences, changes in cooperativity, or both
contributed to the observed average fractional saturation.

DISCUSSION

Calcium-binding energetics of 11 viable mutants of PCaM
identified by their effects on ion-channel regulation and
ensuing irregular stimulus-avoidance behavior ofParamecia
were studied by observing calcium-dependent decreases in
intrinsic Phe fluorescence that indicated the occupancy of
sites I and II in the N-domain and increases in intrinsic Tyr
fluorescence that indicated the occupancy of sites III and
IV in the C-domain. Possible effects of the mutations on
interdomain interactions were explored by comparing the
calcium-binding energetics to sites in the N- and C-domain
fragments (PCaM1-80 and PCaM76-148) to the corresponding
sites in full-length PCaM (PCaM1-148).

Under-ReactiVe (N-Domain) Mutants.Although one of the
six under-reactive mutants studied contained a substitution
within site II (G59S), all six of these mutants bound calcium
in both domains in a manner very similar to that of wild-
type PCaM under the conditions of this study (Figure 4).
The largest differences in∆G2 observed for sites I and II in
under-reactive mutants of PCaM1-148 were-0.25 kcal/mol
for G40E and-0.41 kcal/mol for G40E/D50N. The effects
of these mutations on calcium binding to sites I and II were
conserved in studies of the isolated mutant N-domain
fragments terminating at residue 80 (see Table 1). It had been
shown previously that fragments of wild-type PCaM termi-
nating at residue 77, 78, 79, or 80 have free energies of
calcium binding that are similar to that observed for sites I
and II in PCaM1-148 (25). In this study, the behavior of sites
I and II in all of the under-reactive mutant PCaM1-80 closely
paralleled the corresponding sites in PCaM1-148 (see Figure
5A). The absence of an effect of these mutations on the C-
domain agreed with a prior study that was conducted without
magnesium and was restricted to observing only sites III and
IV (35). We conclude that these mutations do not disrupt
the biophysical properties that are necessary for maintaining
the affinities of sites I and II in the domain fragment, even
though they may change other properties as was observed

FIGURE 5: Differences in the free energies of calcium binding to
domain fragments and full-length mutant PCaM molecules. A bar
graph representation of the differences between the total free energy
of calcium binding to (A) sites I and II of wild-type and mutant
PCaM1-148 and PCaM1-80 and (B) sites III and IV of wild-type
and mutant PCaM1-148 and PCaM76-148. For all mutants, except
E104K, this reflected differences in∆G2 (see∆∆G2 in Tables 1
and 2). E104K binds only 1 Ca2+ to the C-domain, and∆∆G1 rather
than∆∆G2 differences are reported. Errors were propagated from
the full-length and fragment data.
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in studies of thermal stability and Stokes radius of shorter
fragments [PCaM1-75 (29)] of these mutants.

Given that the substitutions found in the under-reactive
mutants had little effect on intrinsic calcium-binding proper-
ties but are known to affect the calcium-dependent regulation
of ion channels, we conclude that the association with the
target proteins must disrupt normal calcium-induced con-
formational switching. Thus, it is likely that (a) the amino
acids at these positions are highly conserved throughout
evolution and (b) the substitutions disrupt an energetically
favorable contact between CaM and one or more of its target
proteins.

We explored these ideas by comparing CaM sequences
from 50 eukaryotes, including plants, invertebrates, and
vertebrates (see Figure 2 in ref25). This alignment showed
that all of the residues from 32 to 55 (i.e., those between
sites I and II; Figure 1B) are almost completely conserved
with a substitution entropy (as described in ref36) of 0 for
each residue except for two positions, Q49 and N53, each
of which had a substitution entropy of 0.097 (still highly

conserved). This degree of sequence identity highlights the
importance of this region of CaM for its physiological
function. It may be that the PCaM mutations discovered in
this region occur at the few positions that allow the organism
to remain viable, although crippled, and that mutations at
other positions between sites I and II were lethal.

The positions of V35, G40, E54, D50, and G59 are
highlighted in a structure resolved for CaM bound to a
peptide from CaMKII [Protein Data Bank (PDB) 1CDM
(13)], in which only V35 made contacts with the peptide
(Figure 7A), and in a structure of CaM bound to the SK
channel [PDB 1G4Y (5)], in which V35, D50, and E54 made
contacts with a peptide fragment of the SK channel peptide
(Figure 7B). To investigate the importance of the positions
of under-reactive mutants to the interface between CaM and
its targets, we used the Contacts of Structural Units (CSU)
software (37) to determine the frequency at which each
residue in wild-type CaM was within 4.5 Å of a residue in
15 structures of CaM-target co-complexes available in the
PDB (parts C and D of Figure 7). Of the five positions found

FIGURE 6: Calcium titrations of over-reactive PCaM mutants. Normalized measurements of fluorescence intensity [(f - fmin)/(fmax - fmin)]
for Phe (2) and Tyr (4) are shown as a function of free calcium for five mutants defective in regulating calcium-dependent potassium-
channel function. Titrations of (A) D95G, (B) S101F, (C) E104K, (D) H135R, and (E) M145V PCaM1-148 were conducted in 50 mM
HEPES, 100 mM KCl, 1 mM MgCl2, 50 µM EGTA, and 5 mM NTA at pH 7.4 and 22°C. The solid (s) line indicates the fit for the
individual representative titration shown, and the dashed line (- - -) in each panel represents a simulation of the behavior of wild-type
PCaM1-148. Titrations shown are one representative trial of at least three replicates for each PCaM1-148 mutant sequence studied. (F) Fractional
saturation (s; eq 2b) for two sites of the D95G1-148 C-domain simulated by assuming that calcium binding is noncooperative (kc ) 1). The
average fractional saturation of the domain (eq 9) is indicated by a dashed line that overlays the experimental data (4).
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mutated in the under-reactive forms of PCaM, V35 and E54
made contacts with the largest number of targets (V35 was
within 4.5 Å of a residue in 8 (53%) of the 15 targets studied,
and E54 was within 4.5 Å of a residue in 6 (40%) of the 15
targets studied). While G40 had a contact in only 1 of these
structures (CaM/anthrax edema factor peptide; PDB 1K90),
which might be expected given the lack of a bulky side chain
at this position, the neighboring residue L39 had contacts in
80% and Q41 had contacts in 60% of the 15 structures
studied. This is consistent with the hypothesis that the
physiologically identified substitution of glutamate for gly-
cine at position 40 might disrupt a patch of favorable con-
tacts. Similarly, although D50 had a contact in only 1 of
these structures (CaM/SK channel peptide; PDB 1G4Y), its
neighbor M51 had contacts in 60% of the 15 structures
studied. The residue G59 within site II was the only residue
among the five mutated in the under-reactive forms of PCaM
that made a contact in only 1 structure (CaM/myosin VI;
PDB 2BKH) and had neighbors that also only contactede1
structure of a CaM-target complex (also in PDB 2BKH).
In general, very few contacts were observed for most residues
located within calcium-binding sites I and II (see Figure 7C).

This analysis demonstrates that the under-reactive muta-
tions of PCaM may cause some local perturbations but most
likely have long-range, allosteric effects on the functional
properties of PCaM in a complex with a target. A model of
the effect that these mutants may have on sodium-channel
function in Paramecia is presented in Figure 8A and is
similar to the interactions observed between CaM and the
N-methyl-D-aspartate-type (NMDA) glutamate receptors (38).
In this model, CaM is pre-associated with the channel in
the absence of calcium via its C-terminal domain and calcium
binding to sites I and II in the N-domain of CaM is required
for the association of that domain and channel activation.
The under-reactive mutants with defective sodium-channel
regulation inParameciamay associate with the channel in
the absence of calcium and bind calcium like the wild-type
but cannot undergo the conformational changes required for
association of N-domain and channel activation.

OVer-ReactiVe (C-Domain) Mutants. In the 12-residue
calcium-binding loops of each EF-hand in CaM, amino acids
at positions 1, 3, 5, 7, 9, and 12 coordinate calcium, some
via carboxyl groups and others via their backbone carbonyl
group (39). The importance of residues in these positions

FIGURE 7: Ribbon diagram of (Ca2+)4-CaM bound to a peptide (green) representing the CaM-binding domain of (A) Ca2+-CaM-dependent
protein kinase IIR [CaMKII, PDB 1CDM (13)] and (B) the SK channel [PDB 1G4Y (5)]. Positions of the under-reactive PCaM mutations
are highlighted by space-filling models of the residues (orange). In CaM, residues 1-75 are blue, residues 76-80 are black, and residues
81-148 and calcium-binding sites are yellow. Ribbon drawings were created using MOLSCRIPT (53) and Raster3D (54). A CSU (37)
analysis of the residues in the N-domain (C) and C-domain (D) of wild-type CaM that aree4.5 Å of residues in 15 CaM/target co-
complexes available in the PDB. Only residues common in all 15 structures are shown (residues 5-72 in A and residues 84-146 in B).
Those compared were smMLCK [PDB 1CDL (11)], skMLCK [PDB 2BBM (55)], CaMKI [PDB 1MXE (56)], CaMKIIR [PDB 1CDM
(13)], CaM kinase kinase [PDB 1IQ5 (57) and 1CKK (58)], SK channel [PDB 1G4Y (5)], MARCKs [PDB 1IWQ (59)], endothelial nitric
oxide synthase [PDB 1NIW (60)], anthrax edema factor [PDB 1K90 (6)], myristoylated CAP-23/NAP-22 [PDB 1L7Z (61)], olfactory CNG
channel [PDB 1SY9 (62)], CaV1.2IQ [PDB 2BE6 (63)], myosin VI [PDB 2BKH (64)], and glutamate decarboxylase [PDB 1NWD, chain
B (65)]. Positions of the mutations in the under- and over-reactive mutants are highlighted with a black dot.
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for tuning the affinities of these sites has been demonstrated
(40). Of the five over-reactive mutants studied, four have
mutations in these positions (the exception is M145V; Figure
1B). Therefore, the observed diminution of calcium affinity
of sites III and IV in these mutants was expected. The most
dramatic decrease in affinity was observed for E104K, which
abolished binding to site III. In that mutant, the free energy
of calcium binding at the remaining site (site IV) was similar
to that of∆G1 for wild-type PCaM76-148.

In wild-type PCaM, the difference in the median ligand
activities of the N- and C-domains is a factor of 22. This
separation leads to a highly populated intermediate state in
which both sites of the C-domain are occupied, while the
N-domain sites are vacant. The significant decrease in the
calcium affinity of the C-domain of the over-reactive mutants
reduced the separation between the calcium-binding affinities
of the N- and C-domains. Consequently, contrary to wild-
type PCaM, the intermediate in which the C-domain is
calcium-saturated and the N-domain is vacant is not popu-
lated to a significant level. If such an intermediate is impor-
tant in the regulation of the calcium-activated potassium
channels, its loss could explain the dysfunctional regulation
of ion channels.

In addition to abolishing calcium binding to site III, the
E104K mutation also caused an increase in affinity (by∼1
kcal/mol) of sites I and II in the N-domain of E104K1-148.
The effect of a mutation in the C-domain improving the
affinity of the N-domain was observed for a site IV knockout
mutation (E140Q) in mammalian CaM in which sites I and
II were half-saturated at a calcium level lower than that
required for the same sites in wild-type CaM (41) and studies
of a series of site knockouts ofDrosophila CaM (DCaM)
(42). These results and others (43) illustrate that coupling
within the C-domain of CaM affects interdomain com-
munication; however, the mechanism by which this occurs
remains unclear.

All of the mutations in sites III and IV lowered the calcium
affinity of the C-domain. The mutation D95G also caused a

loss of cooperativity (in PCaM76-148) or apparent anti-
cooperativity (in PCaM1-148) between sites III and IV,
consistent with what was observed when D95 was mutated
to asparagine in mammalian CaM (44). It is possible that
the effect of this residue is primarily to disrupt structural
coupling between the paired helix-loop-helix units in the
C-domain of PCaM. However, as shown in Figure 6F, the
macroscopic isotherm (reflecting average occupancy of the
two sites) is very well-represented by the sum of isotherms
for sites that bind calcium independently but with different
affinities, and this interpretation seems consistent with the
mutation of only one site. The major effect of this mutation
is probably to lower the midpoint of the titration, but site
differences could play a role in the dynamics of association
and/or activation of targets of CaM.

Unlike the other over-reactive mutants, all sites of M145V
PCaM1-148 and both sites in M145V PCaM76-148 have
calcium-binding properties similar to those of wild-type
PCaM. It is likely that this mutation primarily affects the
process of association or activation of a target, but it might
also affect calcium-binding properties of PCaM bound to a
target. It is well-established that methionine residues within
the hydrophobic pockets of CaM are important in binding
targets (18, 19). Residue M145 has contacts in 13 of the 15
target-CaM co-complex structures in the PDB mentioned
previously as analyzed by CSU (37), while the residues
changed in the other over-reactive mutants did not have any
contacts in these structures (Figure 7B). Studies of oxidation
properties of the vicinal Met residues showed that target-
binding properties are very sensitive to the integrity of M145
(45-47).

The effects of mutations on calcium binding to PCaM1-148

were conserved in studies of the isolated C-domain fragments
beginning at residue 76 (see Table 1). The slight increase in
affinity (∼0.5 kcal/mol) of sites III and IV in wild-type
PCaM1-148 relative to sites III and IV in wild-type PCaM76-148

(see Figure 5B) was similar to that observed for mammalian
CaM (17) and was also observed for each of the five over-
reactive mutants. This indicates that the tertiary structure of
an N-domain with wild-type sequence favorably affects the
affinity of the calcium-binding sites in the C-domain. In
keeping with the effects of the E104K mutation on the N-
domain, it provides additional evidence for distributed inter-
domain interactions, despite the lack of any close, persistent
contacts in solution such as that which would be monitored
in NMR NOE experiments (2).

In the genetic screen that yielded these altered forms of
PCaM, mutations in the C-domain of PCaM caused a length-
ening of the interval of avoidance behavior in response to
various stimuli, as well as a decrease in the calcium-activated
potassium current relative to wild-typeParamecium(14). If
calcium binding to the C-domain of PCaM is necessary and
sufficient to trigger normal regulatory behavior that would
allow the organism to resume random sampling of its envi-
ronment, then lowered calcium affinity would raise the
effective concentration of cellular calcium required to saturate
these mutants of PCaM. If, in turn, calcium saturation is
required for the association of CaM with the ion channel
and subsequent termination of the avoidance response, then
a decrease in calcium affinity would extend the duration of
the calcium influx required to change channel behavior. In
that case, the free energies of calcium binding measured in

FIGURE 8: Models for compromised regulation of (A) sodium-
channel activity by the under-reactive mutants and (B) potassium-
channel regulation by the over-reactive mutants. In model A, the
C-domain of CaM is pre-associated with the channel and calcium
is required for N-domain association and channel activation.
Mutations in the under-reactive mutants most likely disrupt allosteric
effects necessary for N-domain association. In model B, calcium
is required for association and activation. Mutations (except
M145V) in the over-reactive mutants alter calcium binding and
consequently disrupt target association.
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this study may directly address the step in the physiological
pathway disrupted by these mutations. A model for this
mechanism is shown in Figure 8B.

SUMMARY

The linkage between calcium binding to CaM and the
association with and activation of ion channels by CaM is a
broadening area of interest and is being explored very
successfully by making site-knockout mutants of CaM (48-
51). However, by studying two classes of viable mutants of
PCaM, we have shown that mutations may be deleterious
without affecting intrinsic calcium-binding properties. Whether
these are changed in the context of CaM bound to the
Parameciumchannel proteins awaits further investigation.
However, given that the sequences ofParameciumand
mammalian CaM are 88% identical, we believe these two
classes of mutants will provide valuable probes of other
CaM-target interactions. Further investigation into the
target-linked conformational changes of these mutants and
their energetics of binding to multiple targets will be
necessary to understand the linked effects of these positions
in channel regulation. However, these studies lay a founda-
tion for elucidating the mechanism by which the highly
homologous domains of CaM differentially regulate multiple
classes of target proteins.
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