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INTRODUCTION 

 

In the past decades it has become evident that lipid-protein interactions drive core cellular 

signaling events. The biological significance of understanding the mechanism of these 

interactions is outstanding, but due to technical difficulties they are rarely characterized at a 

structural molecular level. 

Sphingosylphosphorylcholine (SPC) belongs to a group of structurally related 

lysophospholipids, such as sphingosine-1-phosphate (S1P), lysophosphatidylcholine (LPC) 

and lysophosphatidic acid (LPA), which serve as potent and versatile lipid mediators in a 

large variety of cell types. In lipid signaling, two major principles can be found: cellular 

release or extracellular formation of a lipid species, which then activate specific plasma 

membrane receptors, mostly in an autocrine or paracrine manner, or stimulus-induced 

intracellular formation of such lipids, which then serve as intracellular mediators of the 

physiological reactions to the stimulus. S1P and SPC have the quaint property of being able 

to exert both actions. Although their activation of cell surface G protein-coupled receptors 

has been studied extensively, their intracellular sites of action are yet to be identified. 

We hypothesized that these sphingolipids might bind to calmodulin (CaM), the 

ubiquitous intracellular Ca2+ sensor of eukaryotes. This small (148 amino acids) dumbbell-

shaped protein comprises of four -helical Ca2+-binding EF hand motives and a short flexible 

linker. CaM regulates the activity of a great number of proteins, including kinases, 

phosphatases, and ion channels, in a variety of ways. In the most common model, as a result 

of Ca2+ binding, CaM undergoes a conformational change which leads to the exposure of 

hydrophobic patches, allowing the protein to bind to basic amphipatic helices on target 

enzymes, which leads to their activation by release of autoinhibition. In less conventional 

modes of action, apoCaM plays an important role as well. So far, apart from Ca2+, no other 

second messenger has been shown to directly regulate CaM activity. The pharmacologic 

inhibitors of CaM, such as trifluoperazine, calmidazolium and W7, are all synthetic aromatic 

molecules. 

The best described intracellular action of SPC is mobilization of Ca2+ from internal 

stores, which has been postulated to occur through ryanodine receptors (RyRs), Ca2+ 

channels of the endoplasmic reticulum. RyRs are huge channel complexes that are regulated 

by CaM in a diverse manner, but the sensor clearly plays a role in the negative feedback of 

the Ca2+ signal, through inhibition of channel activity by Ca2+CaM. 
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AIMS 

 

 

• My primary goal was to gain information about the intracellular mechanism of action 

of S1P and SPC, sphingolipids involved in Ca2+ signaling as putative second 

messengers. 

 

• Our approach was to identify a protein that interacts specifically with these 

sphingolipids. Our candidate for an intracellular target was CaM. 

 

• After demonstrating that SPC is a specific inhibitor of CaM in in vitro enzyme 

assays, my aims became more definite. 

 

• I concentrated on the characterization of the newly identified CaM-SPC interaction, 

which potentially has important consequences in both Ca2+ and lipid signaling. 

 

• My goals were to give an in-depth structural analysis of the interaction and 

mechanistic insight into the binding process. 

 

• I aimed to set up a detailed model that explains the basis of competitive inhibition 

witnessed in enzymatic assays. 

 

• I wanted to reveal the functional consequences of the CaM-SPC interaction, focusing 

on proteins involved in Ca2+ homeostasis, especially RyRs. 

 

• The ultimate goal of deciphering the in vivo relevance and significance of the newly 

identified interaction exceeds the scope of this thesis and remains for the future. 
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EXPERIMENTAL PROCEDURES 

 

CaM was purified from bovine brain using phenyl-sepharose chromatography, and 

lipids were purchased. 

For identification of the CaM-SPC interaction, fluorescence spectroscopy, surface 

plasmon resonance, circular dichroism spectroscopy and in vitro enzyme activity assays 

(calcineurin, phosphodiesterase) were utilized. 

Structure of the CaM-SPC complex was determined by X-ray crystallography, the 

presented lipid-protein binding model was developed based on isothermal titration 

calorimetry, dynamic light scattering, ANS fluorescence and stopped-flow. 

Evidence for competitive inhibition was provided by stopped-flow, peptide binding 

assays were carried out using fluorescence spectroscopy. 

Effect of SPC on RyRs was investigated by single channel measurements and 

radioactive binding assays. 

 

 

Figure 1 The conformation of Ca
2+

CaM in the Ca
2+

CaM/SPC structure is collapsed, similarly to 

Ca
2+

CaM complexes with most of its target peptides. Structural alignment with the 
Ca2+CaM/myosin light chain kinase target peptide complex. N- and C-terminal CaM domains of the 
Ca2+CaM/SPC complex are colored blue and red, respectively. The compared structure is shown in 
lighter colors. Carbon atoms of the SPC molecules and the peptide are shown in orange and cyan, 
respectively. 
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NOVEL FINDINGS 

 

1) I have demonstrated that SPC binds selectively to CaM compared to structurally related 

lysophospholipid mediators such as S1P, LPC and LPA. Unlike classical aromatic CaM 

inhibitors, which only bind to Ca2+-saturated CaM, SPC bound both in the presence and 

absence of Ca2+. I have shown that micelles are necessary for efficient binding to the protein. 

Binding has important functional effects as well, since SPC inhibited the Ca2+-CaM-

dependent activity of two target enzymes, calcineurin and phosphodiesterase. Thus, we 

propose that CaM might be an intracellular receptor for SPC, and raise the possibility for a 

novel endogenous regulation of CaM. 

 

2) We have determined the crystal structure of the Ca2+CaM-SPC complex at 1.6 Å 

resolution. This species strikingly resembles the collapsed conformation of CaM, which the 

protein adopts upon binding to target peptides or synthetic inhibitors (Figure 1). Intriguingly, 

the peptide binding site of CaM is now occupied by several lipid molecules. Based on 

thermodynamic and kinetic characterization of the interaction, I present a peculiar 

stoichiometry-dependent lipid-protein binding model (Figure 2), which might be applied to 

other interactions as well. At low protein-to-lipid ratios CaM binds to intact micelles, 

whereas at high protein-to-lipid ratios micelles are disintegrated by the protein, eventuating in 

a compact globular conformation of Ca2+CaM, also visualized in our crystal structure. 

 

 

Figure 2 Stoichiometry-dependent binding model for the Ca
2+

CaM – SPC interaction. First 
process (step 1 and 2): Ca2+CaM molecules bind to the micelle. Second process (step 3): Saturation of 
the micelle surface with protein molecules will eventually result in the disintegration of the micelle 
and Ca2+CaM adopting a collapsed conformation embracing several SPC monomers. 
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3) We give mechanistic insight into CaM inhibition by SPC, based on fluorescence stopped-

flow studies with the model CaM-binding domain melittin (Figure 3). We demonstrate that 

both the peptide and SPC micelles bind to CaM in a rapid and reversible manner with 

comparable affinities. Furthermore, we present kinetic evidence that both species compete for 

the same target site on CaM, and thus SPC can be considered as a competitive inhibitor of 

CaM – target peptide interactions. 

 

 

Figure 3 Shematic representation of the model by which SPC competes for CaM with target 

peptides.  
 

4) I also show that SPC disrupts the complex of CaM and the CaM-binding domain of the 

ryanodine receptor (RyR1), the IP3 receptor (IP3R1) and the plama membrane Ca2+ pump 

(PMCA). By interfering with these interactions, thus inhibiting the negative feedback that 

CaM has on Ca2+ signaling, I hypothesize that SPC could lead to Ca2+ mobilization in vivo. 

Hence, I suggest that the sphingolipid's action on CaM might explain the previously 

recognized phenomenon that SPC liberates Ca2+ from intracellular stores. Moreover, I 

demonstrate that unlike traditional synthetic CaM inhibitors, SPC disrupts the complex 
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between not only the Ca2+-saturated but also the apo form of the protein and the target 

peptide, suggesting an utterly novel regulation for target proteins that constitutively bind 

CaM. 

 

5) Single channel measurements and radioactive binding assays on the intact RyR1 have 

revealed that SPC regulates these receptors in a diverse manner. Below the CMC, SPC 

directly inhibits the skeletal muscle Ca2+ release channel, while above the CMC, besides a 

direct action on the channel, the sphingolipid also displaces inhibitory Ca2+CaM from the 

RyR1, further modifying channel activity. However, net activation of the channel never 

occurs, so SPC’s effect on the RyR cannot explain how the sphingolipid liberates Ca2+ from 

the endoplasmic reticulum. Although this question remains open, we have clarified the role of 

SPC in RyR regulation. 

 

 

CONCLUSIONS 

 

Novelty and significance of the findings can be summarized in three points. First, the 

identification of SPC as a specific CaM inhibitor is the first specific suggestion of the 

sphingolipid’s intracellular target site, and provides a link between the sphingolipid and Ca2+ 

signaling. Second, inhibition of CaM action by SPC proposes an utterly new type of 

endogenous regulation for the Ca2+ sensor. So far, no other second messenger has been 

suggested to regulate CaM function, apart from Ca2+ ions. Moreover, SPC can bind to both 

the Ca2+-bound and free forms of the protein, offering multiple non-conventional ways of 

modulating CaM activity. Finally, the two-step binding model presented here describes a 

novel and peculiar biochemical mechanism, which might be applicable to other lipid-protein 

interactions as well, and reveals how versatile such interactions can be. 
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