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ABSTRACT: Calmodulin (CaM) is the primary calcium sensor in eukaryotes. Calcium binds cooperatively
to pairs of EF-hand motifs in each domain (N and C). This allows CaM to regulate cellular processes via
calcium-dependent interactions with a variety of proteins, including ion channels. One neuronal target is

Na,1.2, voltage-dependent sodium channel type Il,

to which CaM binds via an 1Q motif within {He2Na

C-terminal tail (residues 19611938) [Mori, M., et al. (2000Biochemistry 391316-1323]. Here we
report on the use of circular dichroism, fluorescein emission, and fluorescence anisotropy to study the
interaction between CaM and Mh2 at varying calcium concentrations. At 1 mM MgCboth full-

length CaM (CaM-149) and a C-domain fragment (Cabli4g) exhibit tight (nanomolar) calcium-
independent binding to the N&.2 IQ motif, whereas an N-domain fragment of CaM (Gapd binds
weakly, regardless of calcium concentration. Equilibrium calcium titrations of CaM at several concentrations
of the Na,1.2 1Q peptide showed that the peptide reduced the calcium affinity of the CaM C-domain sites
(IlM'and IV) without affecting the N-domain sites (I and Il) significantly. This leads us to propose that the
CaM C-domain mediates constitutive binding to theyN& peptide, but that interaction then distorts
calcium-binding sites Il and 1V, thereby reducing their affinity for calcium. This contrasts with the CaM-
binding domains of voltage-dependenfCeahannels, kinases, and phosphatases, which increase the calcium

binding affinity of the C-domain of CaM.

Calmodulin (CaM) is an essential eukaryotic protein that
consists of 148 amino acids~(7 kDa) and has two
sequentially and structurally homologous domains: the
N-domain (CaM-go,* which encompasses calcium-binding
sites | and 1) and the C-domain (CaMi4s Which encom-
passes calcium-binding sites Ill and V). Each CaM domain
contains two EF-hand, helidoop—helix, calcium-binding
motifs. Between the domains is a flexible linker region,
comprised of residues #B0 (see Figure 1A), which not
only tethers the two domains but also lowers the calcium
binding affinity and increases the thermal stability of the
N-domain @, 2). The two calcium-binding sites in each
domain bind calcium cooperatively, with calcium-binding
sites Il and IV having a higher affinity than sites | and Il
(3—6). CaM is important in numerous cell signaling path-
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ways (f—12) and is involved in regulation of metabolic
enzymes, cyclases, esterases, phosphatases, kinases, cytosk-
eletal molecules, and ion channels3),

As more CaM targets have been identified, it has been
suggested that CaM functions in regulation of ion channel
gating (7). CaM has been shown to interact with the
C-terminal tail of several ion channels, including those of
the NMDA (14—16), SK (17), L-type C&" (18, 19), and
P/Q C&" (20) families. Nagayama and colleagues first
demonstrated such an interaction in the type Il isoform
(Na,/1.2) of the rat neuronal voltage-dependent sodium
channel (VDSC) 21). This particular VDSC isoform is
necessary for the propagation of an action potential along
unmyelinated axons2@, 23).

The VDSC is comprised of one-subunit (260 kDa) and
one or morefS3-subunits (33-36 kDa each) 24). The
o-subunit of the channel is the pore-forming entity and is
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1 Abbreviations: apo, calcium-depleted; Cas, full-length mam-
malian calmodulin, residues-1148; CaM-go, N-domain fragment of
calmodulin, residues-180; CaMs-145, C-domain fragment of calm-
odulin, residues 76148; CD, circular dichroism; EGTA, ethylene
glycol bis(aminoethyl etherd,N,N',N'-tetraacetic acid; F-N4.2 1Qp,
fluorescein-labeled peptide corresponding to residues-19927 from
Nas/1.2; F-STOP, splice variant of stable tubule-only polypeptide;
HEPES N-(2-hydroxyethyl)piperazin®¥-2-ethanesulfonic acid; Na.2,
neuronal voltage-dependent sodium channel type N1NAIQp, peptide
corresponding to residues 1901927 from Na1.2; NTA, nitrilotri-
acetic acid; Oregon Green, Oregon Green 488 BAPTA-5N.
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channel inactivation occurs via an interaction involving the
intracellular loop between domains Il and 1XtZ, 25) and
the C-terminal tail 26—29) of the a-subunit that results in
channel closure. The proximal half of this tail has been
modeled to contain sixt-helices £8), and deletion of the
putative sixtho-helix region slows recovery from inactiva-
tion, maintaining the channel in a closed, inactivated state
(26, 28, 29). A classic CaM-binding 1Q motif [(I,L,V)-
QXXXRXXXX(R,K), where X is any amino acid (Figure
1B)] lies between residues 1901 and 1927 within the
proposed sixth-helix region of the Nal.2 isoform of the
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calcium-dependent sodium and potassium channel currents,
and the responsible mutations were mapped to the CaM-
encoding gene. Under-reacting mutations, which localized
between sites | and Il or in site Il of the CaM N-domain,
were shown to affect only sodium conductance. In contrast,
over-reacting mutations were found to localize within sites
[l and IV and in the fourth helix of the C-domain and
affected only potassium conductance. Subsequently, the two
CaM domains have been shown to have distinct roles in

B ‘s ‘s . regulating other ion channels, including the ryanodine

KRKQEEVSAILIQRAYRRYLLKQKVKK receptor 86), the NMDA receptor 16), and the L-type
1927 calcium channel37, 38). Apo (calcium-depleted) CaM can

associate (via the C-domain) with these targets prior to
calcium influx.

Atomic-resolution structures of CaM bound to peptides
derived from several target proteins have shown that CaM
can interact with targets at various degrees of calcium
saturation. For example, calcium-saturated CaM f{Ea
CaM] is bound to a small peptide from skeletal myosin light
chain kinase (PDB entry 2BBM)30); on the other hand,
(Ca*),-CaM (sites Il and IV occupied) binds to a large
820 fragment of the anthrax edema factor (PDB entry 1K90),(
and (C&"),-CaM (sites | and Il occupied) binds to a fragment
of the SK channel (PDB entry 1G4Y3D). A recent high-
resolution structure of 2 equiv of apo CaM bound to a peptide
containing the first two IQ motifs in the myosin V heavy
chain (Figure 1C; PDB entry 21X7) illustrates that one CaM

Ficure 1: Structures of CaM and a helical model of\Na2 1Qp.

(A) Ribbon drawing of a 1.7 A crystal structure of j-CaM inter_acts with each IQ motif, with each CaM C-domain in a
(PDB entry 1cll) 66). The N-domain (blue), C-domain (red), and ~ semi-open conformation and each CaM N-domain in a closed
flexible linker region shared by both domains (residues-8®) conformation 42). Therefore, it is clear that complete

(black) are shown. Aromatic residues are represented as sticks, an%alcium occupancy of CaM is not required for target
tyrosine (green) and phenylalanine (violet) are indicated. Calcium

and its binding sites are labelegtV (yellow). (B) Sequence and association. The effect of cr?\lcipm binding on thi's'association,
helical model representation of Ma2 IQp (residues 19611927). however, is not clear and is likely target-specific.
Asterisks above the sequence highlight residues that define the IQ The mechanism by which CaM associates and activates
mOJif-YEigsligc r(eSrigéJr?)S (ﬁ'lé% ?]Cc;gllg rreessi(ijduue:s(r(e?e)l’lc%)osg]r?c? Yé%lr? the VDSC is not known. Studies of the \a5 isoform
an , , T . e -
uncharged regidues (gr):aly) |Fr)1 the model are inydicated. © I'\E)ibbon indicate .that apo CaM binds to t.he N@S l.Q motf via its
drawing of apo CaM (N-domain, blue; C-domain, red) in complex C-domain, and both CaM domains bind in the presence of
with a peptide (green, residues 76320) containing the first two  calcium, albeit with weaker affinity43). This model of
égzgn%gllscgnahgi%%gi irtl;)éogirfel \éof;gse\/é/ ;2%3\/('1%%53%)/32\)\/)&)3 domain-specific association is consistent with those proposed
: S IV ; for interactions of CaM with other ion channel3gf. The
grnedat'aggs;r:go%t.)ggls.s (MIPS3-IRIX 6.2, Tripos Associated Inc.) structures of apo CaM bound to the 1Q motifs of myosin V
(42) support this model and suggest that the interaction of
ion channel 21). Targets containing this motif primarily  an IQ motif with the C-domain would be energetically more
associate with CaM in a calcium-independent fashig0).( favorable than that with the N-domain. Studies of interaction
A ClustalW alignment of the 1Q-containing CaM binding of CaM with C-terminal fragments of Na.2 (residues
region of Ng1.2 identified a high degree of sequence identity 17771937) and Nal.5 (residues 17731940) illustrate a
to corresponding regions of all 10 known human VDSC calcium-independent association that is required for proper
isoforms @1, 32). A helical representation of the IQ motif  folding of these termini and show that association decreases
from rat Ng /1.2 is shown in Figure 1B. the affinity of the C-domain of CaM for calciundd). It is
Recent studies of VDSC isoforms \a4, Ng/1.5, and not clear whether each domain of CaM has a separable role
Na,1.6 have shown that CaM binding is necessary for the in this interaction or what effect this interaction has on the
generation of functional sodium currents, suggesting that calcium affinity of the N-domain of CaM. In this study, we
CaM plays a regulatory role with regard to these channels compared the binding affinity of full-length CaM (CaMas)
(29, 33, 34). It is possible that the N- and C-domains of CaM and fragments of the domains, as represented by,CaM
have distinct regulatory roles in sodium channel modulation, and CaMs-145 for a peptide derived from the N&.2 1Q
as they do for other channels. The first physiological evidence motif region (residues 19641927, Na1.2 IQp), under both
of differential roles for the two domains of CaM came from calcium-depleted and calcium-saturating conditions. The
in vivo studies reported by Kung and associa@s).(These results show that the C-domain of CaM binds with very high
investigators performed a genetic screen of mutagenizedaffinity (<10 nM) in a calcium-independent manner, and the
Parameciumand identified two classes of viable mutants: interaction with the N-domain is orders of magnitude weaker.
those that under- or over-reacted to chemical stimuli. These Our conclusions, which are based on circular dichroism
mutants were found to be defective in the regulation of their (CD), fluorescence emission spectra, and anisotropy analyses,
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lead us to suggest that CaM preassociates with the 1Q peptide

from this ion channel (i.e., is bound at low intracellularCa
concentrations) via its C-domain. Equilibrium calcium ti-
trations show that the calcium affinity of sites Ill and IV in
the C-domain decreases significantly upon addition afINa
IQp, while the calcium affinity of sites | and Il in the
N-domain increases slightly, resulting in an overall decrease
in the calcium affinity of the molecule. This is in contrast to
most earlier studies of the calcium binding affinity of CaM
bound to a peptide, which have shown that the addition of
the peptide leads to an increase in calcium affinity 36,
45-50). Our data represent the first direct demonstration that
this 1Q motif leads to a selective decrease in the calcium
affinity of the C-domain to an extent such that the N-domain
has a slightly higher affinity than the C-domain.

MATERIALS AND METHODS

Overexpression and Purification of CalmoduliReagents
were of the highest grade commercially available. Full-length
mammalian calmodulin (CaMi4g) and both the N-domain
(CaM;-gg) and C-domain (Cah-14¢) fragments were cloned
and overexpressed using standard methd)s The proteins
were purified as described by Putké&?), with a subsequent
10 min incubation at 80C in the presence of a saturating
level of calcium (10 mM CaG]) to precipitate any remaining
contaminating proteins. The recombinant proteins were 97
99% pure as judged by silver-stained SBFAGE or
reversed-phase HPLC. Protein concentrations were deter
mined from UV absorbance in 0.1 N NaOH, and the
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Ficure 2: Effect of Na,1.2 1Qp on circular dichroism spectra of
CaM. Observed spectra of apo (A) or calcium-saturated (B) CaM
(5 uM) [CaM;-go (blue), CaMse-14g (red), and CaM-14g (green)]
alone (dotted curves) and in the presence of INa IQp (7uM;

thick solid curves). Simulated spectra (thin solid curves) represent
the sum of the spectra of CaM alone (dotted curves) andLRa
1Qp (7 uM, solid black curve). The buffer consisted of 2 mM
HEPES, 100 mM KCI, 5 mM NTA, 0.05 mM EGTA, and 1 mM
MgCl, (pH 7.4) at 22°C with or without 10 mM CaGCl Insets

phenylalanine and tyrosine content was estimated using theshow the percent increase in negative ellipticity at 222 nm of the

extinction coefficients reported by Beaven and Holida$)

PeptidesThe N& 1.2 IQ peptide (N@l.2 IQp) corresponds
to residues 19011927 of the a-subunit of rat Nal.2
(acetyl-Lys-Arg-Lys-GIn-Glu-Glu-Val-Ser-Ala-lle-Val-lle-
GlIn-Arg-Ala-Tyr-Arg-Arg-Tyr-Leu-Leu-Lys-GIn-Lys-Val-
Lys-Lys-coNH) and has a molecular mass of 3402.15 Da
as measured using MALDI-TOF (University of lowa College
of Medicine Molecular Analysis Facility). Addition of 5,6-
carboxyfluorescein label to the amino terminus of the peptide
(resulting in F-Ng1.2 1Qp) increased the molecular mass
to 3720.01 Da (MALDI-TOF). Both were synthesized at the
W. M. Keck Biotechnology Resource Center (Yale Univer-
sity, New Haven, CT) and found to be 99% pure by HPLC
analysis.

Circular Dichroism (CD) Spectra were recorded using
an Aviv 62DS instrument wit a 1 cmpath length quartz
cuvette (QS 1.000), and scanning from 260 to 215 nm in
0.5 nm increments; five scans were averaged for each sampl
and a minimum of three independent replicates were
conducted. Spectra for apo Calvhs, CalVh—go, and CaMe-145
(5 uM) with and without Ng1.2 1Qp (7uM) were recorded
in 2 mM HEPES, 100 mM KCI, 5 mM NTA, 0.05 mM
EGTA, and 1 mM MgC} (pH 7.4) at 22°C. To ensure

e

CaM with Na,1.2 1Qp sample beyond that expected for noninter-

acting solutes, calculated as#Ses — A63s (eq 1). Bar graph

colors correspond to forms of CaM shown in panels A and B.

CaM alone (5uM), to indicate the expected result for
noninteracting solutes.

The ellipticity of CaM alone (Figure 2, dotted curves) was
used as a reference state to compare the ellipticity of solutions
of (i) Nay1l.2 IQp and apo CaM (Figure 2A, thick solid
curves) and (i) Nal.2 IQp and calcium-saturated CaM
(Figure 2B, thick solid curves) and (iii) simulated spectra
(Figure 2, thin solid curves) obtained by adding those of CaM
alone to that of the peptide alone according to eq 1

9222 - 0250
CaM CaM
0222 - 9250

AOyy,= 1)

wheref,,, (representative of the most negative signal) and
0250 (representative of the baseline “zero” signal) are the
ellipticities at 222 and 250 nm, respectively, afigh’ and
652 are the observed ellipticities of CaM alone at 222 and
250 nm, respectively. The value used g, or 655" was

obtained by averaging five readings between 221 and 223

calcium depletion, EGTA was added to each sample to anm to minimize the contribution of instrument noise. The

final concentration of 20@M. Calcium saturating conditions
were achieved by adding concentrated Ga@lthe same
buffer to a final concentration of 10 mM. Figure 2 shows
() representative experimental spectra ofyNa 1Qp,
CaMi—145, CaMi_go, and CaMs-145 alone, (b) spectra of
solutions of CaM and Nd.2 IQp, and (c) simulations of
the sum of average spectra of\Na2 IQp alone (M) and

fractional change in ellipticity in excess of that attributed to
individual solutes AA0,,in Figure 2 insets) was calculated
as the difference im0z, for the observed spectra and the
ABs,, for the simulated spectra\@Ses — AG5a).

Fluorescein Emission Spectra of F-Xa2 1Qp Emission
spectra of fluorescein in F-N&.2 IQp (1 uM) with or

without 3 uM CaM;_145, CaMh—go, Or CaMs-145 Were



Calmodulin Binding to the 1Q Motif of Ngl.2

Apo Ca2+

0.5 A I A\

0.0

1.0

0.5

0.0

1.0

0.5

Normalized F-Na,1.2 IQp Emission Intensity

0.0

500 550 600 500 550 600

Wavelength (nm)

Ficure 3: Change in fluorescein emission spectra of kN2 1Qp
upon addition of CaM. Normalized emission spectra of\ apo

(dashed lines, left panels) and calcium-saturating (dashed lines, right

panels) F-Nal.2 IQp alone (solid lines) and after the addition of
BﬂM CaMi—148 (A and B), CaM-go (C and D), or CaMs-148 (E
and F) in 50 mM HEPES, 100 mM KCI, 5 mM NTA, 0.05 mM
EGTA, and 1 mM MgC} (pH 7.4) at 22°C with or without 10
mM CaChk (Aex = 430 nm).

collected with a Fluorolog 3 fluorimeter (Jobin Yvon, Edison,
NJ) at 0.5 nm increments usingla of 430 nm, slit widths

(equivalent to bandpasses) of 2 nm (excitation) and 10 nm

(emission), and a temperature of 22. Apo samples in 50
mM HEPES, 100 mM KCI, 5 mM NTA, 0.05 mM EGTA,
and 1 mM MgC} (pH 7.4) at 22°C were saturated with
calcium by the addition of Caglin matching buffer to a

Biochemistry, Vol. 47, No. 1, 2008.15

Table 1: Equilibrium Binding Constants of CaM Binding to
F-Na,1.2 1Qp

apad calcium-saturated
protein Kd AGass? Ka AGass?
CaMi—148 <10nM <-10.8 <10 nM <-10.8
CaMigo 132+ 3uM —5.244+0.02 5.40+2.96uM —7.18+0.35
CaMre-148 <25nM <-10.27 <75nM <-9.62

2 The buffer contained 50 mM HEPES, 100 mM KCI, 5 mM NTA,
0.05 mM EGTA, and 1 mM MgGlwith or without 10 mM CaCl (pH
7.4).° AGassn= —RTIN(1/Ky), reported in kilocalories per mole (1 kcal
= 4.184 kJ).

and horizontally emitted light5d). Each anisotropy reading
resulted from monitoring the samplerf@d s and averaging
at least three readings.

Each curve was normalized to th&g..x of F-Na,1.2 1Qp
[(R« = Rmin)/(Rmax — Rmin)] @and plotted against the total CaM
concentration ([CaMa]). The F-Ng1.2 IQp—CaM complex
exhibited a 1:1 stoichiometry. To estimate the affinity of
CaM for F-Ng,/1.2 IQp, normalized data were fit to a one-
site Langmuir binding isotherm described by eq 3 using
NONLIN (55)

7 _ Ka[CaMfree] (3)

114K J[CaM,d

whereK, represents the association constant (the reciprocal
of the dissociation constaniKy) and [CaMd equals the
concentration of unbound CaM, calculated from the two
independent variables, [Ca] and the total concentration
of Nay1.2 ([F-Na/1.2 1Qpotal]), according to the quadratic
equation (eq 4)

—b=+ \/bz - 4Ka(_[caMtotal])
2K

[CaMfree.l = (4)

a

final concentration of 10 mM. Each spectrum was normalized Whereb = 1 + KJF-Na,1.2 IQpota] — Ko{CaMra]. The

[(Fx - me)/(Fmax - me)] tO theimax (518 nm) Of F'Nal.z

affinity for apo and calcium-saturated CaM, was weak,

IQp alone, was corrected for dilution, but was not corrected and [CaMee = [CaMuoia]. However, the affinity for apo and
for the wavelength response characteristics of the instrument.calcium-saturated CaMi4s and CaMe-145 Was high enough

Representative spectra are shown in Figure 3.

Fluorescence Anisotropy he fluorescence anisotropy of
F-Na,1.2 IQp (1uM) was monitored upon addition of apo
or calcium-saturated CaM (1M to 1 mM stocks) using a
Fluorolog3 fluorimeter (Jobin Yvon) with &, of 430 nm,
adem Of 518 nm, slit widths of 2 nm (excitation) and 10 nm
(emission), and a temperature of 2. Apo buffer contained
50 mM HEPES, 100 mM KCI, 5 mM NTA, 0.05 mM EGTA,
and 1 mM MgC} (pH 7.4). Calcium saturating buffer
contained all components of the apo buffer and 10 mM
CaCl. Anisotropy R) was calculated using eq 2

R— Iy — Glyy @)
Iy T 2G4

wherelyy is the intensity of vertically excited and vertically

emitted light andlyy is the intensity of vertically excited

and horizontally emitted lightG equalslyy/lyg, with lyy

being the intensity of horizontally excited and vertically

emitted light andiyy the intensity of horizontally excited

that [F-Na/1.2 1Qpoa] = 10Ky While this condition is
appropriate for determining the stoichiometry of binding, it
is not appropriate for resolving accurate affinities of binding
because [CalM{ is limiting (56, 57). To obtain limiting
values for the affinity under those conditions, [Caliwas
estimated iteratively in the nonlinear least-squares analysis
as the difference between [CaM] and [CaMound (calcu-
lated as [F-Nal.2 IQpotal Y;) (see Table 1). To account for
dilution of [Nay1.2., this concentration was included as
a second independent variable in the analysis.

Equation 5 accounted for experimental variations in the
observed end point signals of individual titration curves:

f(X) = Yiqow T ?l(Y[X]high = Yiqow = SPan  (5)

whereYxjow COrresponds to the fluorescence anisotropy of
F-Na,1.2 1Qp alone (no added CaMy; refers to the average
fractional saturation of F-N&..2 1Qp (eq 3), antxjhigh —
Yixjiow OF Span accounts for the magnitude and direction (i.e.,
positive for an increasing signal and negative for a decreasing
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Ficure 4: Change in the fluorescence anisotropy of FyNa 1Qp
upon titration with CaM. The normalized anisotropy ofuM
F-Na,1.2 1Qp @ex = 430 nm, Aem = 518 nm) increased upon
titration with apo (open) and calcium-saturated (closed) Cal

(A), CaMyzs-145 (B), or CaM,_go (C) in 50 mM HEPES, 100 mM
KCI, 0.05 mM EGTA, 5 mM NTA, and 1 mM MgGl with or
without 10 mM CadC] (pH 7.4) at 22°C. The absolute anisotropy
increased from 0.05 to 0.09 (CaMug), 0.07 (CaMe-14g), and 0.08
(CaMy—gg). Curves through the data were simulated to a one-site
binding isotherm (eq 3), fixing [F-NA..2 1Qpota] to 1 #M. Data
were renormalized to the fitted values f¥jon; and span. The
data for the titration with apo CaMsgo [panel C Q)] were
normalized to a maximum anisotropy equal to that obtained upon
subsequent titration of the apo CaMy/F-Na,1.21Qp sample with
concentrated solutions of CagCThese normalized data were fit to
eq 5 withspanfixed at 1. Insets illustrate the change in normalized
anisotropy with increasing [CaMisg/[Nay1.2 IQp] (A) or
[CaMyzs-14g//[Nay1.2 1Qp] (B), where [Nal.2 IQp] was 1uM.

Theoharis et al.

concentrations [4.2M (molar ratio of 1:1.4) and 8.4M
(molar ratio of 1:2.8)] in 50 mM HEPES, 100 mM KCI, 5
mM NTA, 0.05 mM EGTA, 1 mM MgC}, and 0.1uM
Oregon Green (pH 7.4) was titrated using a concentrated
calcium solution (25 mMd 1 M CacCl} in the same buffer).
For this purpose, a microburet (Micro-Metric Instrument Co.,
Cleveland, OH) was fitted with a 250 Hamilton syringe
(Hamilton Co., Reno, NV). Binding of calcium to the
N-domain (sites | and 1) was monitored by the intrinsic
phenylalanine fluorescencéef{ = 250 nm,Aem = 280 Nm),
and binding to the C-domain (sites Il and IV) was monitored
by the intrinsic tyrosine fluorescencé.{ = 277 nm,Aem =
320 nm) as previously describe®8j. Calcium did not
change the tyrosine fluorescence of 2 1Qp @31), and
calcium binding to sites Il and IV of CaM was proportional
to the change in tyrosine signal as monitored during
stoichiometric calcium titrations3(). The fluorescent cal-
cium indicator dye Oregon Green 488 BAPTA-5N (Oregon-
Green, 0.1uM) (Molecular Probes, Eugene, OR) was used
to determine the free calcium concentration at each point in
the titration (see eq 6) (for discussion, see58¥.

frign — fix
[calcium},ee = dep'(g]—”

(6)

- fIow

In this equation frgh and fio, are the highest and lowest
observed fluorescence intensity signals, respectively, ob-
served for Oregon Green during the titration. TKe of
calcium binding to Oregon Green was determined to be 34.24
uM in 50 mM HEPES, 100 mM KCI, and 1 mM Mggl
(pH 7.4) at 22C (Aex = 494 NnMAem = 521 nm) @). Calcium
titrations of CaM samples at three molar ratios ofyh2
IQp (0, 1.4, and 2.8) were repeated at least three times;
Figures 5 and 6 each show representative titrations.

Free Energies of Calcium Bindingach CaM domain may
be considered to be a two-site macromolecule as described
by the linkage diagram below.

S

oKk

.

'\\3-

H L

BB

\ 7/

-

’*//’

e

signal) of steady-state fluorescence upon binding. Data shown

in Figure 4 were renormalized to the fitt&lo,; and span.

Free energies of calcium binding to sites | and Il or sites

Curves through the data were simulated using eq 5 and alll and IV were determined by fitting the titration data to a

fixed [F-Na,1.2 1Qpota] €qual to the initial concentration of
1 uM.

In titrations of F-Ngl1.21Qp with apo CaM.go the
fluorescence anisotropy of F-NR2IQp did not reach a
plateau at the final [CaM.] tested (65uM CaM;_gp). TO
determine the affinity of F-Ngl.2 1Qp for apo CaMl-go, the

model-independent two-site (Adair) function (eq 7) as
described previouslys(, 58, 60).

K[X1* + 2K [X]?
2(1+ Ky[X]* + Ky[X]?)

Y= (7)

data were normalized to a maximum anisotropy equal to that | this equation, the macroscopic association cons(aii

obtained upon subsequent titration of the apo CalF-
Na,1.2 IQp sample with a concentrated solution of GaCl

the sum of intrinsic microscopic equilibrium constanks (
=+ kp) for two sites: either sites | and Il in the N-domain or

These normalized data were fit to eq 5, and the span wassijtes 1l and IV in the C-domain. This formulation allows

fixed to 1.

Equilibrium Calcium Titrations Equilibrium calcium
titrations were monitored at 22C using an SLM 4800C
fluorimeter (SLM Instruments Inc., Urbana, IL) with slit
widths set at 8 nm. CaM alone (CaMs CaM—go, OF
CaMye-145 at 3 uM) or with Na,1.2 IQp at two different

the microscopic binding constantk; (and k;) to be non-
equivalent. The second macroscopic equilibrium condfant
is the product of the intrinsic microscopic equilibrium
constants and the cooperativity constakki.,). The pa-
rametersAG; and AG; are macroscopic binding free ener-
gies, WithAG; being equal to-RTIn K;. The parameteAG,
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yielding a consistently low square root of variance. This
constituted a manual grid search approach to determining
the lowest square root of variance.

The average total free energiésQd,) resolved for calcium
binding to the N-domain (sites | and Il) and C-domain (sites
Il and IV) are reported in Table 2 for at least three
experiments under each condition. The changes in the total
free energy of calcium binding to CaM induced byN&

IQp (AAGy) are reported in Table 2. One representative
titration of CaM_145 is presented in Figure 5, and one
representative titration of CajMgy and CaMse-145 iS pre-
sented in Figure 6.

Fractional Populations of Ligation Speciels Figure 8,
the fractional populations of liganded species were calculated
using the standard equation for the Boltzmann distribution.
The probability {;) of a single species (s) of a macromolecule

107 10° 10° is given by eq 9

[Free Calcium], M i

Ficure 5: Equilibrium calcium titrations of CaM 145 at several exp(—AGisT)[X]
molar ratios of Nal.2 1Qp, monitored using intrinsic CaM fo= ' 9)
fluorescence. (A) Phenylalanine fluorescentg @ndAem of 250 z exp(—AGSIR'I)[X]’
and 280 nm, respectively) and (B) tyrosine fluorescerigggnd 4
AemOf 277 an(zj ?20 n(rjn,lr%sgeét;\ll\(ﬂel)'(l)él C;allle%Iog,(}::i%t:dCﬁl‘\eﬂ e:
Nay1.2 1Qp , an 2. : . . ; i i i
energies of CaM alone (solid lines), 1:1.4 CaMyl22 IQp (dashed ggggn[é(r]g;/s {_ﬂ;ﬁr Illr?&n ;j] 2?232?;;3 sregaejjsreen;?etsr:aen t(S; I't)hbes
lines), and 1:2.8 CaM:N4.2 IQp (dotted lines) were simulated - < TS, X ’ )
using values in Table 2 and eq 8. Calcium titrations were performed Stoichiometry of ligand(s) binding to species s. Each free
with 3 uM CaM and/or 4.2 or 8.4«M Nayl1.2 IQp in 50 mM energy AGy) is the sum of the intrinsic and cooperative

1.0 |

0.5

0.0

Normalized Fluorescence Intensity

HEPES, 100 mM KCI, 5 mM NTA, 0.05 mM EGTA, 1 mM Mggl interactions that apply to that species. The denominator of
and 0.1uM Oregon Green (pH 7.4) at 2. this expression ig, the binding polynomial for the macro-
molecule.

is thus the total free energy of saturating both calcium-
binding sites in a domain, whil&G; corresponds to the free
energy of saturating a single calcium-binding site in a
domain.

Changes in fluorescence intensity for the calcium titrations
were normalized to the highest and lowest experimentally
determined signals. To account for finite variations in the
asymptotes of replicate titrations, the functid(X])] used
for nonlinear least-squares analysis is given by eq 8

A general partition function describing the 16 possible
species of CaM requires four intrinsic equilibrium constants
(ki, ki, ki, andkyy) for calcium binding to each of the EF-
hand sites, and at least two intradomain cooperativity terms
(k|7|| and k|||7|v). Specifically,Z is 1+ (k| + k|| + k||| +
kv)IX] + (kikiki-n + kiki + kky + Kok + kiky +
kulkivkul—lv)[x]2 + (kikikirki—i = karkov K —ivke £ Kin kKo v Ki
+ kikirki—nkiv)[X] 3 + kikoki kv ki—iikin —iv[X] 4. The individual
states are represented by a linear array of four digits

f(X) = Yigow + Y x span (8) according to the pattern of vacancy (0) or occupancy (1) of
each of the four sites (e.g., apo CaM is represented as [0000],
where Y refers to the average fractional saturation as Whereas CaM with sites Ill and IV occupied is [0011]).

described by eq 7 an¥ixjow corresponds to the value of Curv_es shown in Figure 8 were simulated using eq 9
fluorescence intensity at the lowest calcium concentration e}ssum|ng<. = ky, ki = kv, andAG; values resolved from
of the titration being fit. The parametspanwas negative  Its Of the CaM-goand CaMs-1ssdata to eq 8. In the absence
in the case of a decreasing signal (phenylalanine, sites | and®f N&/1.2 1Qp, these values were as followk: = ky =

II) and positive in the case of an increasing signal (tyrosine, 1-362 X _194 M7k = kv = 4.272 x 10° M, anld
sites IIl and IV). Values for all parameters were fit COOPerativity terms—, andky v of 78.8 and 208.5 M,

simultaneously using NONLINSG). respectively. In the presence of Na2 1Qp, these values
NONLIN provides several measures of the goodness of WEr€ as f°||°W§:1k' =ki = 1.730x 1104 M~k = ky =
fit for the parameters that minimize the variance of each fit. 2-85’7 x 100 M7 k- = —95.1 M, and k- = 12.5

These error statistics include (a) the value of the square rootM ™

of variance, (b) the values of asymmetric 65% confidence RESULTS

intervals, (c) the systematic trends in the distribution of

residuals, (d) the magnitude of the span of residuals, and (e) The major aim of this study was to determine the domain-
the absolute value of elements of the correlation matrix. From specific properties of CaM binding to the a2 1Qp and
these, best-fit values were selected after trying several sethow these change upon calcium binding. To this end,
of initial guesses for parameters to probe for the presencemultiple spectroscopic techniques, including circular dichro-
of local minima. When analyzing titration curves based on ism, fluorescence spectra, fluorescence anisotropy, and
changes in the phenylalanine signal, we could not indepen-fluorescence-monitored calcium titrations, were used.
dently resolve the value oAG; (calcium binding to site | Circular Dichroism The binding of Nal1.2 IQp to CaM

or Il) in all cases, and theskG; values were fixed at values was explored by monitoring peptide-induced changes in
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Table 2: Effect of Nal.2 1Qp on the Apparent Total Free Energy of Calcium Binding to CaM

sites | and Il (Phe)

sites lll and IV (Tyr)

protein CaM:IQp ratio AG2 AAGP AG2 AAGP
CaVh-148 1:0 —13.01+ 0.09 — —14.95+ 0.14 -
Cah-148 1:1.4 —13.76+ 0.16 —0.75+0.18 —12.89+ 0.07 2.06+ 0.16
CaVh-148 1:2.8 —13.64+ 0.35 —0.634+ 0.36 —12.58+ 0.28 2.3+ 0.31
CalVh-go 1:0 —12.91+ 0.09 -
CaMVh-go 1:1.4 —13.30+ 0.03 —0.394+ 0.09
CaVh-go 1:2.8 —13.40+ 0.33 —0.494+0.34
CaM767143 1:0 —14.81+ 0.10 —
CaMys-148 1:1.4 —12.69+ 0.08 2.12+0.13
CalVye-148 1:2.8 —12.61+0.13 2.204+0.16

a Gibbs free energies reported in kilocalories per mole (1 kcdl.184 kJ). Free energies and errors represent averages and standard deviations
for at least three trial® AAG; is the difference between th&G, of the CaM-Nay1.2 IQp complex and thAG, of CaM (alone) reported in
kilocalories per moleAAG; = AG,(CaM—Nay1.2 IQp) — AG,(CaM)]. Errors are propagated.

o
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-
o

Normalized Fluorescence Intensity
o
(4]

0.0 hovabl dmmiZbons®

10 10°

[Free Calcium], M

Ficure 6: Equilibrium calcium titrations of CaM domain fragments
at several molar ratios with Na&.2 1Qp, monitored using intrinsic
CaM fluorescence. (A) CaMgo — phenylalanine fluorescencée
and Aem of 250 and 280 nm, respectively) and (B) CaMus —
tyrosine fluorescencel{x and Ay of 277 and 320 nm, respec-
tively): CaM alone M), 1:1.4 CaM:Ngl1.2 IQp ©), and 1:2.8
CaM:Na,1.2 1Qp (0). Fitted free energies of CaM alone (solid
lines), 1:1.4 CaM:Ngl.2 IQp (dashed lines), and 1:2.8 CaMN&
IQp (dotted lines) were simulated using values from Table 2 and
eq 8. Calcium titrations were performed withu®1 CaM and/or
4.2 or 8.4uM Nayl1.2 1Qp in 50 mM HEPES, 100 mM KCI, 5
mM NTA, 0.05 mM EGTA, 1 mM MgC}, and 0.1uM Oregon
Green (pH 7.4) at 22C.
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ellipticity in the far-UV region, which reflects changes in
overall secondary structure. The ellipticity of Na2 1Qp
alone was near zero (black curve) in apo (Figure 2A) or
calcium-saturating (Figure 2B) buffer (see Materials and
Methods), reflecting minimal ordered secondary structure in
the absence of CaM. As reported previous)( both apo
(Figure 2A) and calcium-saturated Calksg (Figure 2B) had

a large negative ellipticity at 222 nm (dotted green line),
consistent with its high degree afhelical content observed

AG,
@Ca
e K )
IQp IQp
\ AG, \
a @cCaz a
. BN

FIGURE 7: Linkage diagram of calcium and NA2 1Qp binding

to one domain of CaM. Each box represents one calcium-binding
site within CaM. Filled circles represent calcium; 1Q peptide (oblong
box) represents Nd.2 1Qp. Conservation of energy requires that
AGa + AGb = AGC + AGd.

These represent the expected CD spectra for noninteracting
components (i.e., no association between CaM andlLRa
1Qp).

Consistent with previous studie$2), the addition of
Nay1.2 IQp increased the negative ellipticity of the solution
beyond what would be expected for noninteracting solutes
(i.e., AABO2; was positive). The largest increases were
observed for apo Capd-145[83.4+ 1.4% (Figure 2A inset)]
and apo CaM 145 [33.3 + 0.3% (Figure 2A inset)]. For
calcium-saturated forms of these proteins, the peptide-
induced changesA(Af,2,) were smaller: 32.A4 2.6% for
calcium-saturated Capd 145 and 12.04 0.9% for calcium-
saturated CaM 145 (Figure 2B inset). Thus, the observed
change exceeded that predicted for independent solutes
(shown by thin solid curves), providing evidence for as-
sociation. The greater change in ellipticity of apo CaM
samples likely reflects the fact that apo CaM is less
thermostable and more flexible than calcium-saturated CaM
(51, 63); therefore, association of peptide with CaM causes
a greater net change in the ellipticity of an apo CaM sample.

In contrast with CaM containing the C-domain, the
peptide-induced chang@&(02,,) in apo CaM-g, was only
10.9 + 2.1% (Figure 2A) while that of calcium-saturated
CaM—gowas 15.2+ 3.9% (Figure 2B). These changes were

in atomic-resolution structures (Figure 1). The spectra of apo small and did not provide convincing evidence of association

and calcium-saturated CaM, (Figure 2, dotted blue) and
CaMye-145 (Figure 2, dotted red) also exhibited a minimum
in ellipticity at 222 nm. For each protein sample, a simulated

between the N-domain of CaM and a2 IQp at the
concentrations that were tested.

F-Na/1.2 1Qp Fluorescein Emission Spectra in the Pres-

spectrum (thin solid curve) was calculated as the sum of aence of CaM Domain-specific binding of CaM to Na.2

spectrum for CaM alone and one for a2 IQp alone.

IQp was explored by monitoring the change in emission of
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0000 1111 | We found that the anisotropy of F-N&2 1Qp increased
i B as the peptide was titrated with either apo or calcium-
saturated CaM 145 (Figure 4A) or with either apo or calcium-
saturated CaM-14s (Figure 4B) and that the affinity of
binding was high (dissociation constant in the nanomolar
0001 range). The insets in panels A and B of Figure 4 illustrate a
0010 1:1 CaM:F-Nal.2 IQp stoichiometry. Attempts to fit the
data to a one-site binding isotherm accounting for variations
in end points and dilution of F-N&..2 1Qp (eq 5) indicated
that the dissociation constard) for the interaction with
CaMi—148 Was <10 nM and that for the interaction with
CaMye-148 Was <25 nM (see Table 1). Simulations of eq 3
using 1uM F-Nay1.2 IQp and varying th&, from 1 pM to
25 nM yielded nearly identical binding isotherms, consistent
with these being stoichiometric conditions. It was not
possible to infer whether there was a calcium-dependent
difference in the affinity of F-N@l.2 IQp for CaM-14g Or
CaMys-148

The association between F-Nla2 IQp and Call-go was
much weaker than that for CaM4s or CaMye—145 (Figure
4C), with the greatest difference observed for apo Cai

[Free Calcium], M (see Figure 4C, dashed line). A complete titration of apo

FIGURE 8: Calcium-dependent fractional populations of CaM F-Na,1.2 IQp with CaM-g, was not experimentally achiev-
domains in the presence or absence of,Na IQp. Fractional able. However, these data were normalized to a maximum
populations of Calgo (solid lines) and Cal-143 (dashed lines)  anisotropy assumed to be equal to that obtained upon

alone (A) and in the presence of a2 IQp (C) were simulated : ) : .
using eq 7. The ligation species with population abundances thatsaturatlon of the apo F-Na.2 1Qp—CaM. solution with

were >0.02 are shown for CaM alone (B) or in the presence of Ccalcium. The normalized increase in the anisotropy of
Na,1.2 IQp (D). These were simulated using eq 9 assurkirg F-Na,1.2 IQp upon titration with CaM.go was fit to a one-
ki, ki = kv, and AG; values resolved from fits of the CalVso site binding isotherm (eq 3) with the two independent
and CaMs-145 data to eq 8. In the absence of\ M2 IQp, these yariables, [Calha] and [F-Na/1.2 IQpaal- The resullts listed

values were as followsk, = k; = 1.362x 10* ML ky = ky = . S :
4272 % 100 ML coopgrati\l/(i”ty termsklj. andk,_ were 78.8  in Table Lindicate that thi, for calcium-saturated CaMeo

and 208.5 M1, respectively. In the presence of a2 IQp, these binding to F-N&1.2 IQp was reduced by a factor 625,

1.0

Fractional Population

10° 10° | 10% 10°  10° 10*

values were as followsk = k; = 1.730x 10* M~%; kyy = ky = from 132+ 3 uM for apo CaM_go to 5.40+ 2.96 uM for
2.837x 10*M~% ki = —95.1 Mt andky v = 12.5 M. The calcium-saturated CaMg, (Table 1).
occupancies of the four sites in the order |, II, Ill, and IV for curves

Equilibrium Calcium Titrations of CaM in the Presence
of Na,1.2 IQp To explore the effect of NA..2 IQp on the
calcium binding affinity of CaM, equilibrium calcium
titrations of CaM-14g in the presence of increasing molar
ratios of Na/1.2 IQp were monitored by measuring changes
in the intrinsic fluorescence properties of CaM. The decrease
in phenylalanine fluorescence upon calcium binding to sites
I and Il of CaMi-145in the absence of N&..2 1IQp shown in
Figure 5A (solid line) was fit to a model-independent two-
site (Adair) function, accounting for variations in end points

and that of CaMs-145 by 21.9 + 2.9%). In contrast, the : . L

. . . X eq 8) for resolving a total free energy of calcium bindin
interaction of CaM-go with F-Na/1.2 1Qp was calcium- quthez N.domain of Cal s of ~13.01+ 0.00 kealmol
dependent; the fluorescein emission of apo F-Na IQp (Table 2)

(0.6 + 1.1%) was not changed by the addition of Gab4 Addition of an excess of Nd..2 IQp (from 1.4 to 1 CaM)

whereas the fluorescein emission of calcium-saturated F- : - i ;
Nav1.2 1Qp was increased slighty (by 52 2.3%) n the o' 013761 016 koaumol. This 0.4-0ld molar
presence of Calso. excess of N@al.2 IQp was determined to be saturating by
F-Na/1.2 IQp Fluorescence Anisotropy in the Presence subsequent experiments performed with 2.8-fold (Figure 5)
of CaM The fluorescence anisotropy of F{Na2 IQp was  and 4.0-fold molar excesses of a2 IQp @1). The 0.75
used to establish the stoichiometry of the FylN2 1Qp— + 0.18 kcal/mol increase iM\G, for the N-domain of
CaM complex and to determine the binding affinity of CaM;_14gin the presence of Nd.2 IQp compared to that
F-Na,1.2 IQp for apo and calcium-saturated CaM. Fluores- in the absence of Nd.2 IQp was small, but significant
cence anisotropy measures the rate of tumbling of a fluo- because it was larger than the standard deviation of at least
rophore, which reflects the hydrodynamic radius of the three replicates and larger than the confidence intervals of
molecule to which it is covalently connected. Large or individual analyses of each titration, which ranged from 0.04
extended molecules tumble at a slower rate and have largetto 0.05 kcal/mol.
anisotropy than molecules with a smaller hydrodynamic Increases in the tyrosine fluorescence intensity were used
radius. to monitor calcium binding to sites Ill and IV in the

shown are indicated as empty (0) or filled (1).

fluorescein-labeled apo or calcium-saturateg Na IQp (F-
Na/1.2 IQp) upon addition of CaMiss, CaMy_go, OF
CaMys-145 (Figure 3). The addition of either CaMus or
CaMye-145 increased the fluorescein emission of apo F-
Na,/1.2 1Qp by ~23% (that of CaM-145 by 22.8+ 0.3%
and that of Calvs-14g5 by 22.7+ 0.2%) and calcium-saturated
F-Na,1.2 IQp by~20% (that of CaM-145 by 18.5+ 3.0%
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C-domain of CaM-14s (Figure 5B). Stoichiometric calcium  calcium-saturated CaM;4s CaMys-145, and CaM-go upon
titrations of CaM in the presence of a molar excess afIN& addition of Ng1.2 IQp were compared, as was the change
IQp showed that the signal from tyrosine residues within in fluorescein emission of apo and calcium-saturated F-
Na,1.2 1Qp (Y1916 and Y1919) did not contribute to the Na,1.2 IQp upon addition of CaMiss CaMe145 OF
calcium-dependent tyrosine change measured for equilibriumCaM,_g;. The results consistently show that while the
calcium titrations with CaM and N&.2 IQp mixtures 81). N-domain of calcium-saturated CaM can associate with
The increase in tyrosine fluorescence could thus be assignedNa,1.2 IQp, the C-domain of CaM is necessary and sufficient
to CaM. The calcium-dependent increase in tyrosine fluo- for binding Na/1.2 1Qp, and this association is calcium-
rescence was fit to eq 8, and the total free energy of calciumindependent. These data suggest that CaM may be anchored
binding (AG;) to sites Ill and IV in the C-domain of to the C-terminal tail of Ngl.2 via its C-domain during all
CaM;—148 Was resolved to be-14.95+ 0.14 kcal/mol in stages of neuronal signaling (i.e., at all calcium concentra-
the absence of N4.2 1Qp and—12.894+ 0.07 kcal/mol in tions). This model of CaMion channel interactions has been
the presence of a slight molar excess of,Na IQp [1.4 to supported previously by data for calcium channe&§)(
1 CaM (Table 2)] that was determined to be saturating by NMDA receptors 16), and calcium-dependent potassium
subsequent studies performed with a 4-fold molar excess ofchannels 17, 64). Indeed, prelocalization of CaM to ion
Na,1.2 IQp (31). This significant decrease of 2.G6 0.16 channels allows for a rapid CaM response to calcium,
kcal/mol was larger than the standard deviation of at least because it does not need to diffuse to the target channel but
three replicates and larger than the confidence intervals ofis already associated and primed to modulate the target as
individual analyses of each titration, which ranged from 0.01 calcium levels change.
to 0.04 kcal/mol. Effects of Ngl.2 1Qp on Calcium BindingMost of the
Equilibrium calcium titrations of CaM g (Figure 6A) and CaM-binding target proteins increase the calcium affinity of
CaMys-145 (Figure 6B) in the absence and presence afIN2 one or both CaM domain4 6, 36, 45, 46, 48, 50) or, in the
IQp were used to probe the effect of Na2 IQp on the case of neuromodulin, cause the release of CaM upon binding
calcium binding affinity of each of the CaM domains. The calcium @5). Increases in calcium binding affinity are
resolved total free energy of calcium binding to sites | and thought to be the result of the target proteins covering
Il in CaM;_goin the absence of N4.2 IQp [AG, = —12.91 exposed hydrophobic patches of CaM, which are created with
+ 0.09 kcal/mol (Table 2)] was very close to that measured the shift to the conformation required for calcium binding.
for sites | and 1l in CaM_145 [AG, = —13.01+ 0.09 kcal/ Thus, the presence of a target lowers the free energy penalty
mol (Table 2)]. The addition of a 0.4-fold molar excess of associated with opening of the EF-hand domain, thereby
Na/1.2 IQp increased the\G, for calcium binding to facilitating formation of a more favorable metal-binding
CaM;_go by 0.39+ 0.09 kcal/mol to—13.30+ 0.03 kcal/ geometry for the 12 residues that comprise each calcium-
mol (Table 2). This increase was smaller than the 75  binding site.
0.18 kcal/mol increase observed for the N-domain of  The interaction between CaM and a2 IQp is particu-
CaM,;_145 but was significant because it was larger than the larly interesting in that N@l.2 1Qp decreases the calcium
standard deviation of at least three replicates and larger thargffinity of the C-domain AAG; ~ 2.1 kcal/mol (Table 2)]
the confidence intervals of individual analyses of each such that the two domains of CaM bind calcium with similar
titration, which ranged from 0.04 to 0.08 kcal/mol. affinities. Association between CaM and the 1Q-containing
The resolved total free energy of calcium binding to sites Peptide representing the CaM-binding domain of neuro-
Il and IV in CaMys s in the absence of N&.2 IQp qu_ulln showed a similar effect_ on the calcium bmd_mg
[~14.81 4+ 0.10 kcal/mol (Table 2)] was similar to that affinity of CaM, where the affinity of the C-domain
measured for sites Il and IV in CaMus [AG, = —14.95 Qecreased by~3-fold and the affllnlty o_f .the. N—domam
+ 0.14 kcal/mol (Table 2)]. The addition of a 0.4-fold molar increased by~3-fold (65). The high-affinity interaction
excess of N@lL.2 IQp decreased the free energy for calcium Petween Nal.2 IQp and the apo C-domain of CaM could
binding to CaMe._145 by 2.12+ 0.13 kcal/mol to—12.69+ pote_ntlally inhibit _the trgns_ltlon to_the_: open conformation
0.08 kcal/mol. This decrease was identical to the 2-0616 required for calcium binding. This is suggested by the
kcal/mol decrease observed for the same sites in Capl  Structure of apo CaM bound to IQ motifs 1 and 2 of the
and was larger than both the standard deviation of at leastMyosin V heavy chain; the C-domain of CaM is in a semi-
three replicates and the confidence intervals of individual ©Pen conformation, and the terminal Glu residues in calcium-
analyses of each titration, the latter ranging from 0.02 to binding sites lll and IV are not correctly positioned for
0.04 kcal/mol. Chle'atlgg_@- i bind e Nedoma y
n addition, calcium binding to the N-domain cou
ca-ll;;(i)grfqtrk])?r:a;[: g ?ﬁﬂﬁ;ao??ﬁ (\EN C;t_hdag\r%ﬂlaez;n Ig%;e,\jlligeadvt;lse potentially interrupt interdomgin !nteractions. We found that
that was lower than the calcium binding affinity of the M the context of CaM.4s binding to Ng1.2 1Qp, the
N-domain, thus reversing the hierarchy of calcium binding N—doma_ln did not affect the calmgm binding affinity of the
and reducing the energy difference between the domains a%C-do_mam (Table 2). The change n total free ene@&@)
shown in Figure 8. or sites Il and IV of CaM-145 (with the N-domain) was
2.06 + 0.16 kcal/mol versus 2.12 0.13 kcal/mol for
DISCUSSION CaMye-14s (Without the N-domain). The C-domain, however,
did affect the calcium binding affinity of the N-domain
Domain-Specific Binding of CaM to the IQ MotiTo slightly (Table 2) such thahAG; for sites | and Il was-0.75
investigate the domain-specific association of CaM with + 0.18 kcal/mol for CaM-145 (with the C-domain) versus
Na,1.2 IQp, changes in the secondary structure of apo and—0.394 0.09 kcal/mol for CaM-go (without the C-domain).
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The C-domain thus exerts an influence over calcium binding 2, illustrate that in the absence of Ma2 1Qp (panels A and

to the N-domain, by~0.36 kcal/mol, whereas the N-domain B), the species whose CaM C-domains are saturated (0011)

does not affect the calcium binding affinity of the C-domain is populated much more extensively (62%) than the species

within the levels of detection of these studies. whose N-domain is calcium-saturated (1100, barely observed
Linkage between Peptide and Calcium Binding to CaM at 2%). The maximum fraction of species 0011 is generated

A simplified linkage diagram is proposed to summarize the at a lower calcium concentration (3:81) than the maximum

effects of calcium and peptide binding with respect to the fraction of species 1100 (5/#M) (Figure 8).

CaM—Na,1.2 1Qp interaction (Figure 7). In this model,  Na,1.2 IQp significantly changes the fractional population
calcium binding to CaM is represented along the horizontal of the calcium ligation states, as both CaM domains are
axis, while N&1.2 1Qp binding to CaM is represented along  maximally populated at nearly identical calcium concentra-
the vertical axis. According to the principle of conservation tjgns (8.54M). However, the calcium-saturated N-domain
of free energy, the sum &G, andAG, is equal to the sum  (1100) populates much more extensively in the presence of
of AG. and AGq (Figure 7). The linkage diagram demon- Ng,1.2 IQp [28% (Figure 8D)], whereas the maximum
strates quantitatively that the decrease in calcium affinity of population of the calcium-saturated C-domain (0011) is
CaM originates from binding to N&.2 1Qp. significantly reduced under these conditions [10% (Figure
As stated above, Nd.2 IQp reduced the calcium binding  8p)]. The maximal population of calcium-saturated N-
affinity of both CaM-14s and CaMe-14s by ~2.1 kcal/mol  domain increases by 1400% in the presence afINaIQp,
(Table 2). Anisotropy studies established that, under the whereas that for the calcium-saturated C-domain is reduced
experimental conditions used during equilibrium calcium by 85% in the presence of N&2 IQp. This study illustrates
titrations, CaM-145 and CaMe-145 Were saturated with 3 mechanism by which Na.2 has fine-tuned the calcium
Na,1.2 IQp during the entire course of the experiment. It affinity of CaM to respond in higher local calcium concen-

can be inferred from the linkage diagram that the 2.1 kcal/ trations, allowing it to propagate inactivation signals to the
mol reduction in the calcium binding affinity of CaM sites  Na,1.2 C-terminal tail.

Il and IV that is due to the presence of \Na2 1Qp will
result in the free energy of N&.2 1Qp binding to apo CaM
(less than or equal te-12.9 kcal/mol) being 2.1 kcal/mol
more favorable than binding to calcium-saturated CaM (less
than or equal t0-10.8 kcal/mol;AGq > AGy).

From anisotropy studies of F-N&.2 IQp titrated with apo
CaMi—go, it can be estimated that at 8M CaM;_go
(concentration of CaM g, during equilibrium calcium titra-
tion) only ~2% of apo CaM-go is bound to Nal.2 IQp.
This suggests that the calcium binding affinity determined
for CaM,—_go in the presence of N4..2 1Qp did not represent
that of CaM-_go fully saturated with Nal.2 IQp. The o ) ) )
resolved free energy of binding of apo Cal to Na,1.2 Association qf apo CaM with the C-terrr_unal 'tall'of the
IQp was —5.24 + 0.02 kcal/mol (Table 1) and was N_a,l.6 |sc_)form increases the rate of VDS_C inactivation, and
approximately 2 kcal/mol less favorable than the free energy Ngh calcium concentrations reverse this effez9)( Both
of binding of calcium-saturated CaMo to Na/1.2 1Qp Nay1.2 and Nal.6 isoforms are expre;sed in the central
[—7.18 + 0.35 kcal/mol (Table 1)]. On the basis of the N€rvous system; however, M2 is localized along unmy-
thermodynamic cycle (Figure 7), one could extrapolate that linated sections of an axon, and\N is localized to the
if apo CaM_go were completely saturated by \a2 1Qp nodes (_)f Ranvier |_n_myel|nated aan331. I_nterestlng_ly,
and then titrated with calcium, an increase~a kcal/mol Na,1.2 is not as efficient at propagating action potentials as
(to —14.91 kcal/mol rather thar12.91 kcal/mol) would be Na_\,;G. Our studies indicate that the cause pf this_ reduced
measured as the total free energy of calcium binding to sites€fficiency may be that N2 lowers the calcium binding
I and II. However, it is not technically feasible to conduct &ffinity of CaM, thereby requiring a higher calcium concen-
the experiment at sufficiently high CaM and a2 IQp tra'tlt_)n to trigger a CaM—dependent response. The h|gher
concentrations to test this prediction. affinity of the N-domain compared to that of the C-domain

Fractional Population of Calcium Ligation States and ©f CaM when bound to NA.2 1Qp suggests that the
Relation to SignalingThis study provides the first direct N-domain may play a greater role in propagating action
demonstration that the association of 2 IQp with CaM potentials of these (;hannels_ than it d_oes for ot_her chqn_nels
causes a selective decrease in the calcium affinity of a singleWhere the C-domain remains the higher-calcium affinity
CaM domain such that the overall affinity of the protein is domain.
significantly reduced and the affinities of the two domains
become similar with the N-domain now having a slightly REFERENCES
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