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ABSTRACT: The structural coupling between opposing domains of CaM was investigated using the
conformationally sensitive biarsenical probe 4,5-bis(1,3,2-dithioarsolan-2-yl)resorufin (ReAsH), which upon
binding to an engineered tetracysteine motif near the end of helix A (Thr-5 to Phe-19) becomes highly
fluorescent. Changes in conformation and dynamics are reflective of the native CaM structure, as there is
no change in the 1H-15N HSQC NMR spectrum in comparison to wild-type CaM. We find evidence of
a conformational intermediate associated with CaM activation, where calcium occupancy of sites in the
amino-terminal and carboxyl-terminal lobes of CaM differentially affect the fluorescence intensity of bound
ReAsH. Insight into the structure of the conformational intermediate is possible from a consideration of
calcium-dependent changes in rates of ReAsH binding and helix A mobility, which respectively distinguish
secondary structural changes associated with helix A stabilization from the tertiary structural reorganization
of the amino-terminal lobe of CaM necessary for high-affinity binding to target proteins. Helix A
stabilization is associated with calcium occupancy of sites in the carboxyl-terminal lobe (Kd ) 0.36 (
0.04 µM), which results in a reduction in the rate of ReAsH binding from 4900 M-1 s-1 to 370 M-1 s-1.
In comparison, tertiary structural changes involving helix A and other structural elements in the amino-
terminal lobe require calcium occupancy of amino-terminal sites (Kd ) 18 ( 3 µM). Observed secondary
and tertiary structural changes involving helix A in response to the sequential calcium occupancy of
carboxyl- and amino-terminal lobe calcium binding sites suggest an important involvement of helix A in
mediating the structural coupling between the opposing domains of CaM. These results are discussed in
terms of a model in which carboxyl-terminal lobe calcium activation induces secondary structural changes
within the interdomain linker that release helix A, thereby facilitating the formation of calcium binding
sites in the amino-terminal lobe and linked tertiary structural rearrangements to form a high-affinity binding
cleft that can associate with target proteins.

Calmodulin (CaM)1 is a central regulatory protein, which
through reversible and high-affinity association with over 50
different target proteins acts to modulate their function in
response to alterations in cytosolic calcium levels (1-3).
High-affinity binding requires the calcium-dependent stabi-
lization of binding clefts in the amino- and carboxyl-terminal
lobes of CaM (4). The calcium affinities of sites in each
domain are, in general, enhanced by target protein association
to the extent that they facilitate the correct positioning of
calcium binding ligands (5-9). Conformational plasticity
within each of the binding clefts formed by the opposing

amino- and carboxyl-terminal lobes of CaM, as well as the
calcium-dependent formation of a metastable helix connect-
ing the opposing lobes, contributes to the ability to associate
with diverse CaM-binding sequences that bear little sequence
homology to one another and have variable spacing between
the binding sites (10-14). Large variations in both orienta-
tion and spatial separation occur between the opposing
domains of calcium-activated CaM bound to different CaM-
binding sequences from target proteins, as evidenced from
the 16 available high-resolution crystal structures (15). These
results emphasize the essential role of the conformational
linker connecting the opposing domains of CaM in facilitat-
ing high-affinity binding. Further, despite the nearly identical
structures of the amino- and carboxyl-terminal lobes of CaM,
the opposing domains of CaM bind to target proteins with
considerable specificity to form a single high-affinity com-
plex capable of target protein regulation. Contributing to the
specificity of CaM binding are large differences in the
calcium affinities of the opposing domains. The carboxyl-
terminal lobe binds calcium with an affinity that is ap-
proximately 1 order of magnitude higher than that of the
amino-terminal lobe, promoting its preferential association
with target proteins prior to the structural collapse and

† This work was supported by the Genomics:GTL program (45701)
within the Office of Biological and Environmental Research at the U.S.
Department of Energy. Pacific Northwest National Laboratory is
operated for the Department of Energy by Battelle Memorial Institute
under Contract DE-AC05-76RLO 1830.

* Correspondence should be addressed to this author. E-mail:
thomas.squier@pnl.gov. Tel: (509) 376-2218. Fax: (509) 372-1632.

1 Abbreviations: �-ME, �-mercaptoethanol; CaM, calmodulin; EDT,
1,2-ethanedithiol; EDTA, ethylenediaminetetraacetic acid; EGTA,
ethylene glycol bis(�-aminoethyl ether)-N,N,N′,N′-tetraacetic acid;
HEPES, N-(2-hydroxyethyl)piperazine-N′-2-ethanesulfonic acid; HSQC,
heteronuclear single-quantum coherence; NOE, nuclear Overhauser
effect; ReAsH-EDT2, 4,5-bis(1,3,2-dithioarsolan-2-yl)resorufin; TCEP,
tris(carboxyethyl)phosphine.

Biochemistry 2008, 47, 9220–92269220

10.1021/bi800566u CCC: $40.75  2008 American Chemical Society
Published on Web 08/09/2008



binding of the amino-terminal lobe (16, 17). This greater
calcium affinity of the carboxyl-terminal lobe of CaM is
especially important in the case of some ion channels,
including the ryanodine receptor calcium release channel,
where the carboxyl-terminal lobe binds calcium under resting
conditions (18). By tethering CaM to the channel, enhanced
rates of channel inhibition are possible upon the calcium
activation of the amino-terminal lobe through a reduction
of diffusional barriers (18-21).

Understanding the origins of differences in the calcium
affinities of the structurally homologous amino- and car-
boxyl-terminal lobes of CaM, and how partial calcium
occupancy affects their coupling to enhance the specificity
of target protein binding, is central to our understanding of
CaM action. Prior measurements have demonstrated that
calcium binding modulates the structural coupling between
the opposing domains of CaM, acting to stabilize the helical
structure of the interfacial residues between Met-76 and
Ser-81 (13, 14, 22, 23). Indeed, occupancy of carboxyl-
terminal calcium binding sites induces conformational changes
in the amino-terminal domain, which is apparent from both
changes in fluorescence signals of reporter moieties and from
increased rates of proteolysis at selected sites in the amino-
terminal lobe (14, 24, 25). Further, the structural coupling
between the opposing domains of CaM is stabilized at
physiological ionic strengths, which acts to diminish the
calcium affinity of sites in the amino-terminal lobe (13, 26).
These latter results suggest an important role for calcium-
dependent structural changes involving interfacial amino
acids in the structural coupling between the opposing amino-
and carboxyl-terminal lobes of CaM that acts to modulate
calcium binding. Consistent with this suggestion, the isolated
amino-terminal lobe of CaM has a substantially enhanced
calcium affinity in comparison to that observed in the intact
protein (27). A systematic investigation by Shea and co-
workers provided further insight into the mechanism of
interdomain structural coupling, demonstrating that the
presence of basic residues in the linker region connecting
the opposing lobes of CaM diminish the calcium binding
affinity of the amino-terminal lobe (28, 29). There are
corresponding alterations in the thermodynamic stability of
the amino-terminal domain, suggesting a structural role for
these side chains that are proposed to be “latched” to amino
acids in helix A (i.e., Thr-5 to Phe-19) to increase the
energetic barrier associated with calcium activation (28).
Consistent with this suggestion, high-resolution structures
of apo- and calcium-activated CaM indicate that the disrup-
tion of contact interactions between helix A and other amino-
terminal residues (e.g., Asp-2) with sites in the central linker
(e.g., Lys-77) are necessary for calcium binding at amino-
terminal lobe sites (Figure 1). This conformational switching
has been previously measured using the biarsenical probe
FlAsH bound to helix A, which resolves the calcium-
dependent stabilization of the linker connecting the amino-
and carboxyl-terminal lobes from the immobilization of helix
A associated with the formation of the high-affinity calcium
binding cleft necessary for target protein binding (30, 31).

To further understand the role of helix A in modulating
the coupling between the opposing domains of CaM in
response to calcium activation, we have used the biarsenical
probe 4,5-bis(1,3,2-dithioarsolan-2-yl)resorufin (ReAsH) to
measure changes in helix A dynamics upon the partial

occupancy of calcium binding sites in CaM. In comparison
to prior measurements using FlAsH, these new measurements
take advantage of the enhanced environmental sensitivity,
smaller size, and presence of a fully ionized moiety in ReAsH
(pKa ) 5.8) (32), facilitating the measurement and interpreta-
tion of calcium-dependent structural changes. These mea-
surements use a CaM mutant with an engineered binding
motif within helix A, that remains fully functional (30).
ReAsH is a conformationally sensitive probe whose rate of
binding is dependent on protein secondary structure
(30, 33-36), providing a new tool that permits the detection
of structural changes associated with helix distortions or
fraying. Complementary fluorescence measurements of ReAsH
bound to helix A permit the measurement of calcium binding
to amino-terminal lobe sites that are associated with helix
A immobilization and the formation of clefts for target
protein binding. Together, these binding and fluorescence
measurements resolve a conformational intermediate associ-
ated with the calcium activation of CaM. Calcium occupancy
of sites in the carboxyl-terminal lobe of CaM results in the
stabilization of helix A structure through the disruption of
distorting interactions. Tertiary structural changes are thereby
facilitated that couple calcium binding at the amino-terminal
lobe to the tertiary structural coupling between helix A and
other structural elements in the amino-terminal lobe, which
together form the high-affinity binding cleft necessary for
target protein binding.

EXPERIMENTAL PROCEDURES

Materials. N-(2-Hydroxyethyl)piperazine-N′-2-ethane-
sulfonic acid (HEPES) and tris(carboxyethyl)phosphine
(TCEP) were obtained from Sigma (St. Louis, MO). 2-Mer-
captoethanol (�-ME) was obtained from Aldrich (Milwaukee,
WI). 13C (98%) and 15N (98%) Bioexpress cell growth media
(10× concentrate) was from Cambridge Isotope Laboratories,
Inc., (Andover, MA). 4,5-Bis(1,3,2-dithiarsolan-2-yl)resorufin
(ReAsH), which contains ethanedithiol (EDT), was synthe-
sized using published procedures (34). A CaM mutant
containing an engineered tetracysteine binding motif involv-
ing the introduction of cysteines at positions E6, E7, A10,
and E11 on helix A (Thr-5 to Phe-19) was purified following
expression in Escherichia coli, as previously described (30).
For NMR measurements, the E. coli was grown in a medium

FIGURE 1: Loss of helix A long-range helical contact interactions
upon calcium activation of CaM. Depiction of backbone folds for
N-terminal lobe of calcium-activated CaM (1exr.pdb) and apo-CaM
(1cfd.pdb), highlighting contact interactions between helix A (red)
with engineered cysteines (yellow) and proximal residues (i.e., <5
Å) within the tertiary structures (blue). Specific side chains
previously implicated in mediating interdomain structural interac-
tions include Asp-2 and Lys-77 in the N-terminal lobe (28).
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uniformly enriched with 13C and 15N, essentially as previously
described (37, 38). All other chemicals were of the purest
grade commercially available.

Spectroscopic Measurements. 2D-HSQC, 3D-CBCA-
(CO)NNH, and 3D-HNCACB NMR spectra were acquired
at 25 °C using 600 and/or 800 MHz Varian Inova spectrom-
eters equipped with triple-resonance pulse field gradient
probes, essentially as we previously described (38). Backbone
assignments were initially made by comparison to WT CaM
assignments (39) and then confirmed by a routine backbone
walk using the spectra from the two 3D experiments.
Fluorescence emission spectra of ReAsH-labeled CaM were
measured using a Fluoro Max-2 fluorometer (SPEX Inc.,
Edison, NJ) using a temperature-jacketed sample cell at 25
°C with excitation and emission slits of 5 nm. Steady-state
fluorescence anisotropies (A) were calculated from the ratio
of the fluorescence intensity (I) with the polarizers in vertical
(v) or horizontal (h) position

A)
Ivv - gIvh

Ivv + 2gIvh
(1)

where g ) Ihv /Ihh. Excitation and emission wavelengths were
593 and 608 nm, respectively. In all cases, protein concentra-
tions were measured using a micro-BCA assay reagent kit
(Pierce, Rockford, IL), using desalted CaM as a protein
standard (ε277nm ) 3029 M-1 cm-1) (40, 41). Prior to addition
of 1.0 µM ReAsH, the CaM mutant containing the tetracys-
teine motif in helix A was incubated for 1 h at room
temperature in 1 mM �-ME, and 1 mM TCEP to reduce
any disulfide bonds. All experiments involved CaM (1.0 µM)
in 50 mM HEPES (pH 7.5), 140 mM KCl, 1.0 mM EGTA,
and sufficient calcium to generate the indicated free calcium
concentration, as previously described (23).

Calcium Binding Affinities. Data were analyzed through a
nonlinear least-squares fit to changes in fluorescence intensi-
ties (Y) to the Hill equation:

Y)
[Ca2+]free

n

Kn + [Ca2+]free
n

× span+ Y0 (2)

where n is the Hill coefficient and K is the macroscopic
dissociation constant, which represents the sum of the
microscopic equilibrium binding constants (i.e., k1 + k2) for
homotropic cooperativity (42), span is the range of the
measurement, and Y0 is the initial fluorescence observed at

low calcium levels whose concentrations preclude binding
to CaM.

RESULTS

Retention of CaM Tertiary Structure Following Introduc-
tion of Engineered Binding Sequence. To assess the possible
influence of an engineered tagging sequence (i.e., E6C, E7C,
A10C, and E11C) in helix A (Thr-5 to Phe-19) on the protein
fold, we measured the change in backbone chemical shifts
between wild-type and mutant CaM. Resonances in the
HSQC spectrum are well resolved, and the line widths and
chemical shifts of the resonances are virtually identical to
that observed in prior measurements using wild-type CaM
(39) (Figure 2). Indeed, small shifts in resonance positions
are limited to the mutated sites, and even at the millimolar
protein concentrations used in these NMR measurements
there is no evidence of protein associations. Furthermore,
changes in backbone 13C-R shifts near the mutation sites are
in the positive direction and are not indicative of helix
disruption. Thus, NMR spectroscopic measurements dem-
onstrate a retention of the native CaM structure upon
insertion of mutated sites on helix A, consistent with the
exterior location of these engineered binding sites and prior
measurements demonstrating a full retention of binding
affinityandfunctionalactivationagainst targetproteins (30,43).
These results indicate that measurements using the engi-
neered CaM mutant with a tetracysteine motif in helix A
will faithfully reflect the native structure of CaM.

Helix A Stabilization upon Calcium Occupancy of Car-
boxyl-Terminal Sites. ReAsH and other biarsenical probes
selectively bind to disordered sequences (34), providing a
unique tool for measuring variations in secondary structural
changes involving protein backbone elements such as helix
A in CaM through a consideration of binding kinetics
(30, 31, 34-36). Measurements of ReAsH binding to helix
A in CaM are facilitated by large changes in the fluorescence
intensity of the bound complex, as prior to association with
helix A ReAsH exhibits minimal fluorescence due to capping
with ethanedithiol (EDT) (34). We find that upon addition
of ReAsH to apo-CaM at low calcium levels (i.e., 10 nM
free calcium) there is a rapid increase in fluorescence
intensity, where maximal binding occurs in about 10 min
(Figure 3A). Rates of ReAsH binding to helix A are
substantially diminished upon the calcium-dependent activa-

FIGURE 2: Preservation of backbone fold upon mutation of helix A. 1H-15N HSQC NMR spectrum of apo-CaM with cysteine tagging
sequence engineered at positions 6, 7, 10, and 11 in the primary sequence (A) and measured differences between peak positions for indicated
resonances in amino-terminal domains between engineered and wild-type CaM (B), using previously reported assignments (39). Contour
lines are shown for spectral intensities, where a fire ramp code from blue to red indicates increasing intensities.
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tion of CaM, where the rate of binding is decreased from
4900 M-1 s-1 in apo-CaM to 370 M-1 s-1 following calcium
activation. Rates of ReAsH binding approach a minimal value
near a free calcium concentration of 10 µM. Decreases in the
rates of ReAsH binding to helix A have a calcium dependence
that mirrors that associated with the occupancy of calcium sites
in the carboxyl-terminal lobe of CaM (23, 44-46), with a
macroscopic dissociation constant for calcium binding of 0.36
( 0.04 µM (Figure 3B). As the crystal structures and prior
measurements of solvent accessibilities have demonstrated that
there is no calcium-dependent change in the solvent exposures
of the engineered tetracysteine binding sites (30), these results
indicate that calcium binding to sites in the carboxyl-terminal
lobe of CaM acts to induce the formation of a more regular
secondary structure in helix A.

Detection of Conformational Intermediates Associated with
Calcium ActiVation. Additional resolution of calcium-de-
pendent structural changes to helix A involves measurements
of the fluorescence emission spectra of bound ReAsH, which
provide a means to assess changes in the immediate
environment of the labeling site to assess the nature of the
structural change. The fluorescence emission spectrum of
ReAsH bound to apo-CaM has an emission maximum near
607 nm (Figure 4). Upon titration of free calcium levels, we
observe a biphasic dependence of the fluorescence emission
spectrum. There is a 36% increase in fluorescence intensity
and a corresponding 2.3 nm blue shift in the fluorescence
emission spectrum upon increasing the free calcium con-
centration to 10 µM, where the macroscopic equilibrium
constant for the measured calcium-dependent structural
change is 0.46 ( 0.04 µM. The significant blue shift in the
emission spectrum of ReAsH-bound to helix A upon oc-

cupancy of carboxyl-terminal calcium binding sites is indica-
tive of a more polar environment, as greater solvent polarity
results in a large increase in the quantum yield and a blue
shift of the parent dye resorufin (32). This result is consistent
with the formation of a more regular helical structure that,
for example, brings Asp-2 or Glu-14 into closer proximity
of the bound probe located at positions 6, 7, 10, and 11 on
helix A (i.e., Thr-5 to Phe-19). This interpretation is
consistent with decreases in the rates of ReAsH binding that
suggest a disruption of long-range structural interactions
involving helix A over this calcium concentration range
(Figure 3). In comparison to this intermediate state, increases
in free calcium levels from 10 µM to 1 mM, which are
associated with the titration of calcium binding sites in the
amino-terminal domain, result in a 40% decrease in fluo-
rescence intensity with no change in fluorescence emission
maximum. These latter results suggest that distinct confor-
mational rearrangements involving helix A occur in response
to the occupancy of calcium binding sites in the carboxyl-
and amino-terminal lobes. The large decrease in fluorescence
intensity coupled with the absence of any spectral shifts upon
calcium binding to the amino-terminal sites suggests that a
rigid body movement of a stabilized helix A, and an
associated increase in solvent exposure of bound ReAsH, is
associated with the formation of the binding cleft for target
protein association.

Calcium Binding to Sites in the Amino-Terminal Lobe
Result in Helix A Immobilization. The calcium-dependent
formation of the high-affinity binding cleft involves tertiary
structural interactions between helix A and other elements in
the amino-terminal lobe, which can be measured through
changes in the fluorescence anisotropy of ReAsH. This is
possible since ReAsH faithfully reports on helix A dynamics
due to the tetracoordinate linkage that prevents independent
probe motion. These measurements permit us to assess the

FIGURE 3: Calcium binding to C-terminal domain stabilizes helix
A. Fluorescence intensity increases upon binding of biarsenical
probe ReAsH to helix A (A) and calculated initial rate constants
(B), where selected binding curves are illustrated corresponding to
free calcium concentrations ranging from 0.01 µM (curve 1), 1.0
µM (curve 2), 10 µM (curve 3), 100 µM (curve 4), and 1.0 mM
(curve 5). Rate constants were calculated from the data in panel
A, taking into account that the initial concentrations of reactants
and products are identical, such that the rate law simplifies to
1/[ReAsH]t - 1/[ReAsH]t)0 ) kt, where [ReAsH]t)0 and [ReAsH]
are the initial and remaining concentrations of unbound ReAsH
(30). The line in panel B corresponds to nonlinear least-squares fit
to the calcium-dependent decrease in the rates of ReAsH binding
using the Hill equation, where the macroscopic equilibrium constant
(Kd) is 0.36 ( 0.04 µM free calcium and n ) 0.8 ( 0.1. Excitation
was at 593 nm, and fluorescence emission was measured at 608
nm at 25 °C. Experimental conditions involved the addition of 1.0
µM ReAsH-EDT2 to 1.0 µM CaM in 50 mM HEPES (pH 7.5) 140
mM KCl, 1.0 mM EGTA, 1 mM �-ME, 1 mM TCEP, and sufficient
calcium to yield the indicated free calcium concentration, as
previously described (23).

FIGURE 4: Calcium binding to the C-terminal domain induces
environmental shifts around helix A. Fluorescence emission spectra
and shifts in fluorescence emission maximum (inset) for ReAsH-
labeled CaM, where free calcium concentrations range from 0.01
µM (curve 1), 1.0 µM (curve 2), 10 µM (curve 3), 100 µM (curve
4), and 1.0 mM (curve 5). The line in the inset represents a nonlinear
least-squares fit to the Hill equation, where Kd ) 0.46 ( 0.04 µM
and n ) 2. Excitation was at 593 nm. Experimental conditions
involve 1.0 µM ReAsH-labeled CaM in 50 mM HEPES (pH 7.5)
140 mM KCl, 1.0 mM EGTA, 1 mM �-ME, 1 mM TCEP, and
sufficient calcium to yield the indicated free calcium concentration,
as in Figure 3.
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possible relationship between secondary structural changes
associated with helix A from tertiary changes involving the
coordinated formation of a high-affinity binding cleft. Upon
calcium activation there is a small but highly reproducible
increase in the fluorescence anisotropy of ReAsH-labeled CaM,
which increases from 0.208 to 0.234 (Figure 5). These measure-
ments are consistent with prior results that indicate only small
changes in secondary structure upon calcium activation, which
result in the immobilization of helix A and the structural
coupling between the opposing amino- and carboxyl-terminal
lobes of CaM (30, 47-50). From a consideration of calcium-
dependent changes in fluorescence anisotropy, it is apparent that
there are minimal changes in helix A mobility prior to increasing
calcium concentrations above 10 µM free calcium. These results
suggest an insensitivity of helix A mobility to the occupancy
of calcium sites in the carboxyl-terminal lobe of CaM. Rather,
increases in helix A immobilization occur upon titration of
calcium binding sites in the amino-terminal lobe (Kd ) 18 ( 3
µM). Observed secondary and tertiary structural changes
involving helix A in response to the sequential calcium
occupancy of carboxyl- and amino-terminal lobe calcium
binding sites provide important mechanistic information regard-
ing an important involvement of helix A in mediating the
structural coupling between the opposing domains of CaM.

DISCUSSION

We have identified distinct and nonoverlapping structural
transitions involving helix A (Thr-5 to Phe-19) that are
associated with the sequential occupancy of carboxyl- and
amino-terminal lobe calcium binding sites, which indicates the
presence of a conformationally distinct intermediate that
provides new insights regarding the mechanisms of calcium
activation in CaM. These measurements required the application
of newly developed probes that detect conformational transitions
in helical structures (34), which are known to vary considerably
in available high-resolution protein structures in response to their
environment, involving, for example, differences in van der
Waals contact interactions with other structural elements in the
protein that distort helical structures (51). Specifically, the
conformationally and environmentally sensitive biarsenical
fluorescent probe ReAsH permitted the detection of structurally

distinct forms of helix A in response to calcium binding to the
carboxyl- and amino-terminal sites in CaM. Upon calcium
association with sites in the carboxyl-terminal lobe (Kd ) 0.4
µM free calcium), we observe the stabilization of the secondary
structure of helix A (Figures 3 and 4). In comparison, we detect
a structural reorganization involving helix A movements upon
calcium binding to the amino-terminal lobe (Kd ) 18 µM free
calcium), which is associated with the formation of the binding
cleft for target protein association (Figure 5). The detection of
sequential conformational transitions involving helix A upon
the calcium-dependent activation of CaM is consistent with a
wide variety of prior measurements, which all indicate a
structural linkage between the opposing amino- and carboxyl-
terminal lobes of CaM through a conformational intermediate
that is modulated by calcium binding (12-14, 24, 25, 29-31,
52-54).

Our current results suggest that calcium binding to sites in
the carboxyl-terminal lobe disrupts destabilizing interactions
involving helix A, thereby resulting in a 92% decrease in the
rate of ReAsH binding (Figure 3). Corresponding red shifts in
the fluorescence emission spectrum are consistent with forma-
tion of a more regular helix, which would be expected to result
in the juxtaposition of charged amino acids positioned ap-
proximately one turn within an R-helix (e.g., Asp-2 or Glu-14)
relative to the engineered ReAsH binding site (i.e., E6C, E7C,
A10C, and E11C). The observed stabilization of helix A can
be explained as part of a conformational “switch” that acts to
enhance calcium binding to amino-terminal lobe sites. Indeed,
prior measurements have identified a structural interaction
between helix A (and proximal amino acids in the primary
sequence) and basic residues in the central linker (i.e., RKMK77)
that act as a “latch” to enhance the stability and reduce the
calcium affinity of the amino-terminal lobe (28, 29, 44). As
calcium activation enhances the helical content of the central
linker through the formation of a salt bridge between Tyr-138
and Glu-82 to modify the orientation of the opposing domains
of CaM (12, 13, 22), our current results suggest that the release
of helix A acts to enhance calcium binding to amino-terminal
lobe sites. Changes in helix A structure involve calcium-
dependent alterations in interdomain linkages through side
chains in the central linker (Arg-76 to Ser-81) and those in both
the carboxyl- and amino-terminal domains (12, 28). Specifically,
calcium activation involves the repositioning of C-terminal
helices to form a hydrogen bond involving Tyr-138 and Glu-
82. This hydrogen bond enhances helical content, which acts
to disrupt the latch mechanism involving interactions between
basic side chains in the central linker (e.g., Lys-77) and residues
near the amino terminus (e.g., Asp-2) to release helix A (Figure
6). Subsequent calcium binding to sites in the amino-terminal
lobe functions to reposition helical structural elements to form
the high-affinity binding cleft necessary for target protein
activation.

The structural linkage between helix A and the central linker
acts to constrain the dynamics of the amino-terminal domain
of CaM, thereby increasing the activation barrier associated with
conformational rearrangements needed to position calcium
binding side chains, thereby reducing the calcium affinity from
that of the isolated domain (27-29). Of the basic residues in
the central linker, residue Lys-77 is especially noteworthy as
this side chain interacts with Asp-2 in the apo form of CaM.
This salt bridge is disrupted upon calcium activation, suggesting
that it may be a key structural interaction whose formation
modulates interdomain coupling and calcium binding affinity

FIGURE 5: Occupancy of N-terminal calcium binding sites induces
coupling between helix A and N-terminal lobe structural elements
to form a high-affinity binding cleft. Calcium-dependent changes
in fluorescence anisotropy of ReAsH-labeled CaM, using experi-
mental conditions as described in the legend to Figure 4. The line
represents a nonlinear least-squares fit to the Hill equation, where
Kd ) 18 ( 3 µM and n ) 1.1 ( 0.2. Experimental conditions are
as described in the legend to Figure 4.
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(28). Other specific binding interactions between side chains
near the amino terminus of apo-CaM (i.e., residues Ala-1, Asp-
2, Leu-4, Gln-8, and Phe-12) and those in the central linker
(Met-76, Lys-77, and Asp-80) are apparent in the high-
resolution structures (i.e., 1cfd.pdb) (55), and may also con-
tribute to conformational switching as all but three side chain
interactions are lost upon calcium activation (1exr.pdb) (56).
Following occupancy of calcium binding sites in the carboxyl-
terminal lobe, there are concerted structural changes in amino-
terminal lobe. The structural coupling between the opposing
domains of CaM acts to ensure a large difference in binding
affinity between carboxyl- and amino-terminal domain calcium
sites, which is likely to promote the ordered binding of the
opposing domains of CaM to target proteins. In this respect,
the oxidation of critical methionines in the carboxyl-terminal
domain of CaM during biological aging and following mac-
rophage activation acts to uncouple the opposing domains of
CaM, resulting in the nonproductive binding between CaM and
some target proteins to diminish to activities (31, 37, 57-64).
Oxidation of CaM results in the preferential reduction in calcium
binding affinity to the C-terminal lobe (65). These latter results
emphasize a critical role for the sequential activation of the
opposing domains of CaM through large differences in their
calcium affinities and the role of coupled structural linkages to
enforce ordered binding mechanisms to target proteins.
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