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Summary 

Calmodulin (CaM) is a calcium binding protein regulating the function of many other proteins by indirectly 

conferring  Ca2+ sensitivity. It comprises two globular domains, each of which binds two Ca2+ ions, connected 

by a flexible linker. Extensive structural studies revealed that CaM binds to helical polypeptide segments of 

binding partners, with its N- and C-domains wrapping around the peptide leading to a closed conformation. 

This work compares the binding mode of two such peptides, MARCKS and IQ, for which crystal structures 

revealed closed conformation. To assess the structures in solution, we performed double electron-electron 

resonance (DEER) experiments employing labelling schemes involving nitroxide and Gd(III) spin labels as 

well as specific substitution of one of the Ca2+ ions in the CaM mutant N60D by a Gd(III) ion. We measured 

Gd(III)–Gd(III), Gd(III)–nitroxide and nitroxide–nitroxide distances distributions to track conformational 

changes and peptide binding. We found that MARCKS binds to CaM in both the apo- and holo-states, but 

binding to holo-CaM resulted neither in a closed conformation nor in a unique relative orientation between 

the two domains. This was supported by NMR measurements of pseudocontact shifts of the N60D mutant 

with paramagnetic lanthanoid ions. In contrast, binding of IQ to holo-CaM generated a closed conformation. 

Using the elastic network model and 12 distance restraints obtained from multiple holo-CaM/IQ DEER data, 

we derived a model of the solution structure, which is in reasonable agreement with the crystal structure. 

The data reveal structural disorder of the IQ peptide at both termini and some disorder in the EF loop with 

Gd(III).  

Keywords 

Calmodulin, Protein-peptide interaction, EPR, DEER, NMR, IQ-peptide, MARCKS, Lanthanoid ions. 

 



 

2 
 

Introduction 

Proteins exhibiting high flexibility are often associated with a wide range of biological 

functions enabled by interactions with many other proteins, often referred to as clients. 

Calmodulin (calcium modulated protein, CaM) is a classic example of such a protein.(Ikura 

et al., 1992) In this case, the structural flexibility resides predominantly in the unstructured 

linker connecting its N- and C-domains. Flexible proteins are most effectively studied by 

spectroscopic techniques, including double electron-electron resonance (DEER or 

PELDOR).(Jeschke, 2012b) This technique measures nanometre scale distance 

distributions between spin labels attached at well-defined positions in the proteins and 

the measurements are usually carried out in frozen solutions. In a distance distribution, 

the mean distance provides the most easily interpretable piece of structural information, 

whereas the width of the distance distribution contains qualitative important information 

on the degree of conformational heterogeneity captured during the freezing of the 

sample. Notably, the flexibility of the spin label contributes to the width of the distance 

distribution and therefore spin labels with minimal flexibility are preferred if backbone 

structure is expected to be well defined and as long as the labels are not expected to bias 

the structure.(Marko et al., 2011) In this work, we performed DEER experiments with non-

standard labelling schemes, some of which weredesigned to minimize the label 

contribution to the distance distribution, and tracked the conformational changes of CaM 

in response to the binding of two different target peptides. We complemented these 

measurements with by paramagnetic NMR measurements. A major difference between 

solution NMR and EPR spectroscopy is the state of the sample; NMR measurements are 

carried out at room temperature and conformational heterogeneity is often averaged. In 

contrast, the DEER experiment is carried out on frozen solutions, where conformational 

heterogeneity is preserved and trapped during freezing, contributing to the width of the 

distance distribution.   

Calmodulin is a small (about 17 kDa, 148 residues) intracellular Ca2+ sensing protein present in 

almost all eukaryotic organisms, which is known to regulate the function of many other proteins 

by conferring Ca2+ sensitivity.(Yamniuk and Vogel, 2004) Different proteins can bind CaM in many 

different ways (Yamniuk and Vogel, 2004; Yap et al., 2000) and the actual mechanism of activation 

is only incompletely understood for most of them. This is, in part, because many CaM targets are 

large multimeric or transmembrane proteins,(Hovey et al., 2017; Kumar et al., 2013b; Thomas 
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and Timson, 2018) which are hard to study by standard structure determination methods. 

Accordingly, most of the structural studies focused on target proteins that CaM binds to by 

capturing small polypeptide segments.(Vetter and Leclerc, 2003) 

CaM comprises two structurally similar domains, the N- and C-domains, which are connected by 

a highly flexible linker peptide. The flexibility of this linker is believed to play a key role in enabling 

CaM to interact with many different targets.(Yamniuk and Vogel, 2004) The N- and C- domains 

each contain a pair of EF hands, which are carboxylate-rich loops framed by two helices.(Ogawa 

and Tanokura, 1984; Potter et al., 1983) CaM adopts different conformations in response to Ca2+ 

binding. The apo state in the absence of Ca2+ ions is characterized by a “closed” conformation of 

the N-domain and a “semi-open” conformation of the C-domain.(Houdusse and Cohen, 1995; 

Yamniuk and Vogel, 2004) In the apo state, the C-domain can bind some targets while the N-

domain makes few contacts with target proteins or the C-domain of CaM.(Hovey et al., 2017; 

Yamniuk and Vogel, 2004) In the holo form of fully Ca2+-loaded CaM (Ca2+/CaM), the protein 

conformation exposes hydrophobic amino acids of both domains, which facilitates interactions 

with target proteins, but it still retains high linker flexibility, allowing the N- and C-domains to 

sample many different relative orientations in solution.(Gigli et al., 2018) CaM conformational 

heterogeneity has been studied by NMR using residual dipolar couplings (RDC), pseudocontact 

shifts (PCS),(Russo et al., 2013; Ye et al., 2017) paramagnetic relaxation enhancements (PRE) 

(Anthis et al., 2011)as well as small-angle X-ray scattering (SAXS) (Kataoka et al., 1991) and DEER 

measurements.(Her et al., 2018) 

There is no single mode of target binding and activation/deactivation by CaM. Most, but not all, 

high-resolution crystal structures of Ca2+/CaM in complex with target peptides depict CaM 

enclosing the CaM-binding motif of the target peptide, assuming a conformation akin to the a 

closed conformation, sometimes referred to as collapsed conformation shown in Fig. 1.(Ikura et 

al., 1992; Meador et al., 1992; Osawa et al., 1999; Schumacher et al., 2001) The bound target 

peptide usually assumes a mostly α-helical conformation and resides in a hydrophobic channel 

formed by the two lobes of Ca2+/CaM.  The target peptides are often characterized by at least two 

hydrophobic anchor residues at positions 1/10, 1/12, 1/14, 1/16,(Osawa et al., 1999) 

1/17(Maximciuc et al., 2006)  and 1/10/14  for three anchors,(Gifford et al., 2007) which bind in 

two hydrophobic pockets formed by the N- and C-domains of CaM. Several peptides, such as the 
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IQ peptide, bind CaM in both the apo- and holo-states.(Chagot and Chazin, 2011; Fallon et al., 

2005) 

We focused on two peptides, with the MARCKS and IQ motifs, which have been reported to 

exhibit different binding modes. The MARCKS peptide is a CaM-binding motif from myristoylated 

alanine-rich C kinase substrate, which is a membrane-associated protein essential for the 

development of the central nervous system.(Matsubara et al., 1998) MARCKS binds tightly to 

Ca2+/CaM with a dissociation constant, Kd, of 8.8 nM.(Yamauchi et al., 2003) The crystal structure 

of the Ca2+/CaM/MARCKS complex shows a closed conformation (Porumb et al., 1997a) similar to 

those of classical peptide-CaM complexes. In the complex, the MARCKS peptide forms only a short 

helix, in contrast to classical complexes where the peptides are found to form a long α-helix. This 

observation was supported by circular dichroism (CD) and NMR studies (Matsubara et al., 1998; 

Porumb et al., 1997a) and stands in contrast to an early CW-EPR study, which argued for a longer 

helix based on reduced mobility observed for nitroxide spin labels situated along the MARCKS 

peptide sequence in the complex.(Qin et al., 1996) Unlike classical CaM-binding peptides, the 

anchor residues of the MARCKS peptide are separated by a single residue only and the crystal 

structure indicates that one is buried deep in a binding pocket, whereas the other interacts more 

superficially with the hydrophobic surface of the N-domain, while the hydrophobic pocket of the 

N-domain is almost absent.(Yamauchi et al., 2003) To date, there are no reports on MARCKS 

binding to apo-CaM. 

 

The second peptide studied in the present work is the IQ peptide which comprises the IQ-motif 

sequence IQXXXRGXXXR. The conserved residues in this motif are not the only determinants of 

binding,(Hovey et al., 2017; Vetter and Leclerc, 2003) as different variants of IQ peptides differ in 

their binding affinity to CaM states.(Kumar et al., 2013a) The IQ peptide used in the present work 

was derived from the CaV1.2 calcium channel.(Fallon et al., 2005) Its crystal structure in the 

presence of Ca2+ contains three CaM molecules in the asymmetric unit, which display different 

conformations with different orientations of the N-domain relative to the C-domain.(Fallon et al., 

2005)  NMR measurements with the same IQ peptide indicated that the solution structure is best 

described by an ensemble of up to 8 conformers that are in fast exchange on the NMR time scale, 

with three of those conformations corresponding to those observed in the crystal structure and 

the others obtained from molecular dynamic simulations.(Russo et al., 2013)  DEER has previously 

been applied to probe the conformational changes of CaM upon binding of an IQ peptide and the 



 

5 
 

formation of a closed conformation was observed both in vitro and in cell extract using CaM 

doubly labelled with Gd(III) spin labels, while no conformational change was  observed in 

cells.(Dalaloyan et al., 2019)  

 In this work, we explore the binding of MARCKS and IQ peptides to both apo- and holo-CaM in 

solution to explore the potential of DEER measurements to capture the conformational 

heterogeneity in solution and resolve the impact of different peptides, with the CaM/IQ complex 

serving as a reference. To this end we combined several labelling schemes: (i) CaM labelled with 

Gd(III) spin labels in the C- and N-domains to track the formation of closed conformations by 

Gd(III)–Gd(III) DEER.(Giannoulis et al., 2021) (ii) Use of the CaM-N60D mutant to introduce a 

Gd(III) ion in one of the EF loops of the N-terminal domain and thus eliminate the contribution of 

a flexible spin-label linker from the width of the distance distribution. The N60D mutant has been 

shown to have a very high affinity for lanthanide ions even in the presence of excess Ca2+ ions, 

permitting  the  preparation  of  well  defined (CaLn)N(Ca2)CCaM derivatives.(Bertini et al., 2003) 

In this case, the second spin label was a nitroxide (NO) placed in the C-domain with the aim to 

track the formation of the closed conformation. Paramagnetic NMR has previously used this 

labelling scheme successfully to probe CaM conformations.(Bertini et al., 2009; Russo et al., 2013) 

As a control of structural integrity of the N-domain in the N60D mutant, a sample was also 

prepared with an NO label in the N-domain. These samples were subjected to Gd(III)–NO 

DEER.(Lueders et al., 2011) (iii) Samples with spin labels in CaM and the bound peptide to establish 

binding to the C- or N-domains. The peptide was labelled with NO and CaM was labelled with a 

Gd(III) spin label in either the N- or C-domains, or labelled with Gd(III) in the EF loop using the 

N60D mutant. NO–Gd(III) DEER was performed, which in this case is preferable to Gd(III)–Gd(III) 

or NO–NO DEER as it eliminates potential contributions from CaM dimers, which have been 

reported in solution.(Lafitte et al., 1999a) Fig. 1 illustrates the labelling positions in the crystal 

structures of holo-CaM/IQ and holo-Cam/MARCKS and the chemical structures of the spin labels 

are shown in Fig.2.  

Finally, we recorded NMR data of holo-CaM N60D loaded with paramagnetic lanthanoid ions to 

measure pseudocontact shifts (PCS) and assess the structural integrity of the N-domain in solution 

and the mobility of the C-domain relative to the N-domain in the presence of MARCKS peptide. 

These data provide a picture of the CaM/MARCKS complex at 25 oC, which complements the DEER 

data obtained in frozen solution. 
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Fig. 1. Crystal structures of (A) holo-CaM/IQ (PDB 2BE6, chain A)(Fallon et al., 2005) and (B) holo-
CaM/MARCKS (PDB 1IWQ).(Yamauchi et al., 2003) The C-domain is colored deep teal, the N-
domain light orange and bound peptide pink.  The Gd(III) ion replacing one of the Ca2+ ions in the 
N60D mutant is indicated in red and the Ca2+  ions are green. Red and purple balls identify CaM 
and peptide residues labelled with tags, respectively. Lines connecting the labelling sites indicate 
pairs subjected to DEER measurements (C) Superimposition of the structures shown in (A) and 
(B). The positions of some of the labelling sites are shown in red and blue for the complex with 
the MARCKS and IQ peptide, respectively. The IQ peptide is shown in magenta and the MARCKS 
peptide in cyan. The structure 2BE6 is colored yellow and 1IWQ green. 

 

Figure 2. Spin labels used in this study.  
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Results  

CaM conformational changes upon MARCKS and IQ binding 

Initially we aimed at mapping the conformational changes Ca2+/CaM undergoes upon binding of 

MARCKS. For this we prepared a series of nine double-cysteine mutants (Table S1) labelled with 

the Gd-C1 tag (Fig. 2C), where one label was located in the N-domain and the other in the C-

domain. We designed this labelling scheme to detect the expected closure of the two domains in 

the presence of target peptides. The Gd(III)–Gd(III) DEER data in the presence and absence of 

MARCKS are presented in Figs S1-S3 and the results were unexpected. The experimental distance 

distributions deviated very much from those predicted from the crystal structure and they were 

very broad and only two of the 9 constructs, T34C/A103C and T34C/119C, showed a significant 

distance change upon addition of MARCKS. In contrast, we observed in an earlier study that  

Ca2+/CaM T34C/117C labelled with Gd-DOTA-M displayed a shorter distance between N- and C-

domain upon binding of the IQ peptide.(Dalaloyan et al., 2019)  Therefore, we prepared this 

mutant as well and labelled it with Gd-DOTA-M. Again, we found no evidence of a closed 

conformation following the addition of MARCKS, in stark contrast to IQ (Fig. 3A), where there is 

good agreement with the distances predicted for all three conformations observed in the crystal 

structure (see below).  

To reduce the uncertainty in the distance distribution contributed by the size and flexibility of the 

tags, and to minimize the possibility that the tags interfered with the binding affinity to MARCKS, 

we prepared two new mutants N60D/T117C and N60D/T34C. Here Gd(III) substituted one of the 

Ca2+ ions in the N-domain as afforded by the N60D mutation.(Bertini et al., 2003; Bertini et al., 

2009) Representative echo-detected EPR spectra of CaM labelled with Gd-DOTA-M and the 

Gd(III)-N60D mutant are depicted in Fig. S4. The Gd(III)-N60D mutant displayed a much larger 

zero-field-splitting (ZFS) compared to Gd-DOTA-M, as manifested by its broader central transition. 

This large ZFS would lead to a low modulation depth and therefore we labelled these mutants 

with a nitroxide (MA-proxyl) as the second label (Table 1). The X-band EPR spectrum of the 

nitroxide-labelled mutant N60D/T117C is shown in Fig. S5 and revealed high mobility independent 

of the presence of Ca2+ or peptide. The N60D/T117C mutant was designed to probe the inter-

domain movement, whereas the N60D/T34C mutant was designed to probe any intra-domain 

movement within the N-domain, which is expected to be quite rigid.  
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Figs. 3B, C show W-band Gd–NO DEER data obtained from these samples in the presence and 

absence of MARCKS. For the data obtained with nitroxide tags, one has to consider the possibility 

of orientation selection,(Kaminker et al., 2013) in particular for narrow distance distributions. 

These effects were reduced by the choice of pump pulse frequency and the use of a linear chirp 

pump pulse (Fig. S4). The experimental distance distributions reveal notable differences to those 

predicted from the available crystal structure. We observe a broad distance distribution for the 

N60D/T117C mutant, which probes the inter-domain distance, without any indication of a 

conformational change induced by the MARCKS peptide, although we confirmed peptide binding 

(see below). In contrast, CaM N60D/T34C in the presence of MARCKS produced a short distance, 

which is close to the predicted distance, and a relatively narrow distance distribution. As expected 

for this intra-domain distance, it did not change much between the protein with and without the 

peptide.   

In contrast, the DEER data of N60D-Gd(III)/T117C-MA-proxyl showed a difference upon IQ binding 

(Fig. 3B), manifested clearly in the time domain data, but the distance distribution was broad. In 

the presence of the IQ peptide, the distance distribution shows two maxima around 3 nm and 4.3 

nm, which were reproduced in repeat experiments. The N60D-Gd(III)/T34C-MA-proxyl construct 

responded similarly to the binding of IQ peptide (Fig. 3C) as it did in response to the MARCKS 

peptide, showing a short distance that did not change significantly upon IQ binding. Both with 

MARCKS and IQ peptide, this intra-domain measurement showed a low modulation depth which 

may indicate the presence of short distances that cannot be accessed experimentally by DEER 

experiments.  
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Figure 3. DEER data of Ca2+-CaM labelled in different ways, free and with MARCKS or IQ peptides. 
(A) Gd(III)–Gd(III) DEER of the mutant T34C/T117C-Gd-DOTA-M. (B) Gd(III)–NO DEER of the 
mutant T34C-MA-proxyl/N60D-Gd(III). (C) Gd(III)–NO DEER of the mutant T117C-MA-
proxyl/N60D-Gd(III). The panels on the left show the DEER data after the background removal 
along with the fitted trace. Traces that had low modulation depth were expanded by a factor as 
noted in the figure. The panels in the middle column show the corresponding distance 
distributions along with the distance distribution predicted from the respective crystal structures 
(blue, using chain A for the IQ data). The colour bar underneath the distance distributions shows 
the reliability regions as defined in DeerAnalysis, determined by the DEER evolution time (green: 
the shape of the distance distribution is reliable; yellow: the mean distance and distribution width 
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are reliable; orange: the mean distance is reliable; red: unreliable long-range distances). The solid 
lines represent the distributions with the smallest r.m.s.d. to the experimental data and the 
striped regions indicate the range of alternative distributions (±2 times the standard deviation) 
obtained by varying the parameters of the background correction and noise as calculated by the 
validation tool in the DeerAnalysis software package with the default values.(Jeschke et al., 2006) 
The primary DEER data are shown in Fig. S6. The right column presents cartoons of CaM with the 
labelling sites.   
 

CaM is known to be prone to form non-covalent dimers,(Lafitte et al., 1999b) which can be 

suppressed by increased salt concentrations.(Bertini et al., 2012) To assess dimer formation in our 

samples, we carried out control Gd(III)–Gd(III) DEER measurements on the singly-labelled Gd-

DOTA-M CaM mutants T117C and T34C as well as the N60D mutant. DEER modulations observed 

prior to the addition of salt indeed indicated the formation of dimers, whereas the addition of 200 

mM KCl resulted in much shallower modulation depths in agreement with a negligible amount of 

oligomers (Fig. S7).  Further reduction in the amount of dimers could be achieved by decreasing 

the CaM concentration. Therefore, the CaM concentration was kept at 50 µM and all samples 

listed in Table 1 contained 200 mM KCl. Furthermore, the application of Gd(III)–NO DEER reduces 

the contributions from dimers to the DEER traces as compared to Gd(III)–Gd(III) or NO–NO 

measurements, because inter-molecular same-tag contributions would hardly contribute to the 

Gd(III)–NO DEER.  

To summarize, the binding of MARCKS to Ca2+/CaM did not reveal the expected closure of the N- 

and C-domain as suggested by the crystal structure, instead indicating significant flexibility of the 

linker between N- and C-domain. Unlike MARCKS, the IQ peptide indicated closure of the N- and 

C-domains as observed earlier, although the complex with the IQ peptide also shows evidence of 

conformational heterogeneity. To investigate the Ca2+/CaM/MARCKS complex in more detail, we 

proceeded to explore the protein–peptide interaction directly by DEER measurements between 

labelled MARCKS and labelled CaM, comparing the results with those obtained with the IQ 

peptide.   

CaM interaction with MARCKS  

To confirm the binding of MARCKS peptide and obtain information regarding its binding location 

in CaM, we carried out Gd(III)–NO DEER on the MARCKS mutant K164C labelled with MTSL and 

singly Gd(III)-labelled CaM.  Specifically, the mutants T34C, T110C and T117C were labelled with 

Gd-DOTA-M and we also used the N60D-Gd(III) construct (Table 1). We probed both the binding 
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to apo-CaM (treated with 3 mM EDTA) and holo-CaM (in the presence of 5 mM CaCl2). The N60D-

Gd(III) variant was not measured in the apo state because the addition of EDTA removed also 

Gd(III). X-band CW EPR measurements of MARCKS K164C-MTSL in the presence of various 

amounts of Ca2+/CaM T117C (Fig. S8) showed the appearance of a spectral component indicative 

of a nitroxide with restricted motion, the relative intensity of which increased with increasing CaM 

concentration. The restricted motion is consistent with an earlier EPR report (Qin et al., 1996) and 

clearly indicates binding of the peptide. In the case of apo-CaM, only minor broadening was 

detected with increasing CaM concentration.   

The DEER results presented in Fig. 4 demonstrate that both apo- and holo-CaM bind MARCKS, 

consistent with the CW-EPR (Fig. S8) and native gels shown in Fig. S9. In these experiments, unlike 

those with two labels on CaM, there is no contribution to the DEER trace from free CaM, which 

may be present in solution.  A modulation depth of 5-10% was detected for all holo-CaM samples 

and the modulation depth was consistently lower in the absence of calcium, which we attribute 

to a greater dissociation constant for apo-CaM. For CaM T117C and CaM T34C, we observed a 

narrowing of the distance distribution for holo-CaM, whereas the T110C mutant showed no 

significant differences. The distance distributions remained notably broad also for holo-CaM, 

except for the N60D mutant. This suggests considerable conformational variation in the CaM 

complex with MARCKS peptide, which does not appear to arise from a distribution of the peptide 

location as the distance distribution obtained for the N60D-Gd(III) construct was narrow. We also 

compared the distance distributions with that predicted from the crystal structure using the 

MMM software(Polyhach et al., 2011) and obtained a reasonable agreement between their 

maxima (< 0.5 nm difference is comparable to the standard deviation of about 0.3 nm arising from 

limited accuracy of modelling the distribution of spin label conformations(Jeschke, 2012a)). The 

predicted widths are, however, consistently narrower than observed, with the difference being 

particularly large for the T34C mutation in the N-domain of CaM. 

The measurements described so far established binding of MARCKS to both apo- and holo-CaM, 

yet allowing the N- and C-domain to assume different orientations with respect to each other. 

Nonetheless, holo-CaM in complex with MARCKS showed narrowing of the distance distribution 

compared to the apo-protein, indicating some restriction of the domain locations relative to each 

other.  To further check the degree of agreement between the crystal structure and the solution 

structure of the Ca2+/CaM/MARCKS complexes we carried out trilateration to determine the 

position of the MARCKS NO-label as compared to the position predicted by the crystal 
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structure.(Abdullin et al., 2015) We applied the trilateraton option in the MMM software 

package(Jeschke, 2018)  using   Gd(III)–NO mean and standard deviations of the distance 

distribution in Fig. 4 and the mean position of the Gd(III) ion as determined by the rotamer library, 

again employing MMM. The results, shown in Fig. S10A, reveal a rather large discrepancy between 

the location predicted by the crystal structure and the result obtained from trilateration. This 

further indicates that there are significant differences between the solution and the crystal 

structures.  

 

Figure 4. Gd(III)–NO DEER data of holo-CaM (black) and apo-CaM (red) in the presence of 
MARCKS. The left column shows the DEER data after background removal with the corresponding 
fits. The middle column shows the associated distance distributions. Uncertainty ranges are 
indicated as in Figure 3. The blue line represents the predicted distance distribution from the 
crystal structure 2BE6, chain A, calculated using the MMM software. The last column shows 
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cartoons of the CaM/MARCKS complex indicating the labelling scheme.  The primary DEER data 
are given in Fig. S11.  
 

CaM interaction with IQ 

To complete the comparison of the CaM-MARCKS and CaM-IQ complexes, we carried out 

Gd(III)–NO DEER measurements with singly labelled CaM as described above. The IQ 

peptide was singly labelled with MTSL at two different positions, either towards the C-

terminal end (C-IQ) or the N-terminal end (N-IQ; see Methods section and Table 1). 

According to the crystal structure, the C-IQ label is located near the CaM C-domain, 

whereas the N-IQ label is closer to the N-domain. The CW EPR spectra of the C-IQ peptide 

in the presence of different amounts of CaM, shown in Fig. S12, indicated no restriction of 

motion upon binding to CaM. Fig. 5A shows the Gd(III)–NO DEER results for C-IQ bound to 

CaM T34C, T110C and T117C mutants labelled with Gd-DOTA-M, in the apo- and holo-

form. In addition, DEER data were acquired for C-IQ and CaM N60D-Gd(III) in the holo-

state. The results show that the IQ peptide binds CaM both in the absence and presence 

of calcium, in agreement with earlier reports.(Chagot and Chazin, 2011) For C-IQ, the 

modulation depths showed little difference between the apo- and holo-forms (except for 

the mutant T34C) and the widths of the distance distributions were much greater for CaM 

T34C and CaM T117C in the apo-state. The distance distributions agree reasonably with 

those predicted for chain A in the crystal structure (except for the mutant T117C), whereas 

CaM N60D showed a large discrepancy in the width of distance distribution. Although the 

addition of calcium narrowed the distance distributions, they are broader than anticipated.  

Fig. 5B presents the results for N-IQ. Again, holo-CaM produced narrower distance 

distributions than apo-CaM, particularly for the mutants T110C and T117C, which is 

consistent with the expectation that binding of the IQ peptides positions the N- and C-

domains of CaM in more defined locations relative to each other.(Fallon et al., 2005) 

Interestingly, the distance distribution width of the CaM N60D-Gd(III)/N-IQ complex is 

narrower than that with the C-IQ peptide, indicating greater conformational freedom at 

the C-terminus of the peptide. There was no consistent trend in the modulation depths 

observed for the apo- and holo-forms, which may be due to the presence of short distances 

inaccessible by the experimental set-up of the DEER experiments. The distance 

distributions of the T117C and T34C mutants matched reasonably the predictions made 

for chain A, but the mutants T110C and N60D did not match as well, with the T110C and 
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N60D mutants showing, respectively, somewhat longer and shorter distances than 

predicted. Regarding chains B and C of the crystal structure, chain B predicts very similar 

distance distributions as chain A, whereas chain C predicts very different distances (Fig. 

S13).  

 
Figure 5. Gd(III)–NO DEER data of holo-CaM (black) and apo-CaM (red) in the presence of (A) C-IQ 
or (B) N-IQ peptide. The left column shows the DEER data after background subtraction with the 
corresponding fits. The middle column shows the associated distance distributions. Uncertainty 
ranges are indicated as in Figure 3.  The blue line represents the predicted distance distribution 
from the crystal structure 2BE6 (chain A). 
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overlap between the trilateration locations and the cloud of locations predicted from the rotamer 

library (Fig. S10B,C).  

(A) C-IQ 

CaM-C-T110C

CaM-C-T117C

CaM-N-T34C

CaM-N-N60D

t / µs r / nm 

(B) N-IQ 

t / µs r / nm 
2 3 4 5 6
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NMR measurements of CaM/MARCKS 

PCSs were observed when Tb(III) or Tm(III) ions were added to the CaM N60D mutant. Figure 6 

shows the results for both uniformly 15N-labelled CaM N60D and selectively 15N-alanine, 15N-

methionine and 15N-valine-labelled CaM N60D loaded with either diamagnetic Y(III) or 

paramagnetic Tb(III) or Tm(III) in the presence of MARCKS peptide. In total, 28 PCSs were 

measured for the Tb(III) sample (8 for the N-domain and 20 for the C-domain) and 32 PCSs were 

measured for the Tm(III) sample (13 for the N-domain and 19 for the C-domain; Table S2). 

 
Figure 6. Superimposition of 15N-HSQC spectra of 0.5 mM solutions of CaM N60D with MARCKS 
peptide. The concentrations of CaM N60D, MARCKS peptide, CaCl2 and LnCl3 were 0.5 mM, 2.5 
mM, 1.5 mM and 0.5 mM, respectively. Spectra with diamagnetic Y(III) are in black, and with 
paramagnetic Tb(III) and Tm(III) in blue and red, respectively. Selected sets of cross-peaks in the 
diamagnetic and paramagnetic samples are connected by lines and labelled with their resonance 
assignment. (a) Uniformly 15N-labelled CaM N60D. (b) Selectively 15N-alanine, 15N-methionine and 
15N-valine-labelled CaM N60D.  
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∆χ tensors were determined with the program Numbat,(Schmitz et al., 2008) using the PCSs 

measured for the N-domain of CaM N60D in complex with MARCKS and Tb(III) or Tm(III), and the 

crystal structure of the CaM-MARCKS complex 1IWQ (Table S3). The large tensor magnitudes 

obtained with small quality factors indicate specific binding of the lanthanoid ions with little 

mobility, as well as excellent agreement with the crystal structure. The magnitude of the ∆χ-

tensor components determined for the CaM N60D/MARCKS complex with Tm(III) are in excellent 

agreement with the ∆χ tensors published for the CaM-DAPK and CaM-DRP-1 complexes(Bertini 

et al., 2009) and for the CaM-IQ complex.(Russo et al., 2013) This suggests that the N-domain 

structure is highly conserved between all these complexes. Only the ∆χrh component obtained 

with Tb(III) is about 50% larger than for the complexes with the other peptides, which may be 

attributed to the relatively small number of PCSs measured for the N-domain with Tb(III) (Table 

S2), which may be too small for reliable determination of the ∆χ-tensor. This conclusion is 

supported by a direct comparison of the experimental PCSs obtained for the N-domain of the CaM 

N60D/MARCKS complex with those published previously for the complexes with the DAPK, DRP-

1(Bertini et al., 2009) and IQ(Russo et al., 2013) peptides. The correlations were very good (Figure 

S15). Interestingly, the residues that showed the largest deviations in the correlations (Lys13, 

Leu18 and Gly23) are located near the hydrophobic pocket of the N-domain which, according to 

the crystal structure, is almost absent in the CaM-MARCKS complex due to the lack of the anchor 

residue in MARCKS.(Yamauchi et al., 2003) 

The ∆χ tensors shown in Table S3 allowed predicting the PCSs for the C-domain as depicted in the 

crystal structure 1IWQ. Figure 7 shows the correlation between back-calculated and experimental 

PCSs for both the N- and C-domain. A good correlation between the back-calculated and 

experimental PCSs was obtained for the N-domain. On the other hand, the correlation between 

the back-calculated and experimental PCSs for the C-domain was poor with very large quality 

factors (0.9 for the Tb(III) sample and 1.7 for the Tm(III) sample). The poor fit of the C-domain 

data indicates that the crystal structure of the CaM/MARCKS complex is not a good representation 

of the structure in solution. In particular, the experimental PCSs of the C-domain are significantly 

smaller than expected from the crystal structure. This would be expected, if the distance between 

N- and C-domain is greater than in the crystal structure. As PCSs depend on the distance r from 

the paramagnetic centre with r-3, the PCSs would decrease two-fold for a 25% increase in distance. 

In principle, the average PCSs can also decrease, if the C-domain undergoes sideways motions 
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without changing its distance from the paramagnetic centre located in the N-domain, but it is 

unclear how such a movement could occur without also increasing the distance between the N- 

and C-domain. 

Figure 8 compares the PCSs reported previously for free CaM N60D(Bertini et al., 2004) with those 

measured in the present work for the complex with MARCKS peptide. The agreement is good for 

the PCSs of the N-domain, but the C-domain shows larger PCSs in the complex, indicating that 

peptide binding reduces the amplitude of motions of the C-domain relative to the N-domain. 

 

Figure 7. Correlations between back-calculated and experimental PCSs for CaM N60D in complex 
with MARCKS peptide. (a) Correlation for the amide protons of the N-domain. Blue and red points 
mark the PCSs obtained with Tb(III) and Tm(III), respectively. (b) Same as (a) but for the C-domain. 
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Figure 8. Correlations between experimental PCSs measured for free holo-CaM N60D(Bertini et 
al., 2004)and CaM N60D in complex with MARCKS peptide. (a) Correlation for the amide protons 
of the N-domain. Blue and red points mark the PCSs obtained with Tb(III) and Tm(III), respectively. 
(b) Same as (a) but for the C-domain. 
 

Modelling of the solution structure of holo-CaM/IQ 

Comparing the collection of DEER distance distributions measured for the holo-CaM/IQ complex 

with those predicted from the crystal structure for chains A and B(Fallon et al., 2005) suggests 

that the average solution structure is not very different but it is also characterized by significant 

conformational heterogeneity as also observed by NMR.(Russo et al., 2013) Using the elastic-

network model implemented in MMM,(Jeschke, 2012a; Jeschke, 2018) we constructed a model 
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of the holo-CaM/IQ complex based on the DEER restraints, adopting the approach taken to 

model the conformational change in hyperpolarization-activated cyclic nucleotide-gated (HCN) 

carboxyl-terminal region upon binding of cyclic AMP.(Puljung et al., 2014) The modelling aimed 

to derive a family of structures that are consistent with the DEER distance distributions and reflect 

the solution structure. The crystal structure of chain A was taken as the initial model and the 12 

experimental distance distributions were converted into 12 structure restraints. The distance 

distribution obtained with N60D-Gd(III)-T117-MA-proxyl gave a bimodal distribution hinting at 

the presence of two conformations. Therefore, we considered three restraint cases for this 

variant, one with a short distance, another with a long distance and a third with their average, as 

listed in Table S4. The fit was performed 20 times for each set of restraints, generating three 

ensembles of structures, depicted in Fig. 9 for two different views of the protein/IQ complex. The 

average r.m.s.d. values and the standard deviation (in parenthesis) obtained for the average, long 

and short sets of restraints were rather small, 2.07 (0.412), 2.03 (0.107) and 2.10 (0.14) Å, 

respectively.  We calculated the average distance distributions derived from these three structure 

ensembles using MMM and compared them to the experimental results for the long restraint case 

in Fig. 10 and the results obtained for the other two cases are shown in Fig. S16.  The sum of the 

squares of the differences between the maxima of the experimental distance distributions and 

the distance distributions calculated for the new structures show that the match is better for the 

short and long distance cases than for the average distance case (Fig. S17). None of the three sets 

reproduced the short distance observed for the N60D-Gd(III)-T117-MA-proxyl construct. 

Regarding the overall fold of the protein, the differences between the three structures shown in 

Fig. 9 are relatively minor, with movements in all helices compared to the crystal structure (chain 

A) and the C-terminal segment of the IQ peptide showing significant disorder. The N-terminal 

segment of the IQ peptide is disordered too, but less so. The central region of the peptide shows 

the least disorder for the case when the short restraint was used. Significant disorder was 

observed also for the second EF hand of the N-terminal domain, which binds the Gd(III) ion in the 

N60D mutant and suggesting an averaged small shift.  
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Figure 9.  Two views of the ensemble of 20 structures obtained from fitting the distance 

distributions using the elastic network model and the experimental results of all constructs of 

holo-CaM in complex with IQ peptide as restraints (twelve in total). The calculations were 

performed by setting the restraints obtained with holo-CaM T117C-Ma-proxy/N60D-Gd(III) either 

to average (av), short or long distances. The magenta ribbon corresponds to the A chain in crystal 

structure 2BE6. The Ca2+ ions are shown as green balls. The position of the Gd(III) ion in the N60D 

mutant is identified by an arrow.  The IQ peptide is shown in pink, the N-domain in gold, and the 

C-domain in deep teal.   

av

av

short

short

long

long
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Figure 10. Comparison of the distance distributions in the structures fitted with the long distance 
restraint option (blue), distance distributions modelled on the X-ray structure (black) and the 
experimental results (red) for all constructs of holo-CaM. The T117C-MA-proxyl/N60D-Gd(III) 
construct shows a second distribution with a short distance, which is not accounted for by either 
the model or crystal structure. 

Discussion   

In this work, we used DEER with various labelling schemes, combining different Gd(III) and 

nitroxide labels, and paramagnetic NMR measurements to explore the solution structure of CaM 

in the presence of two target peptides, MARCKS and IQ, which belong to different families of 

proteins. Although the co-crystal structures with both peptides exhibit a closed structure (Fig.1), 

the detailed binding modes of the peptides differ. Our attempt to resolve the manifestation of 

these differences in solution followed two approaches. In the first we looked for the 

conformational changes that holo-CaM undergoes upon peptide binding by tracking the distance 

distributions between pairs of labels on CaM. In the second approach we focused on the 

interaction between the peptide and CaM by measuring distance distributions between a spin 

label on the peptide and another on CaM. Our experimental observations can be summarized as 

follows: (i) CaM binds the MARCKS and IQ peptide both in the apo- and holo-states. The binding 

r / nm r / nm 



 

22 
 

affinity for MARCKS is lower in the apo- than holo-state. (ii) Upon binding of the MARCKS peptide, 

holo-CaM does not predominantly assume the closed conformation observed in the co-crystal 

structure but retains the structure of the N-domain, whereas the complex with the IQ peptide is 

reasonably represented by the co-crystal structure. (iii) Both holo-CaM/IQ and holo-CaM/MARCKS 

complexes retain significant structural disorder, with the complex with the MARCKS displaying 

greater disorder. (iv)Using a dozen DEER distance restraints for the holo-CaM/IQ complex, 

application of the elastic network model allowed us to derive a structure from the crystal 

structure that is compatible with the solution data. Beyond some movement of all helices around 

the crystal structure, the main differences observed pertained to the disorder of the N- and C- 

terminal segments of the IQ peptide and some disorder of the Gd(III) ion located in the second EF 

hand of the N-domain in the N60D mutant accompanied by a small shift in its average position. It 

is interesting to discuss the implications of these observations in terms of the effect of peptide 

binding on the conformational space of CaM.     

To begin with, the DEER data obtained were in satisfactory agreement with the formation of a 

closed structure as described by the holo-CaM/IQ crystal structure. CaM labelled both in the C-

domain (T117C) and N-domain (T34C) showed a significant shortening of the distance and 

narrowing of the distance distribution upon binding the IQ peptide(Dalaloyan et al., 2019), in close 

agreement with the predictions made from all conformations reported in the crystal structure.. 

The width of the distance distribution for this particular mutant was also in good agreement with 

the predictions, indicating that it arises primarily from the flexibility of the tether of the Gd(III)-

DOTA-M tag. Unexpectedly, however, CaM N60D-Gd(III)-T117C–MA-proxyl showed a bimodal 

distribution, where the longer distance is in agreement with the prediction based on the crystal 

structure. The shorter distance may correspond to a second conformation of the N60D-Gd(III) 

binding loop, but in this case bimodal distributions would be expected for all CaM N60D-Gd(III) 

constructs. A second, albeit weaker peak was indeed observed in the distance distributions of 

CaM N60D-Gd(III)/T34C-MA-proxyl and CaM N60D-Gd(III)/N-IQ. In the complex CaM N60D-

Gd(III)/C-IQ the distance distribution was very broad, which may prevent the resolution of the 

two distance distributions. While the possibility of a second conformation cannot be excluded, it 

would mean quite a large shift of 1.5 nm in the Gd(III) position. The paramagnetic NMR 

measurements do not support this, as the correlation between experimental and calculated PCSs 

was good for the N-domain in the complex with MARCKS and the PCSs also correlated well with 

those observed in the holo-CaM/IQ complex. Another possible explanation could be the presence 
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of a second set of conformations of the MA-proxyl label at the site T117C, which is not picked up 

by the rotamer library, or a second orientation of the G helix, but these explanations are not 

supported by a resolved bimodal distribution of any other construct with T117C and IQ peptide.  

The IQ peptide was found to bind also to apo-CaM. In this case, the distance distributions were 

generally significantly broader than for the holo-state, consistent with the NMR structure.(Chagot 

and Chazin, 2011) This allows high flexibility of the N-terminal segment of the peptide and of the 

CaM N-domain relative to the C-domain. The distance distributions narrow significantly in the 

presence of calcium and in general the distance distributions are in reasonable agreement with 

those predicted from the crystal structure, in particular chain A. Nonetheless, the distance 

distributions predicted were generally narrower than the experimental ones, suggesting the 

presence of significant protein flexibility also in the closed state.  

Use of the elastic network model generated an ensemble model of holo-CaM/IQ in agreement 

with the experimentally determined DEER distance restraints, indicating the existence of disorder 

in the frozen solution. Particular disorder was noted for the IQ peptide labelled near its C-

terminus, consistent with the high mobility reflected in the corresponding CW EPR spectra, while 

the disorder was lower for the IQ peptide labelled near the N-terminus. The conformers 

generated by the elastic network model indicated that the central helical part of the peptide 

remains fairly ordered. The Gd(III) ion in the second EF hand of the N-domain showed greater 

displacements compared to the calcium sites, with different average positions of the Gd(III) ion 

obtained in the short and long restraint cases. While the N60D mutation together with binding of 

a trivalent ion could cause a structural perturbation, earlier NMR studies  indicated that this 

substitution preserves the structure.(Bertini et al., 2009) A recent 2D IR study reported that, 

relative to the calcium-loaded form, CaM exhibits greater conformational flexibility when loaded 

with lanthanide ions including larger structural fluctuations within their binding sites. In this study, 

however, all four calcium ions were substituted.(Edington et al., 2018) In addition to the short 

distance observed for N60D-Gd(III)-T117C–MA-proxyl, which was not reproduced by the elastic 

network fit, the distance distribution obtained between the two labelling sites in the N-IQ and C-

IQ peptides could not be fitted by any of the restraint sets used, as all models underestimated this 

distance. It is important to note, however, that the fits produced by the elastic network model 

heavily rely on determining the positions of the Gd(III) ion and NO radical through rotamer 

libraries, which have their own uncertainties of 0.2-0.3 nm.(Jeschke, 2012a)  
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While the calcium-to-Gd(III) substitution in the N60D mutant was designed to reduce the 

dependence on rotamer libraries and the modelled structures generally match the experimental 

data, some discrepancies remain in particular for the N60D-Gd(III) constructs. In the case of the 

N60D-Gd(III)-T34C and N60D-Gd(III)-N-IQ constructs, discrepancies could arise from the 

experimental difficulty to access very short distances by DEER. 

 

The DEER data of the CaM/MARCKS complex did not yield sufficient good quality restraints to 

carry out a structure analysis with the elastic network model. The data obtained with the IQ 

peptide serve as a helpful reference for the more complex behaviour of the MARCKS peptide and 

for establishing that any failure to detect the closure of the N- and C-domains upon binding of 

MARCKS is not an artifact of spin-labelling. All DEER measurements on the CaM/MARCKS complex 

with labels positioned in the N- and C-domain (11 pairs), except for the mutant N53C/E119C, gave 

broad distance distributions for holo-CaM with and without MARCKS, showing only minor 

differences between the two. This behaviour is consistent with MARCKS binding firmly only to one 

of the two domains, leaving the two domains free to assume a range of different orientations 

relative to each other. The widths of the distance distributions between labelled holo-CaM and 

labelled peptide were similar to those of holo-CaM/IQ, despite the MARCKS peptide being labelled 

in the centre of the helix, where the label motion would be expected to be highly restricted, while 

the IQ peptide was labelled closer to its termini, where the labels are conformationally less 

restricted. This is again consistent with preferred binding of MARCKS to only one of the CaM 

domains. NMR measurements performed with CaM N60D loaded with paramagnetic lanthanoid 

ions and in complex with MARCKS peptide yielded PCSs of the C-domain that were significantly 

smaller than expected for the co-crystal structure 1IWQ, but larger than in the free protein. This 

situation is reminiscent of the complex between holo-CaM N60D and the small intrinsically 

disordered protein AS, where the domains of CaM are somewhat more ordered in the complex 

with AS than in the free protein, but still show significant disorder in their relative 

orientation.(Bertini et al., 2007) Most notably, the PCSs of the N-domain clearly support the 

notion that the N-domain retains its structure in the N60D mutant as observed in the crystal 

structure 1IWQ. The conservation of the N-domain structure indicated by the NMR data also 

suggests that the apparent movement of the Gd(III) ion in the lanthanoid ion binding loop of 

CaM/IQ requires a different explanation such as the short distance limitation of the DEER 
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measurements. Finally, the MARCKS peptide in the crystal structure is shorter than the MARCKS 

peptide used in the present work, raising the possibility that peptides of different lengths bind in 

different ways and stressing the importance of future studies of the full length target proteins. 

 

Conclusions 

By employing several labelling schemes and using different Gd(III) and nitroxide spin labels, W-

band DEER measurements of Gd(III)–Gd(III), Gd(III)–nitroxide and nitroxide–nitroxide distances 

provided clear evidence for binding the target peptides MARCKS and IQ to CaM  both in its apo- 

and holo-states. In the holo-state the two peptides revealed different behaviours, which were not 

expected based on the available crystal structures. Binding of the MARCKS peptide does not 

produce the closed conformation reported by the crystal structure as the main conformational 

species. Instead, the relative orientations of the N- and C-domains remain highly variable as also 

confirmed by complementary paramagnetic NMR measurements. In contrast, binding of the IQ 

peptide to holo-CaM generated a closed conformation as expected, albeit with greater 

conformational heterogeneity than suggested by the crystal structure. With the input of twelve 

distance restraints derived from the combined DEER data of the holo-CaM/IQ complex, the elastic 

network model enabled the construction of a model of the solution structure that is close to the 

crystal structure. This structural model suggests high flexibility of the N- and C-terminal segments 

of the IQ peptide and a potential structural distortion of the Gd(III) binding site in the Gd(III)-N60D 

mutant.  Finally, the holistic DEER approach used can be applied in the future to study CaM 

interaction with full length partners, as opposed to small peptides, which may not show the full 

picture.    

 

Materials and methods: 

CaM Expression and Purification  

The wild-type gene (AAD45181.1) of human CaM was cloned into the pETMCSI vector(Neylon et 

al., 2000) with an N-terminal His6 tag followed by a tobacco etch virus (TEV) protease recognition 

site. To study the complex with MARCKS, nine CaM mutants were produced with two cysteine 

residues at specific positions for labelling with Gd(III) tags (Table S1). The proteins were produced 

by cell-free protein synthesis from PCR-amplified DNA.(Wu et al., 2007) Each cell-free reaction 
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was conducted at 30 °C for 16 h in a dialysis system with 3 mL inner reaction mixture and 30 mL 

outer buffer following a published protocol.(Otting, 2008) 

The proteins were purified using a 1 mL Ni-NTA column (GE Healthcare, USA) according to the 

manufacturer's protocol. Afterwards, the N-terminal His6 tag was removed by incubation with 

His6-tagged TEV protease(Cabrita et al., 2007) at 4 °C for 16 h in a buffer of 25 mM Tris-HCl, pH 8, 

500 mM sodium chloride and 2 mM 2-mercaptoethanol (BME). CaM was separated from the 

cleaved His6 tag and the TEV protease by running the mixture again over a Ni-NTA column. Finally, 

the protein samples were dialyzed against 50 mM sodium phosphate, pH 8, at 4 °C and then 

concentrated using an Amicon ultrafiltration centrifugal tube with a molecular weight cutoff of 5 

kDa. The average yield was about 2 mg of purified protein per mL cell-free reaction mixture (inner 

buffer). The protein concentrations were confirmed by UV absorption measurements and the 

bicinchoninic acid assay.(Smith et al., 1985) Both measurements agreed within 10%. 

In addition, the four CaM single-point mutations N60D, T117C, T34C and T110C and three double 

mutants (T117C/T34C, T117C/N60D, T34C/N60D) were prepared to study both the CaM/MARCKS 

and CaM/IQ complex. These mutants were expressed with a His6 tag from a pET28 plasmid in E. 

coli BL21(DE3) cells. Following cell harvesting by centrifugation and cell lysis by sonication in the 

presence of protease inhibitors and DNase, the cell debris was removed by centrifugation. Further 

purification of the supernatant was conducted using a HisTrap Crude Ni-NTA column followed by 

a HiTrap HP ion exchange column and a Superdex size exclusion column. Finally, the buffer was 

exchanged to 20 mM Tris-HCl, 50 mM KCl and 5 mM BME, pH 7. For all mutants, each purification 

step was monitored by 15% SDS-PAGE. Fig. S18 shows the results obtained for all mutants. The 

final protein concentration was determined by UV-Vis at 280 nm. 

Peptides 

The MARCKS peptide comprised residues 151–175 (KKKKKRFSFKKSFKLSGFSFKKNKK) of 

myristoylated alanine-rich protein kinase C substrate.(Glaser et al., 1996) The peptide was 

purchased from AnaSpec (Fremont, CA) and GenScript (Piscataway, NJ). MARCKS and its 

mutant K164C were purchased from ProteoGenix (Schiltigheim, France). The amino acid 

sequence of the MARCKS peptide used in our study was the same as used in earlier NMR 

and EPR studies.(Porumb et al., 1997b; Qin et al., 1996) In contrast, the peptide used in 

the crystal structure 1IWQ was shorter (KKRFSFKKSFKLSGFSF).(Yamauchi et al., 2003). 

(Note that the sequence numbering in the crystal structure differs, with K154 in our 
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sequence corresponding to K148 in the crystal structure.) The IQ peptide comprised 

residues 1608–1644 (GHMDEVTVGKFYATFLIQEYFRKFKKRKEQGLVGKPS) from the voltage-

gated Ca Channel Ca(V1.2). The wild-type peptide and its mutants V1615C and V1640C 

were purchased from ProteoGenix (Schiltigheim, France).   

 
Spin labelling 

Labelling with C1 tag: Prior to ligation with the C1 tag (Error! Reference source not found.), 0.1 

mM CaM solutions in 50 mM sodium phosphate, pH 8, were reduced with 5 mM 

dithiothreitol (DTT) and the DTT was removed using an Amicon ultrafiltration centrifugal 

tube. The reduced protein solution was added slowly into a solution of 5 molar equivalents 

of C1-Gd(III) in the same buffer and kept overnight at room temperature. Complete tagging 

of the samples was confirmed using mass spectrometry. After the tagging reaction, the 

protein samples were concentrated and exchanged to EPR buffer 1 (20 mM Tris-HCl, 200 

mM KCl in D2O, pD 8.8, uncorrected pH meter reading) using an Amicon ultrafiltration 

centrifugal tube, and perdeuterated glycerol was added to a final concentration of 20% 

(v/v). The high concentration of KCl served to minimize protein dimerization.(Lafitte et al., 

1999a) 

 

Labelling with Gd(III)-DOTA-maleimide (DOTA-M) tag: All three single mutants (T34C, T110C and 

T117C) and the double mutant T34C/T117C were labelled with Gd-DOTA-M as described 

earlier(Dalaloyan et al., 2019; Martorana et al., 2014). We first loaded DOTA-M (purchased from 

Macrocyclics) with gadolinium by dissolving GdCl3 and DOTA-M in distilled water at a molar ratio 

of 1.2:1 and adjusting the pH to 5.5–6.0 by slow addition of 0.1 M NaOH. The solution was mixed 

at room temperature for 3 h and subsequently lyophilized. 

 

The protein was treated with 20 mM dithiothreitol (DTT) and kept on ice for 15 minutes. DTT and 

BME were removed from the protein solution using a PD-10 column. The reduced protein eluted 

from the column was added to a solution of Gd-DOTA-M dissolved in 500 µL anhydrous DMF (final 

molar ratio protein:tag = 1:5 and a total volume of 3 ml, 17% DMF). The mixture was incubated at 

room temperature for 4 h in argon atmosphere under gentle stirring. The solution was again 

lyophilized and DMF is removed before size exclusion chromatography in order to remove 
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unbound tag and excess Gd(III). The correct fold of the protein was established by CD 

measurements.  

The N60D mutant was loaded with gadolinium by treating the protein for 10 min with an 

equimolar ratio of GdCl3 solution in EPR working buffer 2 (20 mM MES 200 mM KCl, pH 

6.5). 

After the tagging reaction, the protein samples were concentrated and exchanged to EPR 

buffer using an Amicon ultrafiltration centrifugal tube and perdeuterated glycerol was 

added to a final concentration of 20% (v/v). The final protein concentration was 0.1–0.2 

µM. 

 

3-Maleimido-PROXYL labelling: T117C/N60D and T34C/N60D were labelled with 3-

maleimido-proxyl (MA-proxyl, obtained from Sigma). The protein, in 20 mM Tris-HCl, 50 

mM KCl, pH 7, was mixed with the tag in 1:10 molar ratio at room temperature for 3 hours. 

Excess tag was removed using a Biospin column and labelled protein was concentrated 

using a 5 kDa cut-off vivaspin concentrator. Finally, the buffer was exchanged to EPR 

working buffer and perdeuterated glycerol was added to a final concentration of 20% (v/v). 

The final protein concentration was 0.1–0.2µM. 

 

Peptide labelling: Prior to labelling,  the V1615C and  V1640C mutants of the IQ peptide 

and the  MARCKS K164C peptide were treated with 20 mM DTT, keeping the solution on 

ice for 15 minutes, and excess DTT was removed by a semi-preparative HPLC column 

(ZORBAX C18, 5µm, 9.4X250mm) using an acetonitrile-water gradient. The reduced 

fraction was collected and labelled by adding MTSL (S-(1-oxyl-2,2,5,5-tetramethyl-2,5-

dihydro-1H-pyrrol-3-yl)methyl methane-sulfonothioate, purchased from Sigma-Aldrich) 

immediately in ten-fold molar excess. The mixture was incubated overnight at 4 °C, excess 

MTSL was removed using the same HPLC column, and an acetonitrile-water gradient (10–

100% in 50 minutes for the IQ peptides and 30 minutes for the MARCKS peptide). The 

labelled peptide fraction was collected and concentrated in a SpeedVac rotor concentrator 

removing the acetonitrile. Finally the concentrated labelled peptide was diluted in EPR 

working buffer as needed for the measurements. Table 1 lists all the constructs prepared, 

excluding those listed in Table S1, and the DEER distance measurements they were 

subjected to.  
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The nitroxide labelling efficiencies were determined by X-band CW-EPR spectra. For Gd(III) 

labelling, the labelling efficiency was estimated by comparing the echo intensities with a solution 

of GdCl3 considering the differences in the width of the signal. Labelling efficiencies were 60–70% 

for the CaM single mutants except T110C, where it was 50%. For the double mutants T117C/N60D 

and T34C/N60D the efficiency was 50% and 35% respectively. For C-IQ and MARCKS the efficiency 

was 100%, as labelled and unlabelled peptides were separated using HPLC.  

Table 1. Summary of CaM constructs prepared, the corresponding labels and the label pair 

subjected to DEER measurements. C1-labelled CaM samples are listed in Table S1. 

# Mutant  Domain 

/helix 

Label 1 mutation Domain/helix Label2 DEER 

1 T117C C/G* Gd-DOTA-M T34C N/B Gd-

DOTA-M 

Gd(III)–

Gd(III) 

2 T117C C/G* MA-proxyl N60D N/ 

between C,D 

Gd(III) Gd(III)–NO 

3 T34C N/B MA-proxyl N60D N/ 

between C,D 

Gd(III) Gd(III)–NO 

4 T117C C/G* Gd-DOTA-M IQ, N-term peptide MTSL Gd(III)–NO 

5 T117C C/G* Gd-DOTA-M IQ, C-term peptide MTSL Gd(III)–NO 

6 T117C C/G* Gd-DOTA-M MARCKS 

K164C 

peptide MTSL Gd(III)–NO 

7 T34C N/B Gd-DOTA-M IQ, N-term peptide MTSL Gd(III)–NO 

8 T34C N/B Gd-DOTA-M IQ, C-term peptide MTSL Gd(III)–NO 

9 T34C N/B Gd-DOTA-M MARCKS 

K164C 

peptide MTSL Gd(III)–NO 

10 T110C C/F Gd-DOTA-M IQ, N-term peptide MTSL Gd(III)–NO 

11 T110C C/F Gd-DOTA-M IQ, C-term peptide MTSL Gd(III)–NO 

12 T110C C/F Gd-DOTA-M MARCKS 

K164C 

peptide MTSL Gd(III)–NO 

13 N60D N/between 

C,D 

Gd(III) IQ, N-term peptide MTSL Gd(III)–NO 
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14 N60D N/between 

C,D 

Gd(III) IQ, C-term peptide MTSL Gd(III)–NO 

15 N60D N/between 

C,D 

Gd(III) MARCKS 

K164C 

peptide MTSL Gd(III)–NO 

* Immediately before the start of helix G. 

 

Protein/peptide complexes 

The nine double mutants listed in Table S1 and labelled with C1 were studied in the 

presence and absence of MARCKS. The peptide was added in excess, with a peptide:CaM 

ratio of  4:1. Peptide (1 μL, 1 mM) was added to CaM (2.5 μL, 100 μM), both in 20 mM Tris-

HCl in D2O, pD 8.8, 20% glycerol-d8, 0.5 mM CaCl2 and 200 mM KCl, followed by 5 minutes 

incubation on ice. All final samples contained 70 μM CaM. Sample volumes of about 3 μL 

were loaded into 0.6 mm ID, 0.84 mm OD quartz capillaries from Vitrocom, flash frozen in 

liquid nitrogen and kept frozen. All measurements were carried out on frozen solutions.  

All other protein-peptide complexes were studied in the presence (5 mM CaCl2) and 

absence of calcium (3 mM EDTA was added into the solution to remove any Ca2+ ions). The 

peptide:CaM ratio used was 1:1, each at 50 μM final concentration. The peptide and  CaM, 

both in 20 mM MES, 200 mM KCl in D2O, pH 6.5, 20% glycerol-d8, 5 mM CaCl2 were mixed 

and incubated for 5 minutes on ice. The samples containing two Gd-DOTA-M tags were 

prepared with 100 mM CaCl2, whereas the N60D mutants containing a Ca2+ to Gd3+ 

substitution contained 5 mM CaCl2 and 50 μM GdCl3. The binding of the MARCKS peptide 

to apo- and holo-CaM was confirmed by native gels (Fig. S9). Sample volumes of about 3 

μL were loaded into 0.6 mm ID, 0.84 mm OD quartz capillaries (Vitrocom, USA), flash frozen 

in liquid nitrogen and kept frozen. All measurements were carried out on frozen solutions. 

 

NMR sample preparation 

The CaM N60D mutant was cloned into the pETMCSI vector and the plasmid was transformed into 

E. coli BL21(DE3) cells. Uniformly 15N- or 13C/15N-labelled samples were prepared by inoculating 1 

L of LB medium containing 100 μg/mL ampicillin with 10 mL of an overnight culture. After growing 

to an OD600 of 0.8, the cultures were changed to 500 mL minimal medium containing 0.1% 15NH4Cl 

as the sole nitrogen source, or 1% [U-13C]-glucose and 0.1% 15NH4Cl as the sole carbon and 

nitrogen sources. Following incubation at 37 oC for another 1–2 h, overexpression was induced 
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with 1 mM isopropyl-β-D-thiogalactopyranoside (IPTG). The cultures were harvested after 

overnight expression (about 16 h) at 25 oC by centrifugation. Pellets were resuspended in buffer 

A (20 mM HEPES buffer, pH 7.5, 300 mM NaCl, 5% glycerol, 20 mM imidazole) and the cells were 

lysed using a French press at 12,000 psi. The cell lysates were centrifuged for 1 h at 34,000 g. The 

supernatant was loaded onto a 5 mL Ni-NTA column (GE Healthcare, USA) and the protein was 

eluted with buffer B (same as buffer A but containing 500 mM imidazole). The fractions were 

analyzed by 12% SDS-PAGE. Fractions containing protein were pooled and the N-terminal His6 tag 

was removed by incubation with TEV protease as mentioned before. Finally, the protein samples 

were dialyzed against NMR buffer (30 mM HEPES buffer, pH 6.8, 200 mM KCl) at 4 oC and then 

concentrated using an Amicon ultrafiltration centrifugal tube. In addition, a CaM N60D sample 

selectively labelled with 15N-alanine, 15N-methionine and 15N-valine was prepared for PCS 

measurement. The same cell-free protocol was used as described above,(Otting, 2008) except 

that each cell-free reaction was conducted with 2 mL inner reaction mixture and 20 mL outer 

buffer with 1 mM 15N-alanine, 15N-methionine and 15N-valine present in both inner and outer 

buffers. 

 

EPR Spectroscopic measurements 

(a) CW-EPR measurements 

All CW-EPR measurements were carried out on an X-Band (9.4 GHz) Bruker E500 

spectrometer using quartz capillaries of 0.84 mm o.d. and 0.6 mm i.d. at room 

temperature. Measurement parameters: modulation amplitude, 1.000 G;                               

conversion time, 40ms; sweep time, 20.48 s; sweep width,    10 mT. 

 

Pulsed-EPR measurements 

All pulsed EPR measurements were carried out on a home built W-Band (95GHz) 

spectrometer(Goldfarb et al., 2008) equipped with an arbitrary waveform generator 

(AWG). (Bahrenberg et al., 2017)Echo-detected EPR (ED-EPR) spectra were recorded using 

the π/2-τ-π-τ-echo sequence, with a two-step phase cycle (0,π) on the first π/2 pulse, while 

holding τ fixed and sweeping the magnetic field. The experimental parameters for 

observing Gd(III) and nitroxide signals are given in Table 2.  
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 Table 2. Experimental parameters used to record ED-EPR spectra.  

 

DEER measurements employed the standard four pulse DEER sequence, (π/2νobs – τ1 – πνobs 

– (τ1+t) – πνpump – (τ2-t) – πνobs – τ2 – echo),(Pannier et al., 2000) using either a rectangular 

or chirp pump pulse monitoring the echo intensity with increasing delay t. An eight-step 

phase cycling was applied unless stated otherwise. Accumulation times were between 5 

and 22 h, depending on the evolution time and the signal-to-noise ratio.  

 

Gd(III)–Gd(III) DEER: The C1-labelled samples were measured with pulse durations of tπ/2, π 

(obs) = 15, 30 ns, tpump = 15 ns and a four-step phase cycle for the observe pulses, τ = 350 

ns and a repetition time of 0.8 ms. The pump frequency was set to the maximum of the 

Gd(III) spectrum and the observe frequency was 120 MHz higher. The echo was measured 

as a function of t, which was incremented from an initial value of about -200 ns in steps 

ranging from 25 to 50 ns, depending on the observed distance. The evolution time T was 

between 3 and 6 μs, depending on the distance, and the number of steps for the t 

increment was determined accordingly.  

 

All other Gd(III)–Gd(III) DEER used chirp pump pulses with a duration of 128 ns set to the 

central transition to cover the range 94.925–95.075 GHz (150 MHz bandwidth) and the 

observe pulses were set to 94.85 GHz with pulse durations π/2,π = 15,30ns. The maximum 

of the Gd(III) signal was set to 95 GHz. The repetition rate was 200 µs and the accumulation 

time was 5–22 h depending on the sample and the temperature was 10 K. 

 

Gd–NO DEER: The resonator was first tuned at 94.9 GHz and the magnetic field was set to 

the maximum of the NO spectrum. The pump frequency was set on the maxima of the 

nitroxide spectra and a linear chirp pulse (94.9–95.1 GHz) was applied with a duration of 

128 ns. The observe frequency was set to 94.8GHz, on the broad so-called ‘other 

Parameters Nitroxide Gd(III) 

Temperature 50 K 10 K 

π/2-π 15–30 ns 15–30 ns 

τ 600 ns 600 ns 

Repetition time 2 ms 1 ms 
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transitions’ background (outside the range of the Gd(III) central transition), overlapping 

with the edge of the nitroxide spectrum (Fig. S4B). The repetition time was set to 200 µs, 

ensuring saturation of the nitroxide signals and thus eliminating any contribution to the 

DEER observe signal.  

 

NO–NO DEER: The pump frequency was set on the maximum of the nitroxide spectrum 

and a linear chirp pulse (94.88–94.98 GHz) of a duration of 128 ns was used. The observe 

frequency was set to 94.85 GHz. The measurement was performed at 35 K with a repletion 

time of 5 ms. 

 

NMR measurements 

All NMR spectra were recorded in 3 mm tubes in NMR buffer at 25 oC on 600 and 800 MHz Bruker 

Avance NMR spectrometers equipped with TCI cryoprobes. In all experiments, the concentration 

of 15N-labelled or 15N,13C-labelled CaM N60D were 0.5 mM and the backbone resonance 

assignments of CaM N60D were confirmed using HNCA and HN(CO)CA spectra. For the CaM-Ca3Ln 

samples (Ln = Y, Tb and Tm), CaCl2 and LnCl3 were added to reach a final concentration of 1.5 mM 

and 0.5 mM, respectively. For CaM/MARCKS samples, MARCKS peptide was added in 5-fold 

excess. PCS values were measured in the 1H dimension of the 15N-HSQC spectra.  

 

Data analysis 

The time domain DEER data were analyzed using the DeerAnalysis 2018 software 

package.(Jeschke et al., 2006) The Tikhonov regularization was used for the analysis. The 

background decay was fitted with a dimension of 3 and default values were used for the 

validation process including noise addition. The  Gd(III)-Gd(III) data of the hiolo-CaM in the 

presence and absence of MARCKS were also analyzed by program GLADD,(Brandon et al., 

2012) where the results from each mutant were fitted together constrained to be fitted 

with the same two Gaussian, albeit with different relative weights in the presence or 

absence of MARCKS.  

 

Δχ tensor fits 

The experimental PCS values measured for CaM N60D-MARCKS peptide complex were used to fit 

the magnetic susceptibility anisotropy (∆χ) tensors to the crystal structure of the CaM-MARCKS 
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peptide complex (1IWQ) using the program Numbat.(Schmitz et al., 2008) The Ca2+ ion 

coordinates at site II of the crystal structure were used to restrain the metal position during the 

tensor fits. 

 

Modelling and structure refinement 

Distance distributions were predicted from the crystal structures of the Ca2+/CaM/MARCKS 

complex (PDB ID 1IWQ) and Ca2+/CaM/IQ complex (PDB ID 2BE6, chains A, B and C) using 

MMM.(Polyhach et al., 2011) The solution structure was obtained using the elastic network 

model module of the MMM version MMM_2021_2.(Jeschke, 2018)  As the restraints are sampled 

randomly from the Gaussian distribution for each individual we used the ensemble option with 

20 runs, where different runs provide an estimate of the uncertainty of the conformation based 

on the width of the distance distributions. 
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Figure legends 

Crystal structure of holo-CaM bound peptides 

Figure 1. Crystal structures of (A) holo-CaM/IQ (PDB 2BE6, chain A)(Fallon et al., 2005) and (B) 
holo-CaM/MARCKS (PDB 1IWQ).(Yamauchi et al., 2003) The C-domain is colored deep teal, the N-
domain light orange and bound peptide pink.  The Gd(III) ion replacing one of the Ca2+ ions in the 
N60D mutant is indicated in red and the Ca2+  ions are green. CaM and peptide residues labelled 
with tags are identified by red and purple balls, respectively. Lines connecting the labelling sites 
indicate pairs subjected to DEER measurements (C) Superimposition of the structures shown in 
(A) and (B). The positions of some of the labelling sites are shown in red and blue for the complex 
with the MARCKS and IQ peptide, respectively. The IQ peptide is shown in magenta and the 
MARCKS peptide in cyan. The structure 2BE6 is colored yellow and 1IWQ green. 

 

Structures of the spin labels  

Figure 2. Spin labels used in this study.  

DEER data of free and peptide bound CaM double mutants 

Figure 3. DEER data of Ca2+-CaM labelled in different ways, free and with MARCKS or IQ peptides. 
(A) Gd(III)–Gd(III) DEER of the mutant T34C/T117C-Gd-DOTA-M. (B) Gd(III)–NO DEER of the 
mutant T34C-MA-proxyl/N60D-Gd(III). (C) Gd(III)–NO DEER of the mutant T117C-MA-
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proxyl/N60D-Gd(III). The panels on the left show the DEER data after the background removal 
along with the fitted trace. Traces that had low modulation depth were expanded by a factor as 
noted in the figure. The panels in the middle column show the corresponding distance 
distributions along with the distance distribution predicted from the respective crystal structures 
(blue, using chain A for the IQ data). The colour bar underneath the distance distributions shows 
the reliability regions as defined in DeerAnalysis, determined by the DEER evolution time (green: 
the shape of the distance distribution is reliable; yellow: the mean distance and distribution width 
are reliable; orange: the mean distance is reliable; red: unreliable long-range distances). The solid 
lines represent the distributions with the smallest r.m.s.d. to the experimental data and the 
striped regions indicate the range of alternative distributions (±2 times the standard deviation) 
obtained by varying the parameters of the background correction and noise as calculated by the 
validation tool in the DeerAnalysis software package with the default values.(Jeschke et al., 2006) 
The primary DEER data are shown in Fig. S6. The right column presents cartoons of CaM with the 
labelling sites.   

 

DEER data of MARCKS peptide bound to apo- and holo-CaM single mutants  

Figure 4. Gd(III)–NO DEER data of holo-CaM (black) and apo-CaM (red) in the presence of MARCKS 
peptide. The left column shows the DEER data after background subtraction with the 
corresponding fits. The middle column shows the associated distance distributions. Uncertainty 
ranges are indicated as in Figure 3. The blue line represents the predicted distance distribution 
from the crystal structure 2BE6, chain A, calculated using the MMM software. The last column 
shows cartoons of the CaM/MARCKS complex indicating the labelling scheme.  The primary DEER 
data are given in Fig. S11.  

 

DEER data of IQ peptide bound to apo- and holo-CaM single mutants  

Figure 5. Gd(III)–NO DEER data of holo-CaM (black) and apo-CaM (red) in the presence of (A) C-IQ 
or (B) N-IQ peptide. The left column shows the DEER data after background subtraction with the 
corresponding fits. The middle column shows the associated distance distributions. Uncertainty 
ranges are indicated as in Figure 3. The blue line represents the predicted distance distribution 
from the crystal structure 2BE6 (chain A). 

 
15N-HSQC spectra of 0.5 mM solutions of CaM N60D with MARCKS peptide 

Figure 6. Superimposition of 15N-HSQC spectra of 0.5 mM solutions of CaM N60D with MARCKS 
peptide. The concentrations of CaM N60D, MARCKS peptide, CaCl2 and LnCl3 were 0.5 mM, 2.5 
mM, 1.5 mM and 0.5 mM, respectively. Spectra with diamagnetic Y(III) are in black, and with 
paramagnetic Tb(III) and Tm(III) in blue and red, respectively. Selected sets of cross-peaks in the 
diamagnetic and paramagnetic samples are connected by lines and labelled with their resonance 
assignment. (a) Uniformly 15N-labelled CaM N60D. (b) Selectively 15N-alanine, 15N-methionine and 
15N-valine-labelled CaM N60D.  

 

PCSs for CaM N60D in complex with MARCKS peptide 
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Figure 7. Correlations between back-calculated and experimental PCSs for CaM N60D in complex 
with MARCKS peptide. (a) Correlation for the amide protons of the N-domain. Blue and red points 
mark the PCSs obtained with Tb(III) and Tm(III), respectively. (b) Same as (a) but for the C-domain. 

 

Correlation between experimental PCSs for free and MARCKS bound holo-CaM 

Figure 8. Correlations between experimental PCSs measured for free holo-CaM N60D (Bertini et 
al., 2004) and CaM N60D in complex with MARCKS peptide. (a) Correlation for the amide protons 
of the N-domain. Blue and red points mark the PCSs obtained with Tb(III) and Tm(III), respectively. 
(b) Same as (a) but for the C-domain. 

 

Modeled structure of the solution structure from elastic network model  

Figure 9.  Two views of the ensemble of 20 structures obtained from fitting the distance 
distributions using the elastic network model, using the experimental results obtained with all 
constructs of holo-CaM in complex with IQ peptide as restraints (twelve in total). The calculations 
were performed by setting the restraints obtained with holo-CaM T117C-Ma-proxy/N60D-Gd(III) 
either to average (av), short or long distances. The magenta ribbon corresponds to the crystal 
structure 2BE6, chain A. The Ca2+ ions are shown as green balls. The position of the Gd(III) ion in 
the N60D mutant is identified by an arrow.  The IQ peptide is shown in pink, the N-domain in gold, 
and the C-domain in deep teal.   

Comparison of experimental and modeled distance distributions   

Figure 10. Comparison of the distance distributions in the structures fitted with the long distance 
restraint option (blue), distance distributions modelled on the X-ray structure (black) and the 
experimental results (red) for all constructs of holo-CaM. The T117C-MA-proxyl/N60D-Gd(III) 
construct shows a second distribution with a short distance, which is not accounted for by either 
the model or crystal structure. 
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