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ABSTRACT: Calmodulin (CaM) is an essential protein that exerts exquisite spatial and temporal control
over diverse eukaryotic processes. Although the two half-molecule domains of CaM each have two EF-
hands and bind two calcium ions cooperatively, they have distinct roles in activation of some targets.
Interdomain interactions may mediate coordination of their actions. Proteolytic footprinting titrations of
CaM [Pedigo and Shea (1995)Biochemistry34, 1179-1196; Shea, Verhoeven, and Pedigo (1996)
Biochemistry 35, 2943-2957] showed that calcium binding to the high-affinity sites (III and IV in the
C-domain) alters the conformation of helix B in the N-domain despite sites I and II being vacant. This
may arise from calcium-induced disruption of interactions between the apo domains. In this study,
comparing the cloned domains (residues 1-75, 76-148) to whole CaM, the proteolytic susceptibility of
helix B in the apo isolated N-domain was higher than in apo CaM. The isolated N-domain was
monotonically protected by calcium binding and had a higher calcium affinity than when part of whole
CaM. The change in affinity was small (1-1.5 kcal/mol) but acted to separate the domain saturation
curves of whole CaM. Unfolding enthalpies and melting temperatures of the apo isolated domains did
not correspond to the two transitions resolved for apo CaM. In summary, the interactions between domains
of apo CaM protected the N-domain from proteolysis and raised itsTm by 10°C, demonstrating that CaM
is not the sum of its parts.

A fundamental challenge in biology is to understand
quantitatively how physicochemical properties of regulatory
proteins control complex cellular phenomena at the molecular
level. Calmodulin (CaM),1 having only 148 amino acids, is
the primary intracellular calcium sensor in eukaryotic cells
and is a member of the EF-hand family of proteins (1, 2)
(see Figure 1A). Calcium binds to CaM cooperatively,
opening hydrophobic clefts in both domains that activate it
to regulate myriad tissue-specific cellular processes including
metabolic and developmental pathways as well as motility
and neurotransmission (see3). Understanding the molecular
mechanism of these processes requires determination of the
number and properties of conformational states populated
by calmodulin, the intrinsic free energies of calcium binding
to each of the four sites, and the degree of intradomain and
interdomain cooperativity.

Calmodulin has a repetitive sequence configured in an
R-â-R′-â′ pattern of EF-hand (helix-loop-helix) motifs.
The N-domain (defined as residues 1-75) and C-domain
(defined as residues 76-148) appear similar and independent
on the basis of comparison by sequence and available
structures. Each consists of two EF-hands linked by a short
region of antiparallelâ sheet as seen in structures of calcium-
saturated CaM determined both in the absence (see Figure
1B) and in the presence of target peptides or drugs (see4
for review). The calcium binding sites are comprised of 12
highly conserved residues (see Figure 1A), 5 of which are
directly involved in the pentagonal bipyramidal chelation of
calcium ion [labeled X, Y, Z,-Y, -X, and-Z (cf. 5)].
The helices are designated by letters beginning at the
N-terminus (e.g., helices A and B flank site I). Intra-
molecular interactions between paired sites in each domain
of CaM mediate positive cooperativity of calcium binding
(see5-7).
The domains have distinct roles in activation of some

target proteins (8-10). Thus, both the number and position
of calcium ions bound to CaM may regulate its interactions
with targets (11-13). In all crystallographic structures of
calcium-saturated CaM (in the absence of a target peptide
or drug), the domains form two ends of a dumbbell shape
which arises because the axes of the D-helix (in the
N-domain) and the E-helix (in the C-domain) are aligned to
form a single seven-turnR-helix (see Figure 1B). However,
the structure of the linker region between domains appears
to be variable and highly dependent on solution conditions
(14). NMR studies of calcium-saturated CaM indicated this
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extended D-E helix was disrupted by four nonhelical
residues from D78 to S81 (15). Other studies have shown
that the helix can be “hinged” or serve as a flexible tether in
the absence of targets (16-21).
Many studies have concluded the two domains in both

the apo and calcium-saturated forms of CaM are structurally
autonomous (cf.22). However, there is qualitative and
quantitative evidence that the domains interact over the
course of a calcium titration (23-32). Interpretation of some
of these studies is complicated by the evidence that the
affinities of the domains are not completely separated in wild-
type CaM (i.e., that sites I and II begin to saturate before
sites III and IV are fully saturated).
Quantitative proteolytic footprinting studies of wild-type

CaM titrations (23, 24) provided direct evidence that calcium
binding at the high-affinity sites (III and IV) in the C-domain
alters the susceptibility of the backbone in the apo N-domain.
Constraints on the apo N-domain are modified such that it
becomes susceptible to proteolysis in helix B (at E31, R37,

and S38) although sites I and II are still vacant. Subsequent
binding of calcium to those sites then causes the N-domain
to adopt a third structure (i.e., not susceptible to proteolysis
and saturated with calcium). The pattern alternates as
indicated by the shaded “cut” blocks in the schematic
diagram below. Thus, the apo N-domain and C-domain are
not equivalent. There are two forms of the apo N-domain
resulting in a doubly saturated intermediate that is not the
average of the end states.

The interplay between local binding interactions and global
conformational change form the basis of the switching
processes triggered by calcium binding. The difference in
susceptibility between the N-domain and the C-domain in
the apo state of CaM highlights their nonequivalent structural
properties. We wished to determine whether the structural
interactions of domains (e.g., the effect of sites III and IV
on helix B) have significant energetic consequences on
calcium binding. Thus, we compared the properties of whole
calmodulin (CaM) to those of isolated (overexpressed) half-
molecule domains (see Figure 1 for boundaries). This
approach has been used successfully to explore several
aspects of calmodulin function by examining fragments
generated proteolytically (31-36).
The intrinsic calcium binding properties of both domains

were estimated from analysis of titrations monitored by
fluorescence intensity and quantitative proteolytic footprint-
ing. Thermal unfolding studies monitored by CD were used
to explore whether interdomain interactions occur in the
absence of calcium. Contrary to studies reporting that whole
CaM is simply a sum of its parts, the N-domain had a higher
affinity for calcium when it was an isolated peptide while
the isolated C-domain was almost unchanged in affinity. The
apo isolated domains had equivalent melting temperatures
(∼50 °C) that separated by almost 12°C in whole CaM; the
total enthalpy of unfolding differed by 6 kcal/mol. Thus,
interdomain interactions appeared to widen the difference
between properties of the isolated domains which may be
physiologically significant to those proteins that interact
differentially with one domain or the other. A preliminary
report of this work appeared previously (37).

EXPERIMENTAL PROCEDURES

Materials. Fluorimetric probes (BAPTA and 4,4′-difluoro-
BAPTA) were purchased from Molecular Probes (Eugene,
OR). Thrombin (EC 3.4.21.5; catalog no. 605190) and its
inhibitor (FFRCK; catalog no. 520218) were purchased from
Calbiochem (San Diego, CA), and EndoGluC (EC 3.4.21.19,
EndoGluC) was purchased from Promega (Madison, WI).
Solvents for HPLC and other routine laboratory chemicals
were of the highest grade commercially available.
Cloning and Purification. Recombinant rat calmodulin

(CaM) was overexpressed inE. coli using the T7-7 vector
(38, 39) in Lys-S cells (U. S. Biochemicals, Cleveland, OH)

FIGURE 1: (A) Amino acid sequence of rat CaM aligned as four
homologous segments. The N-domain (residues 1-75) contains
calcium-binding sites I and II, and the C-domain (residues 76-
148) contains calcium-binding sites III and IV. The 12 residues
comprising each site are boxed, and those involved in chelating
calcium ion are in positions X, Y, Z,-Y, and -Z. Sites of
proteolysis by EndoGluC (E31, E87) and thrombin (R37, R106)
are highlighted. (B) Ribbon drawing (67) of theR-carbon backbone
of a crystallographic structure of Ca2+

4-CaM (68) in which residues
5-147 were resolved. Coordinates were taken from the Brookhaven
Protein Data Bank file 3cln.pdb (69, 70). The calcium-binding sites
are numbered with Roman numerals. Lysine 75 is highlighted to
illustrate where the protein was divided in the bacterial over-
expression of the isolated N- and C-domains. Glutamates 31 and
87 are EndoGluC cleavage sites, and arginines 37 and 106 are
thrombin cleavage sites monitored in the quantitative proteolytic
footprinting studies presented here. The intrinsic tyrosine fluores-
cence of Y138 changes upon calcium binding.
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as described previously (23). The isolated N-domain (resi-
dues 1-75 of CaM) and C-domain (residues 76-148) were
created using standard cloning techniques (40). The num-
bering scheme refers to the corresponding residue of whole
CaM (i.e., the first residue of the isolated C-domain is
referred to as residue 76). Recombinant proteins were
purified to approximately 99% purity as judged by silver
staining of overloaded reducing SDS-PAGE and by small-
zone gel permeation chromatography and stored at-20 °C.
Titrations Monitored by Fluorescence. Fluorescence stud-

ies were carried out at 22°C using an SLM 4800 on protein
at 3µM in 50 mM HEPES, 100 mM KCl, 0.5 mM EGTA,
0.5 mM NTA, 4µM difBAPTA, pH 7.40. Free calcium was
determined by the degree of saturation ofdifBAPTA as
described previously (23, 41). The titrations were repeated
at least 3 times. Rat CaM contains no tryptophan and only
two tyrosine residues, both located in the C-domain (Y99
and Y138). Only tyrosine 138 (see Figure 1B; in site IV)
shows a calcium-dependent change in fluorescence, and
almost all of the change in signal is attributable to calcium
binding to sites III and IV (see discussion in23). Therefore,
only CaM and the C-domain could be studied this way.
Proteolytic Footprinting Titrations. Quantitative proteo-

lytic footprinting of discontinuous equilibrium titrations was
analogous to previous studies (23, 24); extensive controls
on suitable reaction conditions are described therein. Ali-
quots of CaM and the isolated N- and C-domains were
dialyzed simultaneously and extensively in a series of buffers
containing 50 mM HEPES, 91.4( 0.7 mM KCl, 5 mM
NTA, and 0.05 mM EGTA; pH 7.40( 0.01 at 22.0( 0.2
°C with added CaCl2. The net free calcium level was
determined experimentally using a fluorimetric indicator
(with a Kd of 1.52× 10-6 M-1 for difBAPTA and 1.26×
10-7 M-1 for BAPTA) or calcium-selective electrode
(F2110Ca; Radiometer); pCa (-log[Ca2+]free) values ranged
from 9.48 (apo) to 3.67 (saturated). Protein dialysates were
diluted in the corresponding pCa buffer to 0.2 mg/mL (12
µMCaM, 24µMN- and C-domains) and subjected to limited
proteolysis separately. Identification of cleavage products
for whole CaM had been performed previously (23, 24). The
cleavage products of isolated domains were identified with
mass spectroscopy (MALDI-TOF from PerSeptive Biosys-
tems, Inc.). Calculations based on assuming cleavage
positions of E31, R37, E87, and R106 (23, 24) yielded values
of percent accuracy ([theoretical mass]/[experimental mass])
of fragment identification of>99%.
Thrombin Footprinting. Conditions for limited proteolysis

of whole CaM by thrombin had been established (24). For
the isolated N-domain, 0.01 unit/µL thrombin was used for
0.2 mg/mL N-domain (the same molar ratio of protease to
protein that was used for whole CaM). For the isolated
C-domain, 0.05 unit/µL thrombin was used for 0.2 mg/mL
C-domain (5 times the molar ratio of protein to protease that
was used for whole CaM) because the intrinsic susceptibility
of the R106-H107 bond in the isolated C-domain in the
absence of calcium was lower than was observed for whole
CaM under identical conditions. Samples were incubated
for 60 min at 22.0°C, and FFRCK was added to inhibit
proteolysis. Products of limited proteolysis were separated
and quantified using rpHPLC.
EndoGluC Footprinting. Conditions for limited proteoly-

sis of whole CaM by EndoGluC had been established (23).

To minimize secondary cleavage by EndoGluC, the mass
ratio of protease to CaM was low (1:100). To maintain the
corresponding molar ratio, twice the mass ratio was used
for proteolytic footprinting of the isolated N- and C-domains
(1:50). Reactions were quenched by injection onto a
rpHPLC column.
Analysis of∆G of Calcium Binding. The Gibbs free

energies of calcium binding were obtained from fits of the
titration data to an Adair function (eq 1;23, 24) which allows
the pair of sites within a domain (i.e., sites I and II in the
N-domain or sites III and IV in the C-domain) to be
heterogeneous (i.e., non-identical) and cooperative.

The macroscopic equilibrium constantK1 (∆G1 ) -RT
ln K1) in eq 1 represents the sum of two intrinsic constants
(k1 andk2) that are not necessarily equal. The macroscopic
constantK2 (∆G2 ) -RT ln K2) represents the equilibrium
constant for binding ligand to both sites (the product ofk1,
k2, and k12); it accounts for any positive or negative
cooperativity. Data for each peptide were normalized first
to the highest and lowest experimentally determined values.
To account for finite variations in the asymptotes of the
susceptibility profiles for different peptides, the function
[f(X)] used for nonlinear least-squares analysis of the
fractional abundance of each peptide was given by

where Yh t refers to the average fractional saturation as
described by eq 1 andY[x] low corresponds to the value of the
susceptibility at the lowest calcium concentration of the
titration being fit (24). Note thatspan is negative for a
monotonically decreasing signal. Values for all parameters
were fit simultaneously; for biphasic susceptibility profiles,
thespanwas fixed at 1.1 or-1.1. Data for complementary
primary cleavage products were fit separately and as
combined sets (Tables 1 and 2). Criteria reported bynonlin
(42) used for evaluating goodness-of-fit included (a) the value
of the square root of variance, (b) the values of asymmetric
65% confidence intervals, (c) the systematic trends in the
distribution of residuals, (d) the magnitude of the span of
residuals, and (e) the absolute value of elements of the
correlation matrix. An estimate of the free energy of
cooperativity was made with eq 3.

The value of∆Gc cannot indicate positive cooperativity if
there is none, but the precise numerical value may be in error
if the fundamental assumption about equivalency of sites (k1
) k2) is faulty. This estimate is used as a diagnostic
indicating the nature of intradomain cooperativity, but there
is little significance to small numerical differences between
resolved values (see43 for discussion). In the analysis of
calcium binding titrations, the resolved parameters that gave
the best fit indicated positive cooperativity (∆Gc) as had been
found in previous studies. A model forcing the sites to be

YII )
K1[X] 1 + 2K2[X]

2

2(1+ K1[X]
1 + K2[X]

2)
(1)

f(X) ) Y[x] low + Yt‚span (2)

∆Gc ) ∆G2 - 2∆G1 - RT ln 4 (3)
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equal and independent (∆Gc ) 0) was found unacceptable
on the basis of sinusoidal residuals (cf. Figure 3 of23 and
Figure 6 of24).
Gel Permeation Chromatography. Gel permeation chro-

matography studies of the isolated N- and C-domains were
performed as described previously (44). The isolated
domains were studied at pCa 8.86( 0.18 (apo) and pCa
2.84( 0.01 (saturated).
Analytical Ultracentrifugation. To test for self-association

at 22°C, sedimentation equilibrium studies were conducted
using a Beckman XL-I analytical ultracentrifuge with six-
channel equilibrium centerpieces (40). Purified proteins were
dialyzed extensively against 2 L of buffer A (50 mM HEPES,
100 mM KCl, 8 mM CaCl2, pH 7.40) or buffer B (50 mM
HEPES, 100 mM KCl, 8 mM EGTA, pH 7.40). Concentra-
tions were 19.3 mg/mL (apo CaM), 29.1 mg/mL (apo
N-domain), 14.8 mg/mL (apo C-domain), 22.9 mg/mL
(Ca2+

4-CaM), 33.5 mg/mL (Ca2+
2-N-domain), and 18.0 mg/

mL (Ca2+
2-C-domain). Using the dialysis buffers, proteins

were diluted to 0.5, 5, and 15 mg/mL. A mixture of the
isolated N- and C-domains was prepared by diluting the N-
and C-domain dialysates to either 0.5, 3, or 7 mg/mL of each
protein.
Absorbances of CaM, the isolated C-domain, and the

mixture of the isolated N- and C-domain samples at 0.5 mg/
mL concentrations were taken at 280 nm. The lack of
tyrosine and tryptophan residues in the isolated N-domain
required the use of a shorter wavelength (240 nm) for
detection of this domain. The same samples at higher
concentrations (5 and 15 mg/mL or 3 and 7 mg/mL for the
mixture of the isolated domains) were analyzed using
interference optics. Individual proteins were centrifuged at
15 000, 20 000, and 25 000 rpm; the mixture of the isolated
N- and C-domains was centrifuged at 18 000, 23 000, and
28 000 rpm. Data were fit to models for monomer, oligo-
mers, and nonideal species using HID, a nonlinear least-
squares analysis program written for the IBM-PC by Jeff
Lary (University of Connecticut).
Thermal Unfolding Monitored Spectrally. Thermal un-

folding was conducted on an AVIV 62DS CD spectrometer
equipped with a thermoelectric temperature controller and
an immersible thermocouple, accurate to(0.4°C. Proteins
were diluted to 15µM in a total volume of 3 mL of 2 mM
HEPES, 100 mM KCl, pH 7.40, and depleted of calcium
with the addition of buffered EGTA (>2-fold excess over
calcium sites). Samples were denatured at a rate of 1°C/
min. Ellipticity at 222 nm was averaged for 20 s every 30
s and stored with experimental measurements of temperature.
Analysis of curves obtained from re-unfolding the same
sample or increasing the rate of unfolding to 2°C/min
resulted in equivalent∆H°VH andTm values. The maximum
temperature reached in these unfolding studies was 96°C;
however, complete unfolding was observed at 80°C for all
three proteins. The pH of the sample decreased from 7.40
to 7.12 with heating to 92°C. Samples were rapidly cooled
to 0 °C; the percent renaturation for CaM was 95.6( 0.5%,
N-domain was 97.4( 0.7%, and C-domain was 94.3( 1.7%
(all values calculated on the basis of at least three trials).
Analysis of ∆H°VH and Tm. The data from thermal

denaturation of CaM and the isolated N-domain and C-
domain in the absence of calcium were fit to two models of
unfolding usingnonlin (42). A two-state model (eq 4)

describes unfolding as a single transition between a native
(N) and an unfolded (U) state.

A three-state model (eq 5) describes the unfolding of protein
in two transitions: native (N) denatures to an intermediate
(I) which then denatures to an unfolded (U) state.

The experimental observable (molar ellipticity in deg‚cm2/
dmol) was fit to these equations (45), wheref is the fraction
of the total population of protein in solution that occupies
the native (fN), intermediate (fI), and unfolded (fU) forms,y
is the intercept, andmi terms are the slopes of the signals
for the native, intermediate, and unfolded forms of calm-
odulin. A plateau for an intermediate in the unfolding
transitions was not apparent. Therefore, the slope of the
intermediate base line was fixed to have the value of the
average of the base lines for the native (mN) and unfolded
(mU) species. The contribution of each species to the overall
observed spectral signal was estimated based on its fractional
population (f) determined on the basis of the equilibrium
constants for unfolding between each species (Ki ) exp(-
∆Gi/RT)) using a modified Gibbs-Helmholtz equation (eq
6):

where∆H°i is the van’t Hoff enthalpy and∆Cpi is the heat
capacity where the subscripti refers to a specific transition
(i.e., N-I or I-U transition) (45, 46). In fitting the unfolding
data for CaM and the domains to a two-state model (eq 4),
all parameters were allowed to vary. However, in fitting
the data for CaM to a three-state model (eq 5),∆Cpi had to
be fixed at 0. Criteria for the “goodness-of-fit” were applied
as described above for resolution of free energies of calcium
binding.

RESULTS

Calcium-Binding Monitored by Fluorescence. Titrations
of CaM and the isolated C-domain were monitored by the
change in intrinsic tyrosine fluorescence to estimate the
energy of calcium binding to sites III and IV as shown in
Figure 2. The data were fit to eq 1, and all parameters (∆G1,

FIGURE 2: Calcium titration of calmodulin (4) and the isolated
C-domain (1) monitored by fluorescence. Curves simulated with
values from Table 2.

Yobs) fN(yN+mN
T) + fU(yU+mU

T) (4)

Yobs) fN(yN+mN
T) + fI(yI+mI

T) + fU(yU+mU
T) (5)

∆Gi ) ∆Hi(1- T
Tmi

) + ∆Cpi[(T- Tmi
) - T ln

T
Tmi

] (6)
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∆G2, span, and Y[x] low) were allowed to float; values are
reported in Table 1. Comparison of the resolved free
energies (∆G2) for binding two calcium ions to sites III and
IV indicated that the isolated C-domain had a slightly lower
affinity (0.25 kcal/mol) for calcium; however, there was no
difference in the calculated free energy of cooperativity (∆Gc)
for these two proteins. At least three trials for each protein
were compared to confirm the magnitude and direction of
this small difference.
QuantitatiVe Proteolytic Footprinting. Quantitative pro-

teolytic footprinting titrations of CaM using EndoGluC (23)
and thrombin (24) provide residue-specific probes of calcium-
induced conformational changes that may be used to estimate
calcium binding energies. Calcium binding to sites I and II
may be monitored by changes in the susceptibility of
glutamate 31 (E31 in helix B) to cleavage by EndoGluC and
arginine 37 (R37 in helix B) to cleavage by thrombin.
Calcium binding to sites III and IV may be monitored by
changes in the susceptibility of glutamate 87 (E87 in helix
E) to cleavage by EndoGluC and arginine 106 (R106 in helix
F) to cleavage by thrombin. The properties of whole CaM
were compared to the isolated N-domain and C-domain.
CaMVs the Isolated C-Domain. The susceptibility profiles

for both EndoGluC and thrombin footprinting of calcium
binding to the isolated C-domain showed a monotonic pattern
of calcium-induced protection (Figure 3). This was similar
to that observed for the same residue in whole CaM with
maximum cleavage occurring under apo conditions (Figure
3). From fits of the data to eq 1, the resolved free energies
(∆G1 and∆G2) and the calculated free energy of cooperat-
ivity (∆Gc) are listed in Table 1. Parameters resolved from
individual analysis of complementary primary cleavage
fragments (e.g., 1-87 and 88-148) are given in Table 1 to
indicate the quality and consistency of data sets that
contributed to the simultaneous analysis of both fragments.
Comparison of the total free energy (∆G2) for binding two

calcium ions to CaM and the isolated C-domain indicated
that the C-domain had an equivalent (0.07 kcal/mol higher)
affinity as monitored by EndoGluC footprinting and a 0.22

kcal/mol lower affinity than CaM as monitored by thrombin
footprinting. The calculated free energy of intradomain
cooperativity (∆Gc) was slightly higher (0.54-0.75 kcal/mol)
for the isolated C-domain as monitored by both EndoGluC
and thrombin.

Table 1: Calcium Binding to Sites III and IV of CaM Monitored by Fluorescence and Quantitative Proteolytic Footprinting

protein residue peptide ∆G1
a ∆G2 ∆Gc

b xVar
CaM Y138 -6.94( 0.11 -15.61( 0.02 -2.55( 0.22 0.005
C-domain Y138 -6.83( 0.11 -15.36( 0.02 -2.52( 0.21 0.005

CaM E87 bothc -7.14( 0.70 -15.66( 0.17 -2.20+ 1.00-∞ 0.073
1-87 -6.88( 1.46 -15.55( 0.26 -2.61+ 1.88-∞ 0.080
88-148 -7.29( 1.14 -15.79( 0.16 -2.02( 2.29 0.043

C-domain E87 both -6.91( 0.88 -15.73( 0.08 -2.74( 1.75 0.033
76-87 -6.91( 1.54 -15.73( 0.26 -2.72+ 1.85-∞ 0.048
88-148 -6.92( 0.90 -15.73( 0.08 -2.71( 1.80 0.030

CaM R106 both -7.33( 0.17 -15.57( 0.05 -1.73( 0.34 0.022
1-106 -7.34( 0.27 -15.58( 0.08 -1.72( 0.54 0.023
107-148 -7.31( 0.26 -15.56( 0.08 -1.74( 0.51 0.022

C-domain R106 both -6.84( 0.39 -15.35( 0.05 -2.48( 0.78 0.024
76-106 -6.78( 0.72 -15.33( 0.07 -2.59( 1.44 0.023
107-148 -6.90( 0.49 -15.37( 0.07 -2.39( 0.98 0.021

CaM E31d 32-148 -7.78( 0.64 -16.29( 0.27 -1.55+ 1.07-∞ 0.097
CaM R37d both -5.79( 3.46 -15.95( 0.08 -5.19+ 2.39-∞ 0.046

38-148 -6.20( 2.87 -15.92( 0.13 -4.35+ 2.21-∞ 0.052
aGibbs free energies fit according to eq 1 allowing heterogeneous and cooperative binding; kcal/mol (1 kcal) 4.184 J). To overestimate the

uncertainty in fitted values, the greater of the positive or negative limit of each asymmetric 65% confidence interval was tabulated.b Estimate of
cooperative free energy was calculated by eq 3, and errors were propagated bynonlin; this formulation provides a lower limit for the value of actual
cooperativity. Both limits of asymmetric confidence intervals are shown if they differed by more than 2-fold.c Susceptibility curves for both peptides
were analyzed simultaneously as a single data set.d Fits resolved from data in the phase of induced susceptibility, pCa range from 9.48 to 5.44.

FIGURE 3: Quantitative proteolytic footprinting of the residues in
the C-domain of CaM using the proteases EndoGluC (A) and
thrombin (B). CaM (4) and the isolated C-domain (1) were
dialyzed in the same series of buffers (see Experimental Procedures)
ranging from pCa 9.48 (apo) to 3.67 (saturating). Data presented
are a composite of at least two trials. Fragments generated in
thrombin proteolysis were 1-106 and 107-148 of CaM and 76-
106 and 107-148 of the isolated C-domain. Fragments generated
in EndoGluC proteolysis were 1-87 and 88-148 of CaM and 76-
87 and 88-148 of the isolated C-domain. Curves simulated based
on values given in Table 2.
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CaM Vs the Isolated N-Domain. Helix B of the first EF-
hand in CaM (see Figure 1B) is susceptible to cleavage by
EndoGluC at glutamate 31 (E31) and thrombin at arginine
37 (R37). In proteolytic footprinting titrations of whole
CaM, the susceptibility profiles of these residues (Figure
4A,B) were observed to be nonmonotonic (biphasic). Unlike
the calcium-induced protection of E87 and R106 in the
C-domain of CaM, the susceptibility of R37 and E31 was
low at both apo (pCa 9.48) and fully saturating (pCa 3.67)
calcium levels. As calcium bound to sites III and IV in the
C-domain (while sites I and II were vacant), the susceptibility
of E31 and R37 increased sharply to a maximum (in the
range of micromolar calcium). At calcium levels above
micromolar (i.e., at levels sufficient for binding to sites I
and II in the N-domain), conformational changes induced
by local binding of calcium protected E31 and R37 from
cleavage.
This alternating pattern of susceptibility indicated the

presence of an intermediate conformation of the N-domain
whose properties are not simply the average of the two end-
states (apo and fully saturated). In sharp contrast, the
susceptibility profiles of E31 and R37 in the isolated
N-domain were both monotonic (Figure 4A,B), and the
median calcium concentration was displaced to a lower value,
indicating higher affinity. Similar to the profiles for isolated
C-domain susceptibility, maximal cleavage occurred under
apo conditions (pCa 9.48).
As described previously (23, 24), the sharp transition

observed in the biphasic susceptibility of R37 or E31

prohibited a global analysis of the complete titration.
Therefore, the data were analyzed as two separate sets. The
phase of induced susceptibility from pCa 9.48 to 5.44
primarily reflected properties of calcium binding to sites III
and IV (see Table 2). Estimates of the energies of calcium
binding to the low-affinity sites (I and II) were obtained by
analyzing the phase of reduced susceptibility (i.e., increasing
protection) from pCa 5.66 to 3.67 (see Table 2).
Comparison of the total free energy for binding two

calcium ions (∆G2) to sites I and II of CaM and the isolated
N-domain (Table 2) indicated that the isolated N-domain had
a higher affinity for calcium, by 1.09 kcal/mol as monitored
by EndoGluC and by 1.76 kcal/mol as monitored by
thrombin footprinting.
Although the piecewise method of analysis can bias the

precise values of free energies that were resolved from the
biphasic curves, good agreement between prior studies of
calcium binding to sites I and II in whole CaM using 1-D
proton NMR (which provides monotonic curves based on
chemical shift changes;43) and proteolytic footprinting (23,
24) supports the differences observed here as being chemi-
cally significant. To demonstrate that the fitting approach
itself could not account for the full difference between the
median ligand concentrations for saturating sites I and II in
the isolated N-domain vs CaM, we conducted a global
analysis in which the free energies of the two phases of the
CaM curves were fixed at those determined for the two
isolated domains and values of both spans and intercepts were
fitted. In this case, it was not possible to resolve physically
meaningful fitted values of the ascending and descending
spans.
This demonstrated that there is no set of parameters that

can accommodate the data while keeping the domain free
energies of whole CaM identical to those of the isolated
domains. Thus, the observed separation in free energies is
not an artifact of nonlinear least-squares analysis, and the
interpretation that the isolated N-domain has a higher affinity
is well-founded despite the numerical limitations in piecewise
analysis. Ideally, in the future, this issue may be resolved
by the availability of proteases capable of probing residues
in the N-domain that have a monotonic response to calcium
binding.
Gel Permeation Chromatography. Studies of the isolated

domains were conducted in the absence and presence of
calcium at pH 7.4 to determine the calcium-induced change
in Stokes radius of the domains. Previous gel permeation
chromatography studies demonstrated that the Stokes radius
(Rs) of whole CaM decreased by∼1 Å (24.91 vs 23.95 Å)
upon binding calcium (44) and these values were signifi-
cantly larger than predicted based on molecular weight alone.
Upon binding calcium, theRs of both isolated domains
decreased∼1 Å; the N-domain decreased from 18.16( 0.12
to 17.18( 0.00 Å, and the C-domain decreased from 18.21
( 0.05 to 17.21( 0.04 Å. As expected on the basis of the
large degree of sequence and structural similarity of the N-
and C-domains, the domains have equivalent values ofRs at
equivalent levels of calcium saturation.
Analytical Ultracentrifugation. Sedimentation equilibrium

studies of CaM and the isolated N- and C-domains in the
absence of calcium were conducted to determine whether
the abnormal elution behavior of CaM and the isolated do-
mains was due to self-association. Results from these studies

FIGURE 4: Quantitative proteolytic footprinting of the residues in
the N-domain of CaM using EndoGluC (A) and thrombin (B). The
isolated N-domain (1) and CaM (4) were dialyzed in the same
series of buffers (see Experimental Procedures) ranging from pCa
9.48 (apo) to 3.67 (saturating). Data shown are a composite of at
least two trials. Fragments analyzed for EndoGluC proteolysis were
15-31 and 32-148 of CaM and 15-31 and 32-75 of the isolated
N-domain. Fragments analyzed for thrombin proteolysis were 1-37
and 38-148 of CaM and 1-37 and 38-75 of the isolated
N-domain. Curves simulated based on values given in Table 2.
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indicated that calmodulin and the isolated domains are
primarily monomers in solution under apo and saturating
conditions at 0.5 mg/mL concentrations and the isolated N-
and C-domains remain as monomers when mixed together.
The average molecular mass resolved for apo CaM was
16 846( 1.507 g/mol (16 695 predicted from sequence);
for Ca2+

4-CaM, it was 15 971( 1.203 g/mol. Values for
the isolated domains were 7647( 1150 g/mol for the apo
N-domain (8311 predicted), 8877( 1013 g/mol for the
Ca2+

2-N-domain, 8255( 597 g/mol for the isolated apo
C-domain (8401 predicted), and 9261( 595 g/mol for the
Ca2+

2-C-domain.
Thermal Unfolding Monitored Spectrally. Thermal un-

folding of apo forms of CaM, the isolated N-domain, and
the isolated C-domain was monitored by changes in circular
dichroism. Figure 5A presents the molar ellipticity at 222
nm as a function of temperature. Differences in properties
of the native states of these proteins and the shapes of the
unfolding transitions were evident. The molar ellipticity of
the native proteins (taken to be an indicator of the fraction

of residues in helical conformation) was observed to be
lowest for the C-domain, which was lower than whole CaM
which was lower than the N-domain.
The raw data (Figure 5A) were fit to models for two-state

(eq 4; one transition) and three-state (eq 5; two transitions)
unfolding processes; the resolved parameters (∆H°VH, Tm,
∆Cp) are presented in Table 3. The unfolding transitions
were simulated using the best-fit parameters resolved from
these models. The numerical differences between the
simulated transitions (for either model) and the raw data were
too small to discern by visual inspection (e0.8%); therefore,
only the raw data are shown in Figure 5A; residuals are
shown in Figure 5B-D.
For CaM, the residuals (Figure 5C) from a fit to the three-

state model (eq 5) were much more random and had a smaller
span than those from a fit to the two-state model, clearly
indicating that the unfolding transition for CaM in the
absence of calcium was best described by a three-state model
(two unfolding transitions). The two transitions were
separated by more than 10°C in Tm and 16 kcal/mol in van’t
Hoff enthalpy.
The unfolding transitions for the N-domain and C-domain

were fit to both the two-state and three-state models.
However, the differences in the error statistics were too small
to discriminate between models. Furthermore, the resolved
parameters from fits of these data to the three-state model
were highly dependent upon the initial guesses, indicating
multiple local minima. Thus, in Table 3, for the isolated

Table 2: Calcium Binding to Sites I and II Monitored by Quantitative Proteolytic Footprinting

protein residue peptide ∆G1
a ∆G2 ∆Gc

b xVar
CaM E31c 32-148 -6.13( 0.84 -13.62( 0.29 -2.16+ 1.17-∞ 0.075
N-domain E31 bothd -7.18( 0.39 -14.71( 0.16 -1.17( 0.78 0.057

15-31 -7.15( 1.14 -14.67( 0.29 -1.18( 2.27 0.074
32-75 -7.20( 0.33 -14.74( 0.14 -1.15( 0.67 0.036

CaM R37c both -5.91( 0.55 -12.82( 0.13 -1.82( 1.11 0.055
1-37 -5.74( 0.69 -12.78( 0.20 -2.12+ 1.02-∞ 0.059
38-148 -6.05( 0.70 -12.86( 0.20 -1.57( 1.40 0.052

N-domain R37 both -7.18( 0.21 -14.58( 0.11 -1.04( 0.45 0.038
1-37 -7.25( 0.36 -14.59( 0.19 -0.89( 0.72 0.044
38-75 -7.11( 0.28 -14.58( 0.13 -1.18( 0.59 0.032

aGibbs free energies fit according to eq 1, allowing heterogeneous and cooperative binding; kcal/mol (1 kcal) 4.184 J). To overestimate the
uncertainty in fitted values, the greater of the positive or negative limit of each asymmetric 65% confidence interval was tabulated.b Estimate of
cooperative free energy was calculated by eq 3, and errors were propagated bynonlin; this formulation provides a lower limit for the value of actual
cooperativity. Both limits of asymmetric confidence intervals are shown if they differed by more than 2-fold.c Fits resolved from data in the phase
of induced protection, pCa range from 5.44 to 3.67.d Susceptibility curves for both peptides were analyzed simultaneously as a single data set.

FIGURE 5: (a) Thermal unfolding studies of 15µM C-domain
(- -), CaM (s), and N-domain (- - -) per Experimental
Procedures. Residuals of fits to two-state model (O, eq 4) and three-
state model (b, eq 5, CaM only) based on values given in Table 3
for (B) C-domain, (C) CaM, and (D) N-domain.

Table 3: Thermal Unfolding of Apo CaM, N-Domain, and
C-Domaina

proteinb modelc Tm (°C)
∆H°VH

(kcal/mol)
∆Cp

[cal/(K‚mol)] xVar
C-domain N-U 49.89( 0.05 34.67( 0.18 804( 29 0.132
N-domain N-U 49.73( 0.08 45.57( 0.36 727( 123 0.368
CaM N-I 47.35( 1.15 28.14( 1.25 0.436

I-U 59.95( 0.67 44.17( 1.46
N-U 52.41( 0.17 27.01( 0.48 604( 44 0.952

a Thermal unfolding studies were performed as described under
Experimental Procedures.b Isolated N-domain is comprised of residues
1-75 of CaM while the C-domain consists of residues 76-148; CaM
is full-length protein, residues 1-148. cData were fit to two-state (N-
U; eq 4) and three-state (N-I-U; eq 5) models of unfolding. In the
three-state analysis of the N- and C-domain data, no best set of
parameters could be selected from among multiple local minima that
were found to have a strong dependence upon initial guesses.
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domains, only analysis according to the two-state (single
transition) model is given. Although the resolved melting
temperatures of the isolated domains are almost identical,
the van’t Hoff enthalpy of the stability of the N-domain was
approximately 11 kcal/mol more favorable than that of the
C-domain. The unfolding properties of whole CaM did not
correspond to a sum of these properties resolved for the two
isolated domains.

DISCUSSION

Understanding the mechanism of calcium activation of
CaM requires knowledge of the populated CaM conforma-
tions at intermediate levels of saturation (between zero and
four calcium ions bound). These ensemble distributions are
determined by the relative energies of calcium binding to
each site and cooperative interactions between sites and
domains. Although early studies of CaM suggested that the
N- and C-domains bound calcium independently of one
another (33, 47), many approaches for probing energetics
and conformational change in CaM have suggested other-
wise. These include microcalorimetry studies (31, 32, 48),
quantitative proteolytic footprinting (23, 24), NMR (27, 43,
49, 50), circular dichroism and fluorescence (51-55), and
studies of site-knockout mutants of CaM (25, 26).
Quantitative proteolytic footprinting titrations using the

proteases EndoGluC and thrombin were used to estimate
energetics of cooperative calcium binding to CaM by
correlating calcium-dependent residue-specific conforma-
tional changes to site occupancy (23, 24). An unexpected
finding was that the proteolytic susceptibilities of bonds for
residues E31, R37, and S38 in helix B in the N-domain
increased in response to calcium binding to sites III and IV
in the C-domain. A decrease in susceptibility was seen when
calcium bound “locally” to sites I and II. This behavior was
interpreted as providing direct evidence for interdomain
interactions. It argued against the apo form of CaM
maintaining an extended conformation similar to that ob-
served crystallographically (Figure 1B); there, for example,
the R-carbon of E31 is more than 40 Å away from the
calcium ions in sites III and IV.
The biphasic susceptibility of helix B could indicate that

its conformation in the apo form of whole CaM depends on
the presence of the C-domain and that constraints are released
upon calcium binding to sites III and IV. However, it is
equally possible that there are no interactions between apo
domains and that calcium binding to the C-domain initiates
interactions such that helix B rearranges from a “native” state
of the helix found in both whole CaM and isolated N-domain.
To distinguish between these possibilities, we compared the
isolated domains to CaM. Previous studies using trypsin
proteolysis to generate domains resulted in a mixture of
fragments terminating at lysine 75 and/or lysine 77 (21, 56,
57). Bacterial overexpression allowed the purification of
homogeneous preparations of each half-molecule.
Calcium Binding to Sites III and IV. Analysis of the

calcium titrations of the isolated C-domain monitored by
tyrosine fluorescence (Y138, Figure 2) and quantitative
proteolytic footprinting (E87 and R106, Figure 3) indicated
that sites III and IV in the isolated C-domain bind calcium
cooperatively as was observed for whole CaM. The resolved
free energies for CaM agreed well with those reported

previously (23, 24); slight variations are attributed to small
differences in buffer components (i.e., slightly different KCl
concentrations). The difference (∆∆G2) between the re-
solved total free energies of binding two calcium ions to
sites III and IV (CaM- C-domain) ranged from-0.25 to
-0.34 kcal/mol (more favorable binding to CaM; Table 1).
Thus, the N-domain of whole CaM appears to have a
minimal effect on the calcium binding properties of sites III
and IV.
Calcium Binding to Sites I and II. The quantitative

proteolytic footprinting titration of whole CaM showed a
biphasic susceptibility at E31 and R37 in helix B as observed
previously (23, 24). In contrast, these positions in the
isolated N-domain were monotonically protected by calcium
binding, and their intrinsic susceptibility in the apo state was
similar to the maximum value observed for whole CaM under
conditions of identical proteolytic exposure. This demon-
strates unequivocally that the induced susceptibility of helix
B in whole CaM is caused by conformational rearrangements
of the C-domain affecting the N-domain.
In agreement with previous studies (23, 24, 27, 33, 58-

60), the calcium affinity of sites I and II was lower than
that of sites III and IV. This was true for CaM and the
isolated N-domain, but unexpectedly, there was a difference
between them (∆∆G2 ) CaM - N-domain) of+1.1 kcal/
mol (per E31) to+1.8 kcal/mol (per R37) indicating less
favorable binding to CaM. Although these differences are
small, they are larger than the errors of the analysis.
An advantage of the proteolytic footprinting method of

monitoring an equilibrium calcium titration is that samples
of each of the three proteins had been dialyzed literally in
the same beaker of buffer. Thus, their calcium levels were
identical, and precise conclusions regarding their relative
responses can be made. Thus, we conclude that calcium
binding to sites I and II is penalized by the presence of the
C-domain. This difference may reflect anticooperative
interactions between the domains similar to that observed
in CRP dimers (61), or it may reflect a penalty of “assembly”
(i.e., covalent linkage of the domains) analogous to the
decrease in oxygen affinity that occurs when hemoglobin
dimers associate to form tetramers (62).
This penalty is not reciprocal in magnitude for the two

domains. It is interesting to note that when a pair of sites
have well-separated intrinsic affinities for ligand, the free
energy of cooperativity may partition such that almost all
of the effect is observed as a change in the median ligand
activity of the weaker site (see Figure 5 in63). For
anticooperative interactions (∆G > 0), this will serve to
separate the medians. This phenomenon may explain
interactions between the “strong” C-domain and “weak”
N-domain of CaM.
Biphasic Response of the N-Domain. The sharp transition

in susceptibility profiles for E31 and R37 precluded simul-
taneous analysis of all parameters for both transitions; some
subset of them had to be fixed. For this reason, the data
were analyzed as two separate transitions with the numerical
constraint that the maximum susceptibility of each transition
is equal. This approach can introduce a bias in the resolved
free energies. Although prior NMR studies of calcium
titrations of whole CaM agreed well with values resolved
from footprinting the same samples, we used the following
approach to determine whether the∆∆G2 between calcium
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affinities for the N-domain and CaM could be an artifact of
this fitting procedure. The biphasic profiles were fit using
eq 7 [a simple sum of functions (eq 2) used in the separate
analysis of the increasing and decreasing susceptibilities]:

where the subscript I refers of the phase of increasing
susceptibility and D denotes the decreasing phase. Using
eq 7 and fixing the values of the free energies equal to those
resolved for the isolated domains, we found that the resolved
values of the span were physically unreasonable ((∼7).
Therefore, we conclude that estimating a nonzero value of
∆∆G2 is not an artifact of the fitting procedure and that the
C-domain affects calcium binding to sites I and II. Studies
of the isolated domains using NMR or a different protease
that monitors a monotonic response for calcium binding in
the N-domain will be required to hone the quantitative
estimate of the difference.
Hydrodynamic Analyses. CaM was found to have a large

Rs which was interpreted as reflecting its elongated shape
(44). Calcium binding decreased theRs of CaM. To separate
the contributions of changes within domains and changes in
the orientation of domains, the domains were studied
individually. The Rs values of the isolated domains de-
creased upon calcium binding but were also notable for being
much larger than predicted based on molecular weight.
Although NMR solution studies of the isolated domains have
demonstrated that they are not extended (22, 64, 65), theRs
values suggest that the domains are not tightly packed.
Sedimentation equilibrium studies confirmed that all behaved
as monomers under the conditions of this study and that the
isolated domains did not interact when mixed.
Thermal Unfolding Studies. To explore whether domain

interactions affected stability, apo CaM and the isolated
domains were thermally denatured (Figure 5). The unfolding
curves for the domains were well-described by a two-state
model (single transition) with a nonzero heat capacity.
Although the systematic inflections in the residuals for the
fit of the N-domain (Figure 5D) suggest that the two-state
model was not completely adequate, it was not possible to
obtain unique fits to a three-state model for either domain.
The slopes of the base lines of these curves indicate that the
apo proteins at 5°C are not tight globular units, consistent
with theRs measurements. TheTm and∆Cp values for the
isolated domains were almost identical; their enthalpies of
unfolding were separated by 11 kcal/mol, consistent with
calorimetric studies (31).
The unfolding of CaM was better described by a three-

state model (two transitions) (Figure 5C; Table 3) than a
two-state model (N-U). The resolved values for the two
transitions were similar to other studies of CaM (7, 31, 48).
However, there were notable differences when compared to
the values resolved for the isolated domains. TheTm values
for the transitions were no longer equivalent (∆Tm of ∼12
°C), and the∆H°VH values were separated further (∆∆H°VH
of ∼16 kcal/mol). Although it is simplest to assume that
the two transitions correspond to the sequential unfolding
of the C-domain (N-I) followed by the N-domain (I-U), it
should be noted that these unfolding studies cannot provide
a unique assignment of the two fitted unfolding transitions.
This interpretation would be consistent with the changes in

molar ellipticity seen for the isolated domains (33) and
calorimetric comparisons (31).
Apo Domain Interactions. We conclude that the apo

domains of CaM interact (i.e., their properties are a function
of context) because the sum of the enthalpies of unfolding
the isolated domains does not equal the enthalpies of each
transition in whole CaM. This is in good agreement with
unfolding studies of apo SynCaM and mutants (48). Al-
though it is possible that the boundaries for unfolding CaM
do not coincide with the division of the domains, this would
still be consistent with the interpretation that the domains
do not behave independently when tethered as whole CaM.
The proteolytic footprinting studies also demonstrate interac-
tions between domains. Both the energetics of calcium
binding and susceptibility properties of the N-domain are
linked to the presence and calcium-binding behavior of the
C-domain.
An unexpected finding of this study was the 1-2 kcal/

mol decrease in calcium affinity of sites I and II in CaM
relative to the isolated domain. The mechanism of this
difference is not understood, but the physiological conse-
quences may be important for targets that are more sensitive
to properties of one domain than the other (8, 66). Evidently,
both intradomain and interdomain interactions in CaM have
a role in the signal transduction processes controlled by
calcium activation of CaM.
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