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Sometimes research in seemingly different areas can bring about unexpected connections. I relate my past experience with research on 
two very different proteins that share some general properties and connections in the areas of toxicity and cellular regulation.

Second messenger theory was in its infancy when Wai Yiu “George” Cheung (1933-1998) discovered one of the first multi-enzyme 
modulators [1,2]. Initially referred to as calcium-dependent regulator (CDR) protein, it was later christened by George, as calmodulin 
since its modulatory function was dependent on binding to calcium ions [3]. A small protein of approximately 16.7 kDa, calmodulin was 
initially found to activate cyclic nucleotide phosphodiesterase Type I [2]. Follow-up studies by several investigators showed that calmodu-
lin also interacted with, and regulated other proteins including adenylyl cyclase Type I [4], myosin light chain kinase [5], phosphorylase 
kinase [6], calcineurin (a phosphatase [7]), and Ca2+-ATPase [8]. So as a modulator of multiple targets, calmodulin was seen to regulate 
several pathways in various cell types affecting many physiological systems [9]. These functions range from contractile processes and 
cyclic nucleotide metabolism to apoptosis, immune response and both long and short-term memory [10,11].

Structural studies of calmodulin revealed four EF hand motifs allowing for the binding of four calcium ions [12]. Binding of calcium 
ions leads to an open conformation enabling higher affinity to target enzymes. Since calmodulin is a calcium-binding protein, George hy-
pothesized that it might bind other metal ions as well. It was not lost upon him that binding of certain metals to a multi-enzyme regulator 
could, in theory, be used to describe a mechanism for metal toxicity. Since the normal modulatory function of calmodulin is dependent 
on intracellular calcium levels, exposure to high concentrations of other metals might be capable of displacing calcium ions from the 
protein, thus affecting regulatory function [13]. Initial work in his lab revealed that several metals bind to calmodulin, including terbium, 
cadmium, lead, and mercury [13,14]. As a postdoc in George’s lab at the time, I had involvement in these studies, some of which revealed 
a correlation between metal toxicity, inhibition of calmodulin function, and metal ion radii [13]. Of particular interest was the finding that 
metal ions most effective in displacing calcium from calmodulin binding sites were those with ionic radii closest in size to the calcium 
ion, such as terbium, lanthanum, samarium, and cadmium [13]. Binding of metals other than calcium might also represent an alternative 
mechanism of control of specific cellular processes by calmodulin [15].

Many proteins bind metal ions to execute their functions; some, like calmodulin, are regulatory proteins. Other proteins have unknown 
functions, but like calmodulin, interact with multiple targets. Fast-forward sixteen years from Dr. Cheung’s lab at St. Jude Children’s Hospi-
tal in Memphis, Tennessee to an industrial research lab at a major pharmaceutical company in Wilmington, Delaware. As a project leader 
for a Parkinson’s disease initiative, I examined a protein like the one described above. Alpha-synuclein, a small protein of approximately 
14.5 kDa is associated with the pathology of Parkinson’s disease and related conditions known as synucleinapathies [16]. Comprising as 
much as one percent of the cytosolic protein in brain tissue, alpha-synuclein lacks a stable three-dimensional structure and forms aggre-
gates in the disease state, that are believed to be toxic to neurons [17]. Indeed, these aggregates are a primary component of Lewy bodies, 
cellular inclusions found in Parkinson’s disease, the second most common neurodegenerative disorder in people older than sixty-five 
[17,18]. Alpha- synuclein has also been found to bind various metal ions, some of which (Al3+, Cu2+) trigger alpha-synuclein aggregation 
in solution [19]. Interestingly, an elegant study by Ducic., et al. [20] indicates that alpha-synuclein may serve as an intracellular store for 
manganese ions suggesting a regulatory mechanism for neurotoxicity.
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Although the function of alpha-synuclein is unknown, several hypotheses have been proposed based on its structure, protein interac-
tions, and intracellular location. As an example, alpha- synuclein shares a 40% homology with regions of the chaperone-like proteins 14-3-
3 [21] and in aggregate form, binds to 14-3-3η [22]. If alpha-synuclein functions as a chaperone, this would complement its proposed role 
in vesicular trafficking via a reported interaction with VAMP2, a component of the SNARE complex [23]. Localization of alpha-synuclein 
at pre-synaptic terminals further validates this proposed function [24]. The interaction of alpha-synuclein with the dopamine transporter 
[25] and with the parkin-binding protein, synphilin I [26], suggest a role in the pathological mechanism for Parkinson’s disease.

The intent of this commentary has been to provide a picture of two proteins from different systems that I have had the opportunity to 
study, and examine their roles in the context of cellular regulatory processes and toxicity. Calmodulin and alpha-synuclein are distinctly 
different proteins and in this regard the multiple protein-protein interactions involving alpha-synuclein should not be compared with 
the binding of target proteins to calmodulin. While both are small proteins that bind metal ions, calmodulin’s role as a regulator is well-
documented. The role of alpha-synuclein in cellular regulation is less clear and binding to metal ions may not correlate with a specific 
function. The structure of calmodulin follows precise three-dimensional conformations upon binding calcium ions, while alpha-synuclein 
is natively unfolded in the monomeric form. And while alpha-synuclein has a (low affinity) calcium-binding site [27], it is not clear that it is 
important in a functional sense. However, some comparisons are instructive. If alpha-synuclein acts as a chaperone, it may also sub serve 
a regulatory function. Many of the studies cited above support this idea. In Wilmington, we showed that alpha-synuclein-induced toxic-
ity could be inhibited by over-expression of the E3 ligase parkin in cell culture, supporting earlier observations [28,29]. While at Lincoln 
University (PA), I presented some preliminary data showing that alpha synuclein inhibits auto-ubiquitylation of the E3 ligase, HRD1 [30], 
a protein potentially implicated in Parkinson’s disease [31]. So, is alpha-synuclein a modulator in the same manner as calmodulin? Expo-
sure to heavy metals probably affects calmodulin and alpha-synuclein by different mechanisms, but binding of these metal ions to both 
proteins induces conformational changes that cause deviations in regulatory events, with specific pathologies as a possible consequence.

And there is more. At least one report provides evidence for an interaction between calmodulin and alpha-synuclein [32]. Photo cross-
linking of cytosolic proteins from bovine brain tissue indicate calcium-dependent binding of calmodulin to alpha-synuclein that may regu-
late dopamine release. A decrease in calcium-binding proteins (including calmodulin) in cell bodies of neurons where alpha-synuclein 
aggregates occur, may explain the histopathology observed in Parkinson’s disease [33]. If alpha synuclein is a modulator, is it regulated 
by another modulator?

Calmodulin and alpha-synuclein are very different proteins that interact with metal ions and probably with each other. Although the 
contrasts in terms of their structures are striking, their roles in cellular function may overlap suggesting a connectivity to a common 
endpoint in terms of regulation and toxicity. For regulation, the proteins could act to control dopamine release [32] or other processes. 
Toxicity could involve metal-induced aggregation of alpha-synuclein that may cause a decreased expression of calmodulin [33] leading to 
a loss of function. Alternatively, heavy metal-induced inhibition of calmodulin could block binding to alpha-synuclein, again leading to a 
loss of function. These scenarios are testable, but will require a better understanding of the physiological function of alpha-synuclein and 
the relevance, if any, of calmodulin-alpha-synuclein interactions. I think George would have found the potential connections interesting.
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