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Abstract

Calmodulin (CaM) is a highly conserved calcium-binding protein consisting of two homologous

domains, each of which contains two EF-hands, that is known to bind well over 300 proteins and

peptides. In most cases the (Ca2+)4-form of CaM leads to the activation of a key regulatory

enzyme or protein in a myriad of biological processes. Using the nitroxide spin-labeling reagent,

3-(2-iodoacetamido)-2,2,5,5-tetramethyl-1-pyrrolidinyl oxyl, bovine brain CaM was modified at

2-3 methionines with retention of activity as judged by the activation of cyclic nucleotide

phosphodiesterase. X-band electron paramagnetic resonance (EPR) spectroscopy was used to

measure the spectral changes upon addition of Ca2+ to the apo-form of spin-labeled protein. A

significant loss of spectral intensity, arising primarily from reductions in the heights of the low,

intermediate, and high field peaks, accompanied Ca2+ binding. The midpoint of the Ca2+-mediated

transition determined by EPR occurred at a higher Ca2+ concentration than that measured with

circular dichroic spectroscopy and enzyme activation. Recent data have indicated that the

transition from the apo-state of CaM to the fully saturated form, [Ca2+)4-CaM], contains a

compact intermediate corresponding to [Ca2+)2-CaM], and the present results suggest that the spin

probes are reporting on Ca2+ binding to the last two sites in the N-terminal domain, i.e. for the

[Ca2+)2-CaM] → [Ca2+)4-CaM] transition in which the compact structure becomes more

extended. EPR of CaM, spin-labeled at methionines, offers a different approach for studying Ca2+-

mediated conformational changes and may emerge as a useful technique for monitoring

interactions with target proteins.
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1 Introduction

The Ca2+-binding eukaryotic protein, calmodulin (CaM), has been well characterized with

regard to structure and biological function [1, 2]. An abundant, relatively small (Mr ~

17kDa), and highly conserved protein, CaM contains four EF-hands, each of which binds

Ca2+ with μM affinity. The homologous N-terminal and C-terminal domains of the protein

each contain two EF-hands, with the two in the C-terminal lobe having a slightly higher

affinity for Ca2+ than those in the N-terminal lobe.

A number of structures of apo-CaM, (Ca2+)2-CaM (in complex), (Ca2+)4-CaM, and (Ca2+)4-

CaM-protein/peptide complexes are available from X-ray crystallography and NMR

spectroscopy [3-11]. From these and many other reports [12] it is known that in the Ca2+-

free form, or apo-state, CaM has a rather compact structure that, concomitant with Ca2+

binding, opens to an extended `dumbbell-like` structure with a flexible eight-turn central α-

helix and a change in the relative orientations of the helices surrounding each Ca2+ binding

site. Accompanying this dramatic conformational change, two hydrophobic patches rich in

methionine are formed. In this conformation, CaM can bind to and activate over 350

different proteins [cf. website maintained by the Ikura group, http://

calcium.uhnres.utoronto.ca/ctdb/, and described in ref. 13], in many cases regulating key

pathways in numerous biological processes. This promiscuity can be attributed to a

combination of the flexible nature of the central helix [14] and the hydrophobic patches [15]

that exist in (Ca2+)4-CaM. A recent analysis of the CaM-protein/peptide complexes

available in the Protein Data Bank (› 80 unique structures deposited) showed many diverse

binding modalities, emphasizing the conformational flexibility of Ca2+-activated CaM [16].

In addition to X-ray crystallography and NMR spectroscopy, numerous biophysical

approaches have been used to study Ca2+-mediated conformational changes in CaM,

including circular dichroism (CD) [17, 18], fluorescence [19], infrared spectroscopy [20],

Föster resonance energy transfer [21], hydrodynamics [22], and other techniques as well.

Electron paramagnetic resonance (EPR), the focus of this study, has emerged as a highly

specific, sensitive, and informative method to investigate proteins [23-32]. Several

laboratories have reported on the use of EPR to monitor the binding of Ca2+, other cations,

and other molecules to CaM [33-45]. Others have used spin-labeled peptides of target

proteins to study their interaction with CaM [46].

The objective of the present investigation was to compare the Ca2+ dependence of EPR

spectral changes of spin-labeled CaM (SL-CaM) with the changes obtained by CD

spectroscopy and cyclic nucleotide phosphodiesterase (PDE) activation. The nitroxide

radical was used for spin labeling, in large part because of its stability in water and wide use

with biological macromolecules [47-50]. It was found that the major changes in the EPR

spectra occurred at a higher Ca2+ concentration than changes determined by CD and PDE

activation, attributed to filling of the two Ca2+-binding sites in the N-terminal portion of

CaM. This CaM derivative may prove useful in probing the interactions of CaM with target

proteins.
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2 Experimental Procedures

2.1 Calmodulin Purification, Spin Labeling, and Chemical Characterization

CaM was purified to homogeneity from bovine brain using a combination of ammonium

sulfate fractionation, ion-exchange chromatography, and gel exclusion chromatography, and

then chemically modified as described elsewhere [33]. Nitroxide spin labeling of calmodulin

methionyl residues was accomplished with 3-(2-iodoacetamido)-2,2,5,5-tetramethyl-1-

pyrrolidinyl oxyl (purchased from Syva Corp., Palo Alto, CA), generally in a 20-fold excess

of spin label to protein. The purified protein was dissolved in 0.1 M sodium succinate

buffer, pH 5.8, containing 0.1 mM CaCl2. The spin-labeling reagent, poorly soluble in

water, was taken up in 0.1 mL ethanol and then added to 1 mL succinate buffer with

sonication, yielding a finely divided suspension. Next, the suspension was added drop-wise

to 5 mL of the protein solution with stirring. The mixing vial was wrapped in aluminum foil,

flushed with nitrogen, and continually stirred for 24 h at 37°C. The solution was then

exhaustively dialyzed against 0.1 M NH4HCO3 and lyophilized. A protein recovery of

65-85% was obtained. Stock solutions of SL-CaM were prepared in 50 mM Tris-HCl, pH

7.5, and 2 mM EGTA. To achieve various concentrations of free Ca2+, (Ca2+)f, the method

given in the Supplement was employed. Briefly, a 2 mM EGTA/CaCl2 system was used in

50 mM Tris-HCl to achieve the desired free Ca2+ concentration and maintain a constant pH.

During the Ca2+ titrations, the concentration of SL-CaM decreased from 15.4 μM to 14.6

μM, and appropriate corrections were made to refer all values to the starting protein

concentration. The native and spin labeled proteins were characterized chemically and

physicochemically using a variety of techniques as described in the Supplement.

2.2 Phosphodiesterase Preparation and Assay

A PDE fraction was prepared from bovine brain using ammonium sulfate fractionation and

ion-exchange chromatography on DEAE-Sephadex A-50 [33]. The CaM-dependent enzyme

was assayed (30 min, 30°C) using 1 μM [3H]cGMP in a 20 mM Tris-HCl, pH 7.5 buffer

containing 2 mg/mL bovine serum albumin, and different concentrations of Ca2+. The

[3H]5′-monophosphate was converted to [3H]guanosine by snake venom nucleotidase and

then separated from [3H]cGMP by chromatography on QAE-Sephadex A-25 with 20 mM

NH4CHO2, pH 7.4 and counted [33, 34] (see [51] for a recent review on phosphodiesterase

assays). CaM and SL-CaM were each assayed at 3 μM, where enzyme activation was

maximal.

2.3 CD Spectroscopy

CD spectra of CaM and SL-CaM were collected at ambient temperature in a 2 mm cell with

a Cary 60 spectropolarimeter equipped with a CD attachment. The instrument was operated

with a time constant of 3 sec and a full-scale deflection of 100 mdeg; duplicate or triplicate

scans of baseline and samples were made and reproducibility was excellent. For example, at

222 nm the mean residue ellipticity varied by less than 500 deg.cm2/dmol. The average was

taken, and the mean residue ellipticity calculated in units of deg.cm2/dmol. The spectra were

taken in 50 mM Tris-HCl, pH 7.5, containing 2 mM EGTA with no added Ca2+ (0 mM

Ca2+) or EGTA:CaCl2 ratios to yield a desired free Ca2+ concentration, i.e. the same as used
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for EPR spectroscopy. Spectra of denatured CaM and SL-CaM were taken in 7 M

guanidinium chloride containing 4 mM Tris-HCl, pH 7.5 and 20 mM EGTA.

2.4 X-band EPR Spectroscopy

A Varian E-112 spectrometer equipped with a TE102 microwave cavity (Varian E-231) was

used to measure EPR spectra at ambient temperature. The following settings were used

during measurements: 0.5 Gauss modulation amplitude, 5 milliwatts (mW) microwave

power, X-band frequency (9.5 GHz), 100 kilohertz field modulation, 16 min time scans,

0.128 sec time constant, and 2.0 × 104 receiver gain. For power saturation studies, 100

Gauss scans on SL-CaM ± Ca2+ were also done at microwave powers between 1 - 150 mW.

All EPR spectra were collected on SL-CaM solutions at various Ca2+ concentrations in

standard flat cells with a buffer of 50 mM Tris-HCl, pH 7.5 containing 2 mM EGTA with no

added Ca2+ (0 mM Ca2+) or EGTA:CaCl2 ratios to give a designated free Ca2+

concentration. For these Ca2+ titrations a total of 16 concentrations from 0 – 8.1 mM Ca2+

were used with duplicate scans for nine concentrations and 3 – 5 scans for seven

concentrations. Each point shows the range or SEM, although in many cases the symbol size

exceeded the range or SEM. EPR spectra of the free spin label were collected in the same

buffer used for SL-CaM, but these were 40 Gauss scans determined in duplicate. Spectral

intensities (areas) were estimated for each of the three Lorentzian bands in a nitroxide

spectrum [(π/√3)hw2], where h is the peak-to-peak height and w the peak width. For a

typical 3-peak nitroxide spectrum, the total spectral intensity (relative units) is then obtained

by adding the three areas of the low, center, and high field peaks.

3 Results

3.1 Characterization of CaM and SL-CaM

Bovine brain CaM was purified to homogeneity, and several physicochemical characteristics

are given in the Supplement. As also documented in the Supplement, SL-CaM was

modified, on the average, at 2.7 methionyl residues, with no evidence of histidine, α-amino

groups, or other modifications. The chemical analysis required separation and quantitation

of SL-CaM acid-hydrolyzates, with recoveries assumed to be 100%. This is unlikely, but at

this time we cannot distinguish homogeneity in labeling, e.g. three methionines modified, or

heterogeneity in the sample, e.g. some molecules doubly labeled and others triply labeled.

Importantly, a variety of physicochemical characteristics were the same or nearly so for

CaM and SL-CaM (see Supplement). Thus, in this paper we will consider that 2-3

methionines are nitroxide-labeled at the thioether side chains [52, 53].

3.2 PDE Activation by CaM and SL-CaM

As shown earlier, SL-CaM activates phosphodiesterase with essentially the same Vmax, but

higher protein concentrations are required [33]. We have determined that the apparent Kd for

the CaM or SL-CaM-PDE interaction is 4.8 nM and 40 nM, respectively, at a saturating

concentration of Ca2+, with respective Vmaxs of 3.75 and 4.28. Normalizing the Vmax to 1.0

for CaM and SL-CaM and plotting the fractional change in enzyme velocity, (V-Vo)/(Vmax-

Vo), where Vo is the basal activity, vs. –log10 (Ca2+)f , shows that the Ca2+ dependence for

PDE activation is the same for CaM and SL-CaM (Fig. 1). The p(Ca2+)f values
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corresponding to the half-maximal stimulation of enzymic activity are 6.84 and 6.73 for

CaM and SL-CaM, respectively, a difference probably within experimental error.

3.3 CD Spectroscopy of CaM and SL-CaM

Far ultraviolet CD spectra of CaM and SL-CaM, ± Ca2+ and in the presence of 7 M

guanidinium chloride, are shown in Supplement Fig. 1. The spectra reflect the n-π* (222

nm) and low energy component of the π-π* (208.5 nm) transitions of the proteins, and the

secondary structure, primarily α-helix, appears less in SL-CaM than in CaM. However, CD

spectroscopy may not be a highly reliable method for determining secondary structures in

proteins [54]. With SL-CaM, in particular, the nitroxide moiety is a chromophore in the far

ultraviolet, and its contribution to CD is unknown. Our interest in CD is to use the Ca2+-

dependent changes in mean residue ellipticity to compare CaM and SL-CaM. Fig. 2 shows

the forward and reverse Ca2+ titrations for CaM and SL-CaM. The Ca2+ dependence is

essentially identical in the native and spin labeled protein, e.g. the p(Ca2+)f corresponding to

a 50% change in ellipticity is 6.68 for CaM and 6.76 for SL-CaM in the forward titrations,

i.e. going from low to high Ca2+. The reverse titration, from high to low Ca2+

concentrations, are also similar for CaM and SL-CaM, but the p(Ca2+)f values are somewhat

higher, e.g. 7.12 and 7.35. This difference is attributed to the higher ionic strength associated

with the reverse titrations.

3.4 EPR Spectroscopy of SL-CaM

The g-factor and hyperfine splitting constant A were found to be invariant to Ca2+

concentration between 0 - 8.1 mM Ca2+ for free spin label and SL-CaM, although the

protein-associated label was different from that of the free label (Table 1). The difference,

albeit small, is significant, and in this study it is the difference that is important since an

absolute calibration of the instrument is required for an exact determination of the g-factor.

The small increase in g and decrease in A indicate that the spin labels are in a less polar

environment when attached to proteins, as expected.

EPR spectra are shown in Fig. 3 for SL-CaM; in contrast to this Ca2+-dependent spectral

change for SL-protein, the EPR spectrum from a 40 Gauss scan of 10 mM free spin label in

50 mM Tris-HCl, pH 7.5, containing either 1.0 mM Ca2+ or 10 mM EGTA, was identical

(data not shown). Since the addition of Ca2+ to apo-SL-CaM, but not free spin label, resulted

in a significant spectral collapse, it was important to insure that the observed spectral change

represented an intramolecular event, and not an intermolecular interaction. For this, the

apparent spectral intensity, determined as the sum of the areas under the three resolved

peaks, was measured as a function of SL-CaM concentration in the presence and absence of

Ca2+ (Supplement Fig. 2). The results are linear up to at least 1 mM Ca2+, thus eliminating

intermolecular spin-spin interactions and dipole-dipole coupling as contributory to the

spectral change.

Another important check on the validity of the spectra was to determine that the responses

were linear with the square root of the power used for solution measurements (5 mW).

Hence a power saturation experiment was performed in the presence and absence of Ca2+.

As shown in Supplement Fig. 3, the low field peak height increased linearly with the square
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root of power up to some 15 mW; at higher power, nonlinearity was observed. These results

demonstrate that at 5 mW we are well within the linear range. Upon normalizing each set of

data to the maximum peak height at 150 mW, the results for apo-SL-CaM and Ca2+-

saturated SL-CaM become superimposable. Thus, one can infer that the apparent spin-lattice

relaxation time, T1, of SL-CaM is not altered when Ca2+ binds to SL-CaM, since the

reciprocal of T1 is proportional to the slope of the curve.

Confident that we were monitoring intramolecular events and operating in a linear response

region, we proceeded to analyze the EPR spectra over a wide range of Ca2+ concentrations.

The spectral intensity (sum of the areas of the three Lorentzian bands shown in Fig. 3) was

determined as a function of free Ca2+ concentration, and the data are presented in Fig. 4.

These results indicate a Ca2+-dependent transition occurring at a p(Ca2+)f of 6.4, a value

corresponding to a higher Ca2+ concentration than found with either enzymic activation or

CD spectroscopy.

In an effort to dissect the EPR spectra in greater depth, analyses were made of peak heights

at the different Ca2+ concentrations. The peak heights for the low, center, and high field

peaks are presented in Fig. 5. Each of the three peaks exhibited an apparent transition with

increasing concentration of Ca2+. Of interest, however, is that the Ca2+ transition midpoint

(6.36 for the low and high field peaks and 6.39 for the center field peak) is again higher than

that found with phosphodiesterase activity and CD measurements under the same

conditions. As expected, there was no effect of Ca2+ on the peak heights of the free spin

label (data not shown). A plot of peak height ratios, i.e. the low and high field peaks to the

center field peak, indicated two possible transitions, albeit rather subtle changes, at free

p(Ca2+)s of 6.49 and 6.19 when monitored by (h+1/ho), but not with (h−1/ho) (Supplement

Fig. 4). Again as expected, the peak height ratios of free spin label were independent of

Ca2+ concentration. In contrast to the transitions indicated by peak heights and as shown in

Supplement Fig. 5, the widths of the low and center field peaks decrease very slightly with

increasing Ca2+ concentration with no indication of a transition, while that of the high field

peak exhibits a change in slope at a p(Ca2+)f of about 7 and then decreases in a linear

manner to a p(Ca2+)f of nearly 3. Over the broad range of Ca2+ concentrations explored,

peak widths of the free spin label were constant, about 1.30 - 1.35 Gauss.

The EPR spectra of SL-CaM precipitated with (NH4)2SO4 (± Ca2+) are shown in

Supplement Fig. 6, and it can be seen that the low and high field peaks are broader in the

presence of Ca2+. The probable heterogeneity of the sample precludes any quantitative

interpretation of these results, but the spectral differences ± Ca2+ again argue for a Ca2+-

mediated conformational change even under these conditions.

4 Discussion

Using a combination of CaM-mediated cyclic nucleotide phosphodiesterase activation of

native and SL-CaM, CD spectroscopy of native and SL-CaM, and EPR spectroscopy of

nitroxide-modified methionines on SL-CaM, this work has shown that the p(Ca2+)f values

for the transition midpoints obtained by EPR occur at a higher Ca2+ concentration than those

observed with enzyme activation and CD. For example, several EPR spectral parameters,
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including spectral intensity, the three peak heights, and the (h+1/h0) peak ratio yield a mean

± SD = 6.40 ± 0.05 (n = 5). A comparison of this value to the mean ± SD of the transition

midpoints obtained for CaM and SL-CaM from CD {[Θ]222 nm} and phosphodiesterase

activation, 6.75 ± 0.07 (n = 4), shows a significant difference, P < 0.0001, strongly

suggesting that EPR is monitoring a distinct conformational transition. Since the Ca2+-

mediated transition midpoints for native CaM are the same as those for SL-CaM when

determined by enzyme activation and CD, one has confidence that the midpoints from EPR

measurements of SL-CaM reflect an intrinsic property of the protein, not one introduced by

the covalently attached nitroxides. It is likely that the Ca2+-dependent transition determined

by EPR spectroscopy corresponds to the binding of Ca2+ to the N-terminal sites. The

sensitivity of this technique to the putative binding of the last two Ca2+s offers another

probe to explore CaM interactions with target proteins. Similar to our interpretation of the

EPR results of SL-CaM, data from hydrogen-deuterium exchange and Fourier transform

infrared spectroscopy were interpreted to indicate binding to the third and fourth Ca2+ sites

[20].

Others have used the spin-labeling reagent described herein [34-36, 39, 40], a few with

slight modifications to the conditions originally given [33], and, in some cases, reported

different results. For example, standardizing with free spin label and native CaM, and then

using the absorption at 257 nm as a measure of incorporated spin label, one study reported

just one spin label per molecule of CaM [36]. Although spectral intensities were not shown

in this report, the peak height ratio, (h-1/h0), was found to decrease with increasing Ca2+

through the transition, as also observed by others [40]. These apparent discrepancies can

perhaps be reconciled to some extent by the experimental conditions used and possible

stoichiometric differences in the number of protein-incorporated spin labels; in the present

case, however, there is confidence that at least two, and most likely three, spin labels are

attached per CaM.

The multiple labeling of methionines presents both advantages and disadvantages. The

advantage is that, due to Ca2+-dependent conformational changes in the protein that alter the

relative proximity and microenvironments of the nitroxides, dramatic changes in the EPR

spectra of SL-CaM accompany Ca2+ binding. The obvious disadvantage is that the spectra

cannot be dissected and interpreted fully in a quantitative manner, particularly when the sites

of labeling are unknown. In particular, the rotation correlation time, τc, is a useful parameter

accessible by EPR; however, the presence of multiple methionine labeling precludes such an

estimate for SL-CaM.

In EPR spectroscopy the spin Hamiltonian is composed of four terms as illustrated below.

The first two terms account for the 3-line spectrum of nitroxides, and the latter two terms

become important when more than one spin probe is utilized, e.g. on the same protein or on

two interacting proteins, or when a spin probe comes in close proximity to another

paramagnetic species, e.g. certain metals.
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In this equation HZI refers to the Zeeman interaction arising from the interaction between the

unpaired electron spin and the external magnetic field, HNHI denotes the nuclear hyperfine

interaction resulting from the association of the unpaired electron with the 14N nucleus,

HDDI accounts for dipole-dipole coupling (sensitive at distances ≥ 10Å), HSSEIand pertains

to the spin exchange interaction (manifested at distances □ 10Å). All terms are possibly

important in the present study due to the multiple spin labeling of a single protein.

Moreover, the different spin labels are likely to be in distinct microenvironments, and, thus,

the spectra probably reflect a composite of two, or more likely three, nitroxides, each

somewhat different from the others.

From the spin Hamiltonian there is of course clear experimental evidence of the Zeeman and

nuclear hyperfine interactions, and our results strongly indicate Heisenberg spin exchange

and/or dipole-dipole coupling concomitant with Ca2+ binding to SL-CaM. For either spin

exchange or dipole-dipole coupling, the expected loss of spectral intensity was observed in

the EPR spectra, but there was no line broadening, which generally accompanies both spin

exchange and dipole-dipole coupling. This we interpret as arising from interaction of two

labels in close proximity giving sufficient broadening that is simply not observed with the

solution spectra in the 100 Gauss scans at the sensitivity used. Some of the data indicate

greater rotational flexibility of at least one of the probes. While these interpretations appear

inconsistent, they can be reconciled if there are three spin labels attached to CaM, two of

which come in close proximity upon Ca2+ binding, with the other one gaining rotational

freedom or mobility. Peak broadening has been used most effectively to measure the

distance from a spin-labeled methionine in α-lactalbumin to paramagnetic lanthanide bound

to the high-affinity Ca2+ binding site on the protein [56]. Also, Heisenberg spin exchange

and dipolar broadening provide considerable information on doubly labeled proteins

[57-61].

It is prudent to briefly review pertinent studies in the literature dealing with reactivities and

environments of the methionyl side chains in CaM. Early studies using oxidation to convert

Met to methionine sulfoxide with N-chlorosuccinimide reported the modification of 3-4

methionines when CaM was labeled in the presence of Ca2+ at neutral or slightly alkaline

pH [62]. Additional analyses led to the suggestion that residues 71, 72, and 76 in the central

helix were so modified, and possibly 109 as well [63]. More recently, using a nitroxide spin

label and 2-dimensional NMR to map the line widths and relaxation rates of the individual

methionine residues, it was found that the methionines are almost completely buried in apo-

CaM and become almost fully exposed when the protein is saturated with Ca2+ [64]. It was

also reported that the binding of three peptides from target proteins reduces accessibility of

the nitroxide probe to most of the methionines; however, different modes of binding were

observed. Another report using hydrogen peroxide to oxidize Met side chains concluded that

one of the vicinal methionines, Met144 or Met145, was selectively oxidized [65]. On the

other hand, selective oxidation of CaM methionyl groups with methionine sulfoxide

reductase A showed that, in the presence of Ca2+, Met76 was modified [66].

Others have used two-dimensional [1H,13C]-heteronuclear multiple quantum coherence

(HMQC) NMR spectroscopy of (methyl-13C)-labeled methionyl groups to monitor the

environment and T1 relaxation rates of the methionines in CaM [67]. They found that each
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of the nine methionyl side chains is located within a slightly different microenvironment and

that the relaxation rates are longer in the Ca2+-occupied state than in the Ca2+-free form,

consistent with the high degree of solvent exposure. In a follow-up study, again using

HMQC NMR spectroscopy of 13C-labeled methionines and a free, i.e. unattached, spin label

to monitor solvent exposure of methionyl side chains, the surprising observation was made

that Met76, unlike the other Met methyl groups, was not fully exposed. These reports

suggest solvent exposure of all the methionyl side chains of Ca2+-CaM and further indicate

that those Mets in the central helix and perhaps those near the C-terminus are most likely the

ones to be modified by the spin labeling reagent used herein.

It is helpful to review the structures of apo-CaM and (Ca2+)4-CaM when discussing Met

labeling, and Fig. 6 shows results from NMR spectroscopy and crystallography with the nine

methionyl residues highlighted (taken from structures deposited in the Protein Data Bank

[12]). Knowing the relative positions of the methionyl residues from the structures of apo-

CaM and (Ca2+)4-CaM, it is tempting to make plausible estimates of the residues that could

be spin labeled using the EPR results to guide assignments, albeit tentative. (A structure of

(Ca2+)2-CaM is available [68], but this form is in complex with anthrax adenylyl cyclase

and thus not suitable for the comparison being done.) Consistent with the EPR results and

assuming that if two Met side chains in apo-CaM approach within 9 Å of each other

concomitant with Ca2+ binding and interact, either via Heisenberg spin exchange and/or

dipole-dipole coupling, then the number of possibilities from the 36 combinations are

limited. (The value of 9 Å was chosen since spin exchange interactions are usually dominant

at distances □ 10 Å.)

As measured between sulfur atoms, several methionine side chains are in close proximity in

both apo-CaM and (Ca2+)4-CaM; others are relatively close in apo-CaM but become

separated upon Ca2+ binding; and most of the pairwise separations are too far apart in both

forms of CaM to interact productively and alter the EPR spectrum. The major contenders for

interacting pairs are residues 36 – 51, 71 – 72, 71 – 76, 72 – 76, 144 – 145, and possibly 109

– 124, although the estimated difference in distance ± Ca2+ between 109 – 124 is just 0.7 Å.

These results, consistent with earlier reports [62, 63, 65], suggest that spin labels could be

located on methionine residues in the central helix (residues 71, 72, and/or 76), as well as

the C-terminal domain (residues 109, 144, and/or 145). There is no evidence in the literature

regarding reactivities of residues 36 and 51, but it is of course possible that one or both of

these Mets may be spin labeled. In view of our interpretation that the EPR spectral changes

arise from Ca2+ binding to the N-terminal sites and the report of a compact to more extended

form of CaM in going from the (Ca2+)2-form to the (Ca2+)4-form [69, see below], likely

candidates for modification would be the methionines in the central helix and perhaps the N-

terminal lobe. It should also be mentioned that the size of the spin labeling reagent is a

factor, as it is some 4 -5 Å in length. It is expected that the attached spin labels will have

some rotational freedom, and, if so, they could be closely packed.

Of related interest to the findings reported herein is the observation, based on studies using

time-resolved small angle X-ray scattering along with flash photolysis of caged Ca2+, that,

upon binding two Ca2+ ions to the C-terminal domain, CaM adopts a compact structure

distinct from that when the last two Ca2+ sites are filled and mastoparan is bound [69]. In the
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absence of mastoparan, Ca2+ binding to the N-terminal domain leads to the extended form

found with X-ray crystallography. Thus, that work establishes a 3-state model for CaM as it

progresses from the Ca2+-free state to the (Ca2+)4-form in the absence of regulatory protein

or peptide (see below), with each form having a different conformation. Supporting this

observation is the report of a closed compact structure of CaM when crystallized at pH 5.6

[10]. We posit that the Ca2+-mediated EPR changes of SL-CaM discussed herein are

detecting the [(Ca2+)2-CaM] → [(Ca2+)4-CaM] transition, i.e. the filling of the two N-

terminal sites.

In summary, this work has shown that calmodulin can be modified with nitroxide spin labels

at methionyl residues (probably three) and that the Ca2+-mediated changes in spectral

intensity are consistent with Heisenberg spin exchange and/or dipole-dipole coupling. The

spin-labeled protein exhibits identical responses to Ca2+ as native protein when monitored

by CD spectroscopy and PDE activation. In contrast, the midpoint of the Ca2+-dependent

changes in spectral intensity and peak heights occurs at a higher Ca2+ concentration than

observed with CD and enzyme activation, suggesting that the spin probes are sensitive to the

filling of the N-terminal binding sites and thus detecting the transition from the compact

form, [(Ca2+)2-CaM], to the more extended form, [(Ca2+)4-CaM]. Thus, this method offers a

different approach for studying Ca2+-mediated conformational changes of CaM and may

prove useful for monitoring interactions with target proteins.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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NMR nuclear magnetic resonance
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SEM standard error of the mean

SL-CaM spin-labeled calmodulin
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Fig. 1.
Ca2+-mediated activation of phosphodiesterase by CaM and SL-CaM. CaM (A) and SL-

CaM (B) were each present at a saturating concentration (3.0 μM), and the data are given in

a normalized form as (V – Vo) / (Vmax – Vo), where V is the measured velocity, Vo the basal

activity in the presence of 2 mM EGTA, and Vmax the maximal activity achieved at 1 μM

Ca2+. The results of two independent experiments are shown, and each point denotes the

mean of duplicate assays. Results in the presence of 2 mM EGTA with no added Ca2+ are

shown as closed symbols, and the enzymic activity in the presence of 2 mM EGTA with no

added Ca2+, but with CaM or SL-CaM, was invariably higher than the basal activity in the

absence of CaM or SL-CaM. Midpoints (pCa2+ for CaM and SL-CAM are 6.84 and 6.73,

respectively. The abscissa is – log10 (Ca2+)
f with Ca2+ in units of M.
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Fig. 2.
Ca 2+-induced changes in the mean residue ellipticity at 222 nm for CaM and SL-CaM. The

CD changes were determined in both the forward (A, C), i.e. from 0 -1.2 mM Ca2+, and

reverse (B, D), i.e. from 1.2 mM Ca2+, directions for CaM (A, B) and SL-CaM (C, D) in 50

mM Tris-HCl, pH 7.5 (0.26 mg/mL). The closed symbols in panels A and C denote the

presence of 2 mM EGTA, and forward titrations were done with small aliquots of 0.01 M

CaCl2 in the same Tris-HCl buffer. The conditions were such that in going from the starting

solution (0 mM Ca2+) to the final solution (1.2 mM Ca2+), the volume change was 4 %;

appropriate corrections were made to [Θ]222 nm. The closed symbols in panels B and D refer

to solutions in the Tris-HCl buffer that also contained 1.93 mM EGTA and 3.55 mM CaCl2;

these were titrated with 0.5 mM EGTA in the Tris-HCl buffer. As above, corrections were

made to the small dilution of protein. p(Ca2+)f midpoints of the Ca2+-mediated transition are

6.68 and 6.76, respectively. The Ca2+ concentration is given as – log10 (Ca2+)f with Ca2+ in

units of M.
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Fig. 3.
EPR spectra of SL-CaM ± Ca2+. SL-CaM (29 μM) in 50 mM Tris-HCl, pH 7.5 containing

1.0 mM Ca2+ (heavy line and marked as +Ca2+) or 10 mM EGTA (lighter line and

highlighted by –Ca2+). A typical 100 Gauss scan is shown.
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Fig. 4.
Spectral intensity of SL-CaM EPR spectra as a function of free Ca2+ concentration. The sum

of the area of the three Lorentzian bands, obtained as described in Section 2.4, is in arbitrary

units and was thus normalized to 1.0 in 2 mM EGTA (0 mM Ca2+); it is designated by a

square. The arrow indicates the transition midpoint observed using CD (222 nm); that for the

data shown is pCa2+ = 6.40. Ca2+ had no effect on the intensity of the free spin label (data

not shown). The abscissa is – log10 (Ca2+)
f with Ca2+ in units of M.
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Fig. 5.
EPR resonance peak heights at various free Ca2+ concentrations. The peak-to peak heights

in arbitrary units are shown for the center field peak (A) and the low and high field peaks

(B). The transition midpoint determined at 222 nm by CD is indicated by the arrows, and the

pCa2+ values for the peak height results are 6.36 (h−1), 6.39 (h0), and 6.36 (h+1). The peak

heights of the free spin label were invariant to Ca2+ concentration (data not shown). The

Ca2+ concentration is shown as – log10 (Ca2+)
f with Ca2+ in units of M.
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Fig. 6.
Structures of apo-CaM (left) and (Ca2+)4-CaM (right) with the nine methionine side chains

highlighted (yellow) and identified. The structures were drawn with Chimera [70], and

coordinates are from the Protein Data Bank [12], referring to reports based on NMR [6] and

protein crystallography [5], respectively. The two views were chosen to optimize

visualization of the methionines, and the amino (N) and carboxy (C) termini are noted. The

pair-wise distances between the methionines are given in Supplement Table 2 for each of the

structures.
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Table 1

Average g-factor and hyperfine splitting constant A of 3-(2-iodoacet-amido)-2,2,5,5-tetramethyl-1-

pyrrolidinyl oxyl (free spin label) and spin-labeled calmodulin
a

Nitroxide form g-factor Hyperfine splitting constant A

Free spin label (n = 17)
2.0108 ± 0.0002

b
16.00 ± 0.01

b
 Gauss

SL-CaM (n = 44)
2.0133 ± 0.00004

b
15.92 ± 0.01

b
 Gauss

a
Measurements were made on solutions in 50 mM Tris-HCl, pH 7.5, and various EGTA:CaCl2 ratios to obtain free Ca2+ concentrations between

0 - 8.1 mM. No effect of Ca2+ was noted on the free spin label (4.7 μM) or SL-CaM (0.25 – 0.26 mg/mL). The values are given as mean ± SEM.

b
P < 0.0001.

Protein J. Author manuscript; available in PMC 2015 June 01.


