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Abstract

:

In the mid-1950s, Bert Lester Vallee and his colleague Marvin Margoshes discovered a molecule referred to today as metallothionein (MT). Meanwhile, MTs have been shown to be common in many biological organisms. Despite their prevalence, however, it remains unclear to date what exactly MTs do and how they contribute to the biological function of an organism or organ. We investigate why biochemical research has not yet been able to pinpoint the function(s) of MTs. We shall systematically examine both the discovery of and recent research on Dr. Vallee’s beloved family of MT proteins utilizing tools from philosophy of science. Our analysis highlights that Vallee’s initial work exhibited features prototypical of a developing research tradition: it was upward-looking, exploratory, and utilized mere interactions. Since the 1960s, MT research has increasingly become intervention- and hypothesis-based while it remained largely upward-looking in character. Whilst there is no reason to think that upward-looking research cannot successfully yield structure-function mappings, it has not yet been successful in the case of MTs. Thus, we suggest it might be time to change track and consider other research strategies looking into the evolution of MTs. Recent studies in mollusks render research in this direction worthy of pursuit.
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1. Introduction


After the Second World War, several scientists have been interested in studying the metabolism of metals, especially iron, zinc, and copper in biological organisms. Bert Lester Vallee, who worked at Harvard Medical School and MIT at the time, was a pioneer in the field. After he graduated from New York University with a degree in medicine in 1943, he recognized the potential of spectroscopy to detect metals in biological systems. Regarded as a genius by his colleagues and known for sometimes rigorous questioning of assumptions, Dr. Vallee, as he preferred to be called, had already been reporting extensively about alcohol dehydrogenase (ADH), a metalloenzyme [1]. In the mid-1950s, Vallee came across translations of two publications form Doklady Akademii Nauk SSSR, the official journal of the USSR Academy of Science, dating to 1941 and 1943, and reporting cadmium in several biological systems such as the Aspen tree, algae and other marine species as well as amphibians, reptiles, and even mammals [2]. At first, Dr. Vallee was skeptical about the validity of the data reported. For one thing, cadmium “…never has been demonstrated to be an integral part of a natural product” (1957, p. 4813) [3]. For another, A.O. Vinar (the author of one of those manuscripts) neither mentioned any references in his paper, nor did he employ established methodology. Instead, Vinar reported the results of self-developed colorimetric and spectrographic techniques to measure the amount of cadmium in biological systems. Adding to this potentially problematic methodology, Vallee failed to reproduce some of the experimental results Vinar had reported. For instance, Vallee was unable to induce hypoglycemia in a mammalian species upon injection with cadmium chloride (CdCl2) in his own laboratory [2]. Still, Vallee’s interest was sparked. Indeed, he had been studying zinc in biological organisms for years and he could not fail to notice that zinc and cadmium are chemically very similar substances: “The conjoint presence of cadmium and zinc in zinc ores, the difficulties encountered in separating them and ascertaining their identities by chemical means implied that biological matter might discriminate less between their absorption, utilization and perhaps even function than might be thought. Hence, I decided to search for cadmium proteins and enzymes, their biological roles, normal and abnormal metabolism, much as I had proceeded to study the biological role of zinc” (1978, p. 24) [4]. Therefore, Vallee set out to search for cadmium in mammals himself. Together with Marvin Margoshes, he analyzed tissues of human, horse, cow, hog, and sheep kidneys. In 1957, Vallee and Margoshes published a report stating that they actually did identify cadmium in these species [3]. They continued to examine the kidney cortex of equines, which seemed to contain relatively high amounts of cadmium, to try and identify what chemical compound cadmium is part of in the kidney cortex. While the exact relation to zinc remained unclear, Vallee and Margoshes concluded that their results were “…indicative of a low molecular weight protein, probably containing a small number of cadmium atoms per molecule.” (1957, p. 4813) [3] Though its biological function and significance remained completely unclear, this marks the discovery of metallothionein (MT).



It took until 1960 for the term “metallothionein” to be first coined [5]. The name is descriptive in nature. It points to a bond between a metal ion and thionein (a cysteine rich apoprotein) rather than describing a function of these kinds of proteins per se, as is the case, for example, with the ADHs discovered a couple of years earlier [6]. Though it was not immediately obvious what MTs can and cannot do, and what purpose they might serve in a living organism, MTs became the focus of an intense and often controversial corpus of research since the 1960s (e.g., [7,8,9,10,11,12]). From a biochemical perspective, there is no question that MTs have unique properties. Besides, they are extremely widespread across taxonomic groups. Based on genetic information, 15 families of MTs have been identified in mammalian and nonmammalian animal species to date and four further families have been identified in plant species [13,14]. Both their biochemical characteristics and their taxonomic prevalence speak to MTs serving some important biological role(s). In fact, a quick search on PubMed Central (pubmed.ncbi.nlm.nih.gov/ accessed 07.04.2021) using just the term “metallothionein” as a query found over 18 thousand hits in the literature category and 34 thousand under the protein category. Six decades after their initial discovery, after literally thousands of studies describing their structure, biochemical characteristics, and tissue distributions, however, the biological function(s) of MTs still remains enigmatic [15,16].



In this paper, we shall discuss both the discovery of and also recent research on MTs from a philosophy of science point of view. We shall systematically analyze the kind of research conducted on MTs so far and which new research strategies might be worthy of pursuit given the status quo. Our manuscript is structured as follows. In Section 2 we shall discuss the features that Dr. Vallee’s initial research on MTs exhibits, how these contrast with dominant research strategies in biochemistry and related disciplines such as pharmacology, and how to account for them from a philosophy of science point of view. We shall find that central features of Vallee’s early work are prototypical of a developing research tradition: it was upward-looking, exploratory, and utilized mere interactions. In Section 3, we shall turn to more recent research on the vertebrate MT family. Since the 1960s, MT research has increasingly become intervention- and hypothesis-based while it remained largely upward-looking in character. We shall review three specific hypotheses with respect to which biological functions different MTs might serve. Though hypothesis-based search for one-to-one molecule-function mappings has been successful in other cases, as we shall outline in Section 4, this strategy has not yielded a satisfactory result for MTs to date. Against this backdrop, we suggest, in Section 5, that whilst there is nothing systematically amiss with early or contemporary MT research, it might be time to change track and consider other research strategies to understand the biological and evolutionary role(s) of MTs. Indeed, recent hypotheses proposed in the context of MT research in mollusks support our suggestions. We conclude that studying the evolution of MTs offers a research direction worthy of pursuit for understanding MT function(s) in vertebrates and beyond.




2. Classifying Vallee’s Experiments


The dominant picture of research in biochemistry and related disciplines such as pharmacology is that scientists start with a function. They notice, say, that some plants have the ability to convert light into energy and wonder how that works. Or they get interested in how blood pressure is kept constant or muscle growth is being regulated by an organism. In each of these cases, researchers start working from an explanandum (a phenomenon to be explained) to an explanation of how that phenomenon or function is elicited. Paradigmatically, much of the research needed here will be focused on decomposing the system in question, looking at what the different parts of the system do precisely, and how they work together to elicit the explanandum. This analysis may take different forms and run through multiple iterations. Yet, the essential rationale behind any version of this downward-looking approach might be captured by the slogan “divide and conquer!”—researchers are breaking up the system into units, and associating each unit with a specific function [17,18].



2.1. Downward-Looking versus Upward-Looking


While downward-looking is a good strategy in many cases, this is not all there is to science and scientific inquiry. Recent philosophical accounts of discovery and explanation have been highlighting that identifying the mechanism responsible for a phenomenon to be explained may involve bottom-up or upward-looking research along with downward-looking decomposition strategies (see Figure 1) [19,20,21]. That is to say, rather than just taking a system apart and studying what the different components (parts) do in isolation, researchers are frequently studying individual components while they are looking for what these components do as part of an overall system. If you want to understand, say, hippocampal long-term potentiation (LTP), it is not only interesting to see that N-methyl-D-aspartate (NMDA) receptors are part of the mechanism in question. You might want to establish how NMDA receptors contribute to LTP—how they work, how they are triggered, and what happens to LTP if there are no NMDA receptors. Therefore, even if you are starting from an explanandum, LTP in this case, at some point you might need to employ upward-looking research focusing on how a component, in this example the NMDA receptor, contributes to the explanandum.



To illustrate this downward-looking research strategy, we might also consider the case of penicillinase. Almost a decade after Alexander Fleming’s discovery of penicillin in cell cultures of the Gram-positive Staphylococcus aureus contaminated by the fungus Penicillium rubens, attention was shifted to elucidate antibiotic resistance observed in some bacteria [22]. Researchers prepared purified extracts from crushed penicillin resistant Escherichia coli, incubated them with penicillin to then introduce it to bacterial cultures known to be sensitive to penicillin [23]. The processed penicillin demonstrated a significantly lower antimicrobial effect than regular penicillin. When the same kind of extract was prepared from penicillin-sensitive Staphylococcus aureus no such effect was observed. Researchers continued to look for the active substance responsible for this effect. In 1940, they identified a protein, termed penicillinase, which they held responsible for inactivating penicillin [24]. Further studies confirming the different sensitivity towards penicillin due to the absence or presence of penicillinase were conducted [25]. Put briefly, we might summarize the case as follows: scientists started searching for what makes bacteria resistant to penicillin by downward-looking research. They crushed resistant bacteria and examined their components. Once they identified a likely candidate, in this case penicillinase, responsible for the phenomenon, here penicillin-resistance, they assessed its relevance in an upward-looking experiment by adding penicillinase to penicillin-sensitive bacteria.



What does this tell us with respect to the case of MTs? With the distinction between upward-looking and downward-looking experiments in place we can clearly recognize Vallee’s early research on MTs, along with most recent MT research we will discuss in Section 3 below, as upward-looking; for it starts from a molecule rather than a function we are trying to explain. This is intriguing. Not because upward-looking research is rare in biochemistry and related disciplines per se. But because in the case of MTs it was, and to a large extent still is, the starting point. MTs have not been identified by some sort of downward-looking study. It is noteworthy that not each of the MTS found to date have been identified through upward looking research, though. MT3, for instance, was identified after the observation that extracts from brain cells of Alzheimer’s disease patients supported the survival of rat neuronal cell cultures and was initially called growth inhibitory factor (GIF). Before we continue discussing the nature and prospects of upward-looking research, let us turn to two other distinctions which will be helpful in understanding what sets Vallee’s discovery of MTs apart from much other biochemical research.




2.2. Interventions versus Mere Interactions


Experimental work is often characterized in terms of interventions. While the notion is widely used in the empirical sciences to refer to any kind of manipulation, philosophers of science distinguish between different kinds of experimental strategies and manipulations. In this context, the notion “intervention” is reserved for those manipulations which systematically wiggle some, Factor X, in order to elicit changes in another, Factor Y (cf. e.g., see [26,27]). Researchers may intervene, i.e., inhibit or trigger, for instance, into the activity of some part of a system (X) to study how that intervention affects the system’s overall behavior (Y)—or vice versa [28]. We may study, say, how penicillinase affects penicillin-resistance or how damaged NMDA receptors interfere with LTP. Intervention-based experimentation is experimentation which manipulates something in order to study the effects it elicits.



Intervention-based research can be contrasted with merely interactive experimentation [29]. Mere interactions are a different form of experimental manipulation; they serve to uncover structures and organization and make accessible features of a system without changing these features. Cases in point are among many others the application of staining techniques, centrifugation of fluids, optogenetics, or—as in Vallee’s case—spectroscopy. In any of these cases, the system is affected, and some aspects of it are being changed, e.g., by staining them. But while interventions are applied to study which effects certain manipulations will have on the system or its parts, mere interactions are employed precisely because they have certain well-known effects, such as attaching marker molecules to certain particles. Unlike interventions, mere interactions do not seek to interfere with what a system or any given part of it does. Rather, mere interactions are sophisticated tools for observation which help scientists uncover features of a system or organism not otherwise accessible.



With this distinction in place, we can recognize, that at least initially, Vallee’s research on the kidneys of various species was a case of mere interactions. He did not seek to change the cadmium content of the tissues he studied to establish what happens when cadmium content is raised or lowered. Rather, he measured it with the technology available to him. He also did not change the kind of protein cadmium was bound to but analyzed its biochemical properties through merely interactive experimentation. Note that while Vallee’s initial mere interactions might be considered a sort of decomposition, they are not downward looking in the sense that he was searching for a component relevant to a specific function he sought to explain (see Section 2.1 and Figure 1).




2.3. Hypothesis-Testing versus Exploratory Research


Interventions in the sense just described are frequently carried out to test specific research hypotheses. If we hypothesize that penicillinase plays an important role in penicillin-resistance, for instance, we can test that hypothesis by intervening into, i.e., changing, the presence of penicillinase and observing the effects this has on penicillin-resistance. This approach might be contrasted with exploratory research, viz. research that does not test hypotheses or theories. Exploratory experiments are often conducted to map the functional architecture of a system without having a pre-established theory, or to delineate phenomena from their surroundings [30,31,32,33,34]. Exploratory experimentation is very popular before a scientific theory or research tradition is established and before specific hypotheses can be formulated. While it seems tempting to associate exploratory research with mere interactions and contrast it with hypothesis-testing interventions, this dichotomy is premature. In fact, exploratory research can utilize interventions as well. For illustration consider Hubel and Wiesel’s systematic research on cat V1, or Charles Dufay’s “discovery” of the two electricities (positive and negative) [35,36]. In the same way, hypothesis-testing research can utilize mere interactions if, say, we are hypothesizing whether a chemical substance or a biomolecule we can stain for are contained in a sample or not [37].



To summarize the terminology just introduced: experiments can be (i) either exploratory or designed to test specific hypotheses, they can (ii) utilize interventions (studying the effects of a manipulation) or mere interactions (manipulations serving to uncover certain structural features), and they can (iii) be downward-looking, i.e., starting from the phenomenon and searching for what elicits it, or upward-looking, i.e., studying the contribution of a component to a phenomenon or a system’s overall behavior. Without going into the philosophical details here, let us add that classifications with respect to (i)–(iii) are independent of one another. It is worth pointing out, though, that exploratory research and experiments utilizing mere-interactions tend to be more common at the beginning of a research process whereas intervention-based hypothesis-testing research tends to be more common when a research tradition has matured, and results are being published [37]. Against this background, it is little surprising that the dominant view of biochemistry is not only that it focuses on downward-looking research but also that it utilizes interventions and hypothesis testing. Indeed, most research is being conducted and published once a research tradition has matured.



Again, what do we learn from this about MT research? First, we already noted that MT research is mostly an upward-looking search for the function of a biochemical component. And though this may not be the way biochemists typically identify what molecules serve which biological function, this can actually be a successful research strategy, as we shall discuss in Section 4. Second, we can now recognize that Vallee’s research was exploratory in nature—he did not have any pre-established theories and he was not trying to test hypotheses—and that his methodology was based on mere interactions, such as spectroscopy. While these features may also seem intriguing if compared to the large body of published research in biochemistry, it is little surprising to find exploratory and mere interaction-based research where and when a molecule is discovered first. For this simply marks the beginning of a research tradition, in our case the hunt for the elusive function of MTs [16]. The fact that Valle later actually did inject CdCl2 into animals to study its effects does not undermine this point; his initial research on MTs was clearly exploratory in nature and based on mere interactions. As we shall discuss in the next Section, MT research has developed into a more hypothesis-testing and intervention-based research tradition since the 1960s. Nonetheless, it remained very much focused on upward-looking research.





3. The Enigmatic Role of Vertebrate MTs


Although MTs have been identified in many organisms—many prokaryotes and almost every eukaryote carry genetic information encoding MTs—mammalian MTs are the ones studied most. This is likely because MTs have been identified first in mammalian tissue. Since the initial discovery of MTs, biochemistry has made significant progress with respect to characterizing and classifying vertebrate MTs. By now, we accept that MTs are metalloproteins which have an exceptionally high sulfur content concentrated in 20 cysteine residues and therefore can bind up to seven Zn2+ or Cd2+ ions or 12 Cu+ ions. The high negative charge of the unique metal-sulfur clusters, such as the Zn4Cys11-α-clusters and Zn3Cys9-β-clusters in MT-1 and MT-2, is balanced by seven lysine residues, resulting in the equally unique dumbbell shape of the MT proteins which sets them apart from many other biomolecules found in nature [38,39]. Other primary structures of MTs comprising diverse Cys content and coordination, hence varying in metal load and affinities, have been documented [40,41,42].



In human cells, three different subfamilies have been identified, i.e., MT1/2 expressed and induced in almost every cell, MT3 in the nervous system and MT4 in the squamous epithelia [43,44]. Phylogenic analyses further categorize these subfamilies into subgroups, i.e., m1P1 and m2P2 as subgroups of MT1 and MT2, respectively, in humans. From these subgroups several human isoforms are specified e.g., MT1A and MT1B. Genetically, human MT1 and MT2 are much less discrete than MT3 and MT4. In fact, MT2 is a member of the MT1 branch, as shown in Figure 2 [13,45]. Though we shall not go into the specifics here, note that similar details have been established already about the biochemical properties of and phylogenetic relations between MTs in other organisms (e.g., [42]). Despite such detailed information, however, the phylogenetic tree of the MT family is still unrooted and researchers’ insights into the function of MTs remain very limited to date [15,44,46].



Still, the widespread prevalence of MTs across organisms and their unique biochemical properties suggest that MTs serve, or at least have served, as we shall elaborate below, some important biological role(s). Recent studies have reported a divergence in the function(s) of MTs based on the type of cysteine motifs in invertebrates and vertebrates [40,47]. The new γ domain identified in Patellogastropoda, for instance, favors cadmium over zinc and is more resilient against demetallation [40]. Thus, the γ domain may be alluding to a specialized metal detoxification function in this natural group. It should also be noted that a role for the noncoordinating amino acids is also being recognized, such as in the case of Nerita peloronta MT1 and MT2 (NpeMT1 and NpeMT2) [40,48]. Yet, while the evolutionary forces and developments may be understood better in evolutionarily older and less complex organisms, even here the jury is still out with respect to both the precise function(s) of MTs and their evolutionary history (e.g., [41,49]). We shall return to this in Section 5. For now, we shall focus our attention on thefunction of MT in mammals as this has been the main focus of MT research since their discovery in 1957.



In the late 20th, research has focused on the reactivity and sensitivity of the cysteine ligands towards metalation, oxidation and reduction and the related physiological pathology in mammals [50,51,52,53,54,55]. Three main functions have been proposed over the past 60 years for vertebrate MTs: (i) metal detoxification or toxic metal metabolism, (ii) metal homeostasis or essential metal metabolism, and (iii) protection from oxidative stress (OS). In what follows we shall briefly review these hypotheses and the main research associated to them.



3.1. Metal Detoxification or Toxic Metal Metabolism


As the first MTs were isolated from Cd2+-poisoned horses, the notion of MTs as detoxifying proteins for heavy metals has been postulated. MT knock out mice are reported to be more sensitive to tissue damage in response to the administration of cadmium, in addition to other in vivo studies reporting an upregulation of MTs after such administration [56,57,58]. A free Cd2+ ion inside the cell displaces zinc from MTs leading to an increase in the intracellular concentration of free Zn2+. The displaced Zn2+ ion is picked up by a zinc sensitive protein, i.e., metal response transcription Factor 1 (MTF-1) which is then translocated to the nucleus of the cell. The induction of thionein, the unmetalated apo form of MT, is then initiated by a transcription promoter called metal response element (MRE). The affinity of MTs to metal ions follows the binding constant of thiolates (Hg2+ > Cu+ > Cd2+ > Zn2+). In our example, the excess zinc liberated from MT is then sequestered by this additional thionein. Inside the cell, however, MTs are mostly coordinated to either zinc or copper, two essential and beneficial metals, thus MTs linked to cadmium and other heavy metals are assumed to result from exposure to environmental factors [59].




3.2. Metal Homeostasis or Essential Metal Metabolism


Native MTs isolated from mammalian cells are generally bound to zinc and copper ions. Both metals are metabolically important and their intracellular free ion concentrations reside in the picomolar range, despite their micromolar total intracellular content. Zinc has catalytic, structural, and regulative roles in the biology and is a cofactor in about 3000 human proteins [60,61]. As opposed to a previous conception of the metalation mechanism of MTs which was suggested to be of a cooperative nature, i.e., the binding of one zinc ion, for instance, would facilitate the binding of the next zinc ion and so on and there would be a notable absence or instability of partially metalated MTs within the cell, mounting evidence demonstrates that MTs bind metal ions uncooperatively [62]. Such findings have important implications on our understanding on how MTs are involved in the metabolism of essential trace metals. MTs are no longer regarded as zinc storages or thermodynamic sinks, rather as an active component in both the regulative and cellular signaling pathway of zinc, therefore tightly controlling its transient concentration as a protein buffer.




3.3. Protection from OS or Antioxidant Scavengers


The antioxidant function of MTs has been proposed due to the exceptionally rich cysteine content (30%) and the fact that OS also leads to upregulation of these proteins [63]. In vitro and in vivo studies, for instance, have demonstrated that ZnMTs scavenge free radicals when treated with hydrogen peroxide (H2O2) and release Zn2+ which in turn leads to the induction of the highly reactive thioneins and MTs through MTF-1 and MRE. Reactive oxygen species (ROS) easily oxidize MTs resulting in their cellular upregulation mediated by an antioxidant response element (ARE) activated by an ARE-binding transcription factor [64]. Increased expression of these proteins mitigates reperfusion injury in the muscle tissues of the heart [65]. It has also been reported that MTs inhibit the copper induced hydroxyl radical HO●.




3.4. Quo Vadis?


What do we learn from this? Put briefly: despite thousands of studies describing the structure, biochemical characteristics, and tissue distributions of MTs, and even specific suggestions for what role(s) MTs might play in vertebrate organisms, the actual function of the MT family still remains enigmatic [15,16].



We might wonder why that is and whether, maybe, there is some sort of systematic problem with MT research. Indeed, some authors have highlighted that MT research faces several non-trivial experimental difficulties [7,62]. For instance, applying X-ray diffraction has provided substantial insights into the dumbbell shaped crystalline structure of MTs. Yet such experiments are reported to face significant difficulties and hence, most of the structural characteristics are obtained through NMR analyses which illuminate the coordination of metal-thiolate ligands in the two functional domains but not how they connect and interact [66,67,68]. Another difficulty stems from the fact that d10 metals are chromophorically silent in spectroscopic essays. Hence, when studying metal ion transfer scientists substitute zinc with cobalt as a spectroscopic probe [69]. Moreover, the in vitro studies of MTs do not account for the in vivo heterogeneity of these proteins, notably their varying amount and content of metal ions, and the structural models are derived from just one isoform, i.e., Zn4Cys11-α-clusters and Zn3Cys9-β-clusters [7,15]. Due to such unavoidable experimental limitations, one might argue, it is difficult to make general claims about the function of MTs. But is this really a systematic weak point of MT research? Limited, indirect or suboptimal experimental methodologies and tools are common across the empirical sciences. In addition, and quite generally speaking, this does not prohibit progress in principle. Neuroscientists, for instance, study the brain with all kinds of epistemically limited tools. Still, we have a good idea about what certain structures and molecules in the brain do. To be fair, methodological limitations surely are not making it easier to identify MTs’ function(s). Yet that is hardly the sole reason for us not being able to establish what the function(s) of MTs are.



If limited experimental methods are not the issue, one might suspect that identifying MT functions does not currently get off the ground due to the kinds of experiments employed. Based on our exposition in Section 2, however, we can conclude that a focus on exploratory research and mere interactions is neither special nor problematic for an episode of scientific inquiry which lays the foundations of and for a new research tradition. And indeed, recent MT research—as we have just outlined—has moved well beyond this. Over time, there have been theories developed, hypotheses proposed and tested, interventions carried out, etc. So what is left then is the upward-looking character of the overall MT research tradition: if the prototypical approach in biochemistry is to start with a function and search for the molecule(s) relevant for that function, having a molecule and searching for its function might seem a bit like putting the cart before the horse. The attentive reader may suspect this is whence a potential systematic problem might originate. Though, as we shall show in the next section, it is not actually as simple as that either.





4. The Case of Ceruloplasmin


To grasp why upward-looking research is not in principle unable to pinpoint a molecule’s function, consider hemoglobin. Hemoglobin is an iron metalloprotein present in the blood cells of almost each of the vertebrates and some invertebrates. It was discovered first in samples of earthworm blood by Friedrich Ludwig Huenefeld (1799–1882) in 1840 [70,71]. While its function was initially unknown, 30 years later French physiologist Claude Bernard (1813–1878) [72] recognized the oxygen carrying property of hemoglobin.



For a more recent example, consider the case of ceruloplasmin. In 1944, Carl G. Holmberg (1906–1991) reported the observation of a unique blue coloration in his insoluble serum fractionation sample, PI-fraction [73]. The blue color reminded him of the inactive copper protein isolated by Mann and Keilin in 1938 from the red blood cells of equine serum, named hemocuprein, an enzyme soon referred to as superoxide dismutase (SOD). This inspired Holmberg to identify the copper content of the PI-fraction [73]. He quickly realized that this small fraction of the serum contained “…proportionally about five times as much copper as the serum protein as a whole,” ([73] p. 228). Holmberg also noted that the blue color could be oxidized and reduced reversibly, hinting at an enzymatic activity. Today, ceruloplasmin is accepted to play an important role in iron metabolism and as be the main storage for copper in the human body, accounting for 95% of the total body content of this trace metal [74,75].



Both these cases clearly illustrate that searching for a molecule’s functions is, at least sometimes, a successful research strategy in biochemistry. Put slightly differently, that is to say upward-looking research programs are not in principle impossible or systematically flawed. They are viable and can indeed be successful. Thus, the fact that the function of MTs has not yet been identified cannot be blamed on the fact that the search started from the molecule. If this is correct, the reader may wonder, what is left? How come we still cannot say what the function of MTs is? In the next section, we shall offer a few other considerations which might be helpful to advance our understanding of the enigmatic MTs.




5. Beyond One-to-One Mappings


From a philosophy of science point of view, searching for “the” one function of a biochemical molecule seems highly idealized. And even if upward-looking research has been successful to associate other molecules with a specific function, that is no guarantee that this strategy will work for the MT family. No doubt, each of the functions suggested for MTs has seemed worthy to pursue at some time (cf. Section 3). Yet, given that there is not much progress being made based on the assumption that MTs serve some sort of unitary evolved biological function, we might have to change track. In what follows, we propose two ways of thinking which might facilitate new research agendas. Note that while our suggestions here originate mainly from considerations of research on a phylogenetically relatively young branch of the MT family, namely vertebrate MTs, recent studies on invertebrate MTs appear to actually support our suggestions [40,44,49].



5.1. Multiple Realization, Robustness, and Moonlighting


The first set of considerations we would like to offer revolves around the notion that one-to-one mappings between biochemical components and biological functions might not be realistic. For instance, MTs might serve an important biological function, yet that function might not actually be unique to MTs. What MTs do in biological organisms might also be achieved by other biochemical molecules. For an example of multiple realization, consider the case of hemophilia. Hemophilia is a devastating medical condition characterized by a malfunctioning clotting mechanism, resulting in a potentially life-threatening extended bleeding time. At least three types of hemophilia have been identified, Hemophilia A, B and C, each corresponding to deficiencies in a different clotting factor either genetically or due to pregnancy, autoimmune diseases, or cancer. For a long time, the distinction between the three types went unnoticed [76]. In 1952, Christmas disease, which is now known as Hemophilia B, was suggested [77]. The researchers started from the observations that adding small amounts of normal blood to blood samples from hemophilic patients reduces the clotting time and that in some cases a similar time reduction is observed when mixing two hemophilic samples from different patients. When the isolated antihemophilic globulin, now called as Factor VIII, was added to some of the hemophilic samples no reduction in clotting time was observed. This indicated a variation in the underlying clotting factor responsible for the prolonged clotting period. Further fractionation and precipitation of the blood samples from the Christmas disease patients demonstrated an absence of a specific protein, when compared to normal blood and hemophilic samples lacking Factor VIII which is characteristic of Hemophilia A. This active protein was called thereafter, Christmas Factor or Factor IX.



What is noteworthy about hemophilia is that there is not just one biochemical factor eliciting it, but three different ones. Thus, we see a mapping from one phenomenon (a biological function) to many molecules exhibiting that function (we might consider this a case of multiple realization). Now if we assume that this is the case for MTs, too, we would basically have to expect that MTs serve as one of multiple realizers for one or many functions. If so, this might explain why upward-looking research is actually at its limit to uncover the role MTs play in biological organisms; for identifying different biochemical components relevant to a single phenomenon requires knowing what the phenomenon in question is and carrying out downward-looking research. To this end, most of, if not all, the upward-looking MT research done to date will provide useful clues, but it simply will not be conclusive.



Another, though related, reason why it might be so difficult to pin down the biological function(s) of MTs could be that their function(s) might be compensated for easily by other biochemical components or mechanisms if MTs are missing. Or, conversely, MTs might themselves serve a compensatory function in case other important structures or mechanisms fail to operate. The existence of such compensatory mechanisms is at least quite plausible. Ultimately, we know that redundancy and plasticity are important principles contributing to the robustness of phenotypic traits rendering organisms fit for survival [78]. For instance, consider connexins (Cx), the transmembrane proteins which allow the exchange of small molecules between neighboring cells [79]. Cx36 compensates for the function of Cx45 in the retina and Cx32 has been reported to compensate for Cx43 [80,81]. Still, if this way of thinking is correct, the question remains how MT researchers might work their way through the thickets of metabolism in various species to understand the precise role of the MT family.



A third, and the perhaps the most likely option is that although MTs form a seemingly united family of proteins they actually serve a host of different functions in various biological organisms. That is to say, we have a single biochemical molecule that does multiple things in a biological organism. For illustration, consider the case of Glyceraldehyde 3-phosphate dehydrogenase (GAPDH). In glycolysis, GAPDH serves an enzymatic function catalyzing the sixth step of the reaction, i.e., the conversion of glyceraldehyde 3-phosphate to D-glycerate 1,3-bisphosphate. GAPDH has been functionally linked to several non-metabolic functions such as initiation of cell death, transcription of DNA, participation in the antioxidant defense mechanism and metal chaperoning [82,83,84,85].



If something like this is also the case for MTs, one might wonder where the multifunctionality of MTs might come from. Recent discussions about protein moonlighting [86,87] suggest an answer: biochemical molecules can actually acquire new and diverse functions through evolution. Proteins can have moonlighting functions based on their localization intracellularly or extracellularly, the types of cells expressing them, the type of substrate available, their quaternary structure (monomers or multimers), or their interaction with other proteins to form more complex structures and multiplicity of binding sites [88]. Within this context, some sort of accidental or systematic biochemical resemblance despite diverse functionality seems at least plausible—and perhaps more feasible than to expect a one-to-one mapping between biological functions and biochemical molecules. If this is correct, searching for “the function” of MTs might not be a productive research strategy. We might be better off asking where the MT family comes from and how it has developed.




5.2. Evolutionary Effects: Vestiges, Exaptation, and Convergent Evolution


The second set of considerations we would like to offer originates from the following question: What if the answer to the question of why MTs are so widespread cannot be found in their current but rather in their past biological function? In other words, we would like to point to some evolutionary considerations.



First, we might wonder whether MTs could be vestiges of some sort. That is to say, could they be residues from our evolutionary ancestry which no longer have a biological function? Given how widespread MTs are throughout the animal and plant kingdom, however, MTs would have to go back very far and, there would have to be a common root in the phylogenetic tree of MTs which so far seems to be missing (cf. Section 3). As an example of a vestigial molecular structure in humans consider the cyritestin genes CYRN1 and CYRN2. In other mammals, such as mice, CYRN1 and CYRN2 play an essential role in fertility although they seem to be non-functional in humans [89,90,91]. Other, more conspicuous, vestigial structures in humans are the appendix and the coccyx, i.e. the tailbone.



In light of this, we might consider another option. Namely that the MT family might actually be a result of convergent evolution. That is to say, the same kind of biochemical molecule evolved in different species to perform different, though possibly related, functions. Maybe these functions are somehow linked to metabolizing metals and that is what makes the sulfur-rich metalloproteins such a good candidate molecule for the jobs in question. Contemporary research on invertebrate MTs actually lends support to these evolutionary considerations [40,42,49]. Genetic and biochemical data from mollusks suggests that MTs might have played crucial roles in metal detoxification throughout early evolution. More recently, MTs may have become relevant for homeostasis as living beings adapted to increasingly variable environments [40,92,93,94,95]. Since MTs are somewhat flexible and can change in response to environmental factors, their various forms might have been crucial for organisms to adapt to variable situations of metal bioavailability. Nonetheless, these findings are not yet sufficient to understand the evolution of MTs. Neither is it clear whether and to which extent findings about invertebrate MTs will inform vertebrate MT research. In fact, the evidence reported thus far does not disambiguate between the hypotheses of vertebrate MTs being vestiges of an invertebrate evolutionary history or the result of convergent evolution in response to certain needs for adaptation. A complete phylogenetic tree of the MT family might help to disentangle these scenarios—unfortunately, though, that is not currently available [15,47,96].



Relatedly, MTs might have had some crucial shared biological function which has shifted throughout evolution, i.e., they might be a result of exaptation. If so, we nonetheless may find a family of MTs united by a shared biochemistry which now serves different functions in different species or organisms. Calatayud et al.’s suggestion of mollusk MTs having been used for detoxification before they have become important for homeostasis hints in this direction [40]. Indeed, this is perhaps the most promising among our evolutionary considerations: it is effectively a version of the many-functions hypothesis outlined above. Since it is compatible with moonlighting, it comes with a candidate mechanism for how multiple functions have been acquired by the MT family. Further, and as such, it also comes with an evolutionary explanation for the shared biochemistry despite varied functionality within the MT family. Besides, this scenario does not require a common root in the phylogenetic tree because it does not require all MTs to have some sort of common ancestor. At the same time, this scenario is compatible with the idea that most MTs did serve some sort of unitary function at some point in evolutionary history.



Note that the scenarios just described might not be mutually exclusive. In fact, it is possible that MTs first entered the scene independently, then convergently evolved to serve some common or shared function, and then—different organisms faced varied evolutionary pressures as they adapted to different environments—exapted to serve different functions across species or organisms. Obviously, this is merely a theoretical scenario for now. Nevertheless, the most recent data on mollusk MTs lends support to the notion that research into the linage-specific and evolutionary old functions of MTs might help us not only to uncover the ancient functions of MTs but also their prevalence and function across animal phyla today, including evolutionarily younger and more complex organisms such as vertebrates. Thus, modifying the research strategy for investigating the function(s) of MTs by focusing on their evolutionary history provides a very promising outlook.





6. Conclusions


Research on MTs has started initially from the recognition that these proteins are extremely prevalent across the animal and plant kingdoms. “Why do so many species have MTs?” was thus interpreted as a question about MTs’ function, demanding researchers to find out what MTs are good for. Nonetheless, having an important biological function today is not the only possible reason for why some biochemical molecule may be abundant across most of the taxonomic kingdoms. The hypotheses we outlined in Section 5 acknowledge that and we suggest that—rather than searching for the function of MTs—we should ponder about possible origins of MTs to explain their prevalence. Focusing on the evolutionary history of MTs rather than their contemporary function has the potential to resolve the question of why MTs are so prevalent across species. As such, it has a high problem-solving capacity or programmatic character [97] and thus presents a pursuit-worthy research strategy likely to elicit scientific progress (e.g., [98,99]).



Of course, none of the suggestions we put forward in the previous section are full-fledged theories of vertebrate MT function. Yet, they might offer useful hypotheses for experts in the field to pursue—especially given that similar considerations have already been offered in the context of evolutionary studies of invertebrate MTs. What we can conclude at this point is the following: Despite the special circumstances of the discovery of MTs, there is probably nothing systematically amiss in the research tradition. What appears so intriguing about Vallee’s early work is actually characteristic of discovery episodes leading towards the foundation of a research tradition: upward-looking and exploratory research involving mere interactions. Besides, the upward-looking search for functions is—at least in principle—a viable strategy which has been successful in some cases, as discussed in see Section 4. It is neither in principle fruitless nor systematically flawed.



Nonetheless, it looks as if MT research has not been going forward as much as biochemists would have liked it to and the biological role(s) of MTs still remain enigmatic, especially for vertebrates. This should motivate us to seek a different direction for contemporary MT research. The suggestions we presented in Section 5 provide some options. That they converge with recent empirical work on the evolution of mollusk MTs highlights two things: first, it shows that a systematic philosophical analysis of empirical research may offer support for empirical research decisions. Second, it emphasizes the pursuit-worthiness of evolutionary MT research. That is to say, it renders evolutionary approaches even more likely to solve the research problem at hand and to elucidate why MTs are so prevalent, what precisely they do, and where they come from—in ancient and also in recent animal phyla.







Author Contributions


Conceptualization, A.Y.A., C.J. and L.K.; investigation, A.Y.A.; supervision, C.J. and L.K.; validation, C.J. and L.K.; visualization, A.Y.A.; writing—original draft, A.Y.A., C.J. and L.K.; writing—review and editing, A.Y.A., C.J. and L.K. All authors have read and agreed to the published version of the manuscript.




Funding


This article is based upon work from Saarland University, Saarbruecken, Germany, the COST Action NutRedOx-CA16112 supported by COST (European Cooperation in Science and Technology), the “Landesforschungsfoerderungsprogramm” of the State of Saarland (Grant No. WT/2—LFFP16/01) and with the support of the Erasmus + program of the European Union, Saarland University (SAARBRU01). We acknowledge support by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) and Saarland University within the funding programme Open Access Publishing.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


No new data were created or analyzed in this study. Data sharing is not applicable to this article.




Acknowledgments


We would like to thank Michèle Friend and Sébastien Paul from UCCS, Centrale Lille, and Jawad Nasim along the many other colleagues from the Pharmasophy and Academiacs International networks (www.academiacs.eu accessed on 31 May 2021) as well as from the EIS (Explainable Intelligent Systems) project team for their helpful discussions and advice. We extend our deep gratitude to Wolfgang Maret and Philip Haueis for their advice and orientation. Finally, we would like to thank the anonymous reviewers who indeed helped us improve the overall quality of the manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Vallee, B.L.; Hoch, F.L. Zinc, a component of yeast alcohol dehydrogenase. Proc. Natl. Acad. Sci. USA 1955, 41, 327–338. [Google Scholar] [CrossRef]

	



Vallee, B.L. Metallothionein: Historical Review and Perspectives. Exp. Supply 1979, 34, 19–40. [Google Scholar] [CrossRef]

	



Margoshes, M.; Vallee, B.L. A cadmium protein from equine kidney cortex. J. Am. Chem. Soc. 1957, 79, 4813–4814. [Google Scholar] [CrossRef]

	



Kägi, J. Piscator. In Metallothionein, Proceedings of the First International Meeting on Metallothionein and Other Low Molecular Weight Metal-Binding Proteins, Zürich, Switzerland, 17–22 July 1978; Springer: Basel, Switzerland, 2013; ISBN 978-3-0348-6493-0. [Google Scholar]

	



Kagi, J.H.; Valee, B.L. Metallothionein: A Cadmium- and Zinc-Containing Protein from Equine Renal Cortex. J. Biol. Chem. 1960, 235, 3460–3465. [Google Scholar] [CrossRef]

	



Vallee, B.L. Implications and Inferences of Metallothionein Structure. In Metallothionein II, Proceedings of the Second International Meeting on Metallothionein and Other Low Molecular Weight Metalbinding Proteins, Zürich, Switzerland, 21–24 August 1985; Kägi, J.H.R., Kojima, Y., Eds.; Experientia Supplementum; Birkhäuser: Basel, Switzerland, 1987; pp. 5–16. ISBN 978-3-0348-6784-9. [Google Scholar]

	



Palacios, O.; Atrian, S.; Capdevila, M. Zn- and Cu-Thioneins: A Functional Classification for Metallothioneins? J. Biol. Inorg. Chem. 2011, 16, 991–1009. [Google Scholar] [CrossRef] [PubMed]

	



Dunn, M.A.; Blalock, T.L.; Cousins, R.J. Metallothionein. Proc. Soc. Exp. Biol. Med. 1987, 185, 107–119. [Google Scholar] [CrossRef]

	



Davis, S.R.; Cousins, R.J. Metallothionein Expression in Animals: A Physiological Perspective on Function. J. Nutr. 2000, 130, 1085–1088. [Google Scholar] [CrossRef] [PubMed]

	



Koh, J.-Y.; Lee, S.-J. Metallothionein-3 as a Multifunctional Player in the Control of Cellular Processes and Diseases. Mol. Brain 2020, 13, 116. [Google Scholar] [CrossRef]

	



Rono, J.K.; Le Wang, L.; Wu, X.C.; Cao, H.W.; Zhao, Y.N.; Khan, I.U.; Yang, Z.M. Identification of a New Function of Metallothionein-like Gene OsMT1e for Cadmium Detoxification and Potential Phytoremediation. Chemosphere 2021, 265, 129136. [Google Scholar] [CrossRef]

	



Jacob, C.; Maret, W.; Vallee, B.L. Control of Zinc Transfer between Thionein, Metallothionein, and Zinc Proteins. Proc. Natl. Acad. Sci. USA 1998, 95, 3489–3494. [Google Scholar] [CrossRef]

	



Binz, P.-A.; Kägi, J.H.R. Metallothionein: Molecular evolution and classification. In Metallothionein I; Klaassen, C.D., Ed.; Advances in Life Sciences; Birkhäuser: Basel, Switzerland, 1999; pp. 7–13. ISBN 978-3-0348-8847-9. [Google Scholar]

	



Freisinger, E. Structural Features Specific to Plant Metallothioneins. J. Biol. Inorg. Chem. 2011, 16, 1035–1045. [Google Scholar] [CrossRef] [PubMed]

	



Krężel, A.; Maret, W. The Functions of Metamorphic Metallothioneins in Zinc and Copper Metabolism. Int. J. Mol. Sci. 2017, 18, 1237. [Google Scholar] [CrossRef] [PubMed]

	



Palmiter, R.D. The Elusive Function of Metallothioneins. Proc. Natl. Acad. Sci. USA 1998, 95, 8428–8430. [Google Scholar] [CrossRef] [PubMed]

	



Kästner, L. Integration and the Mechanistic Triad: Producing, Underlying and Maintaining Mechanistic Explanations. In Neural Mechanisms: New Challenges in the Philosophy of Neuroscience; Studies in Brain and Mind, Calzavarini, F., Viola, M., Eds.; Springer International Publishing: Cham, Switzerland, 2021; pp. 337–361. ISBN 978-3-030-54092-0. [Google Scholar]

	



Abdin, A.Y.; Jacob, C.; Kästner, L. Disambiguating “Mechanisms” in Pharmacy: Lessons from Mechanist Philosophy of Science. Int. J. Environ. Res. Public Health 2020, 17, 1833. [Google Scholar] [CrossRef]

	



Craver, C.F.; Darden, L. Search of Mechanisms: Discoveries Across the Life Sciences; Chicago Press: Chicago, IL, USA, 2013; ISBN 978-0-226-03979-4. [Google Scholar]

	



Bechtel, W.; Richardson, R.C. Discovering Complexity: Decomposition and Localization as Strategies in Scientific Research; The MIT Press: Cambridge, MA, USA, 2010; ISBN 978-0-262-51473-6. [Google Scholar]

	



Bechtel, W.; Abrahamsen, A. Decomposing, Recomposing, and Situating Circadian Mechanisms: Three Tasks in Developing Mechanistic Explanations; De Gruyter: Berlin, Germany, 2013; pp. 177–190. ISBN 978-3-11-032885-1. [Google Scholar]

	



Bush, K. Past and Present Perspectives on β-Lactamases. Antimicrob. Agents Chemother. 2018, 62. [Google Scholar] [CrossRef]

	



Abraham, E.P.; Chain, E. An Enzyme from Bacteria Able to Destroy Penicillin. Nature 1940, 146, 837. [Google Scholar] [CrossRef]

	



Abraham, E.P.; Chain, E.; Fletcher, C.M.; Gardner, A.D.; Heatley, N.G.; Jennings, A.M.; Florey, H.W. Further observations on penicillin. Lancet 1941, 2, 177–189. Available online: https://www.jameslindlibrary.org/abraham-ep-chain-e-fletcher-cm-gardner-ad-heatley-ng-jennings-am-florey-hw-1941/ (accessed on 13 November 2020). [CrossRef]

	



Kirby, W.M.M. Extraction of a Highly Potent Penicillin Inactivator from Penicillin Resistant Staphylococci. Science 1944, 99, 452–453. [Google Scholar] [CrossRef]

	



Woodward, J. Making Things Happen: A Theory of Causal Explanation; Oxford University Press: New York, NY, USA, 2003; ISBN 978-0-19-518953-7. [Google Scholar]

	



Kästner, L.; Andersen, L.M. Intervening into Mechanisms: Prospects and Challenges. Philos. Compass 2018, 13, e12546. [Google Scholar] [CrossRef]

	



Craver, C.F. Explaining the Brain: Mechanisms and the Mosaic Unity of Neuroscience; Oxford University Press: Oxford, UK; New York, NY, USA, 2007; ISBN 978-0-19-929931-7. [Google Scholar]

	



Kästner, L. Philosophy of Cognitive Neuroscience: Causal Explanations, Mechanisms and Experimental Manipulations; Walter de Gruyter GmbH & Co KG: Berlin, Germany, 2017; Volume 37. [Google Scholar]

	



Hacking, I. Representing and Intervening: Introductory Topics in the Philosophy of Natural Science; Cambridge University Press: Cambridge, MA, USA, 1983; ISBN 978-0-521-28246-8. [Google Scholar]

	



Haueis, P.; Slaby, J. Brain in the shell. In Neuroscience and Critique: Exploring the Limits of the Neurological Turn; Routledge: London, UK, 2015; p. 117. [Google Scholar]

	



Steinle, F. Entering New Fields: Exploratory Uses of Experimentation. Philos. Sci. 1997, 64, S65–S74. [Google Scholar] [CrossRef]

	



Waters, C.K. Causes That Make a Difference. Available online: https://www.pdcnet.org/pdc/bvdb.nsf/purchase?openform&fp=jphil&id=jphil_2007_0104_0011_0551_0579 (accessed on 25 February 2021).

	



O’Malley, M.A.; Dupré, J. Size Doesn’t Matter: Towards a More Inclusive Philosophy of Biology. Biol. Philos. 2007, 22, 155–191. [Google Scholar] [CrossRef]

	



Wurtz, R.H. Recounting the Impact of Hubel and Wiesel. J. Physiol. 2009, 587, 2817–2823. [Google Scholar] [CrossRef]

	



Steinle, F. Concept formation and the limits of justification: “discovering” the two electricities. In Revisiting Discovery and Justification: Historical and Philosophical Perspectives on the Context Distinction; Archimedes; Schickore, J., Steinle, F., Eds.; Springer: Dordrecht, The Netherlands, 2006; pp. 183–195. ISBN 978-1-4020-4251-5. [Google Scholar]

	



Kästner, L. Explaining Phenomena, Discovering Mechanisms; Talk at the Cognition Academy; Max Planck School of Cognition: Berlin, Germany, 2021. [Google Scholar]

	



Suzuki, K.T.; Imura, N.; Kimura, M. Metallothionein III: Biological Roles and Medical Implications; Birkhäuser: Basel, Switzerland, 1993. [Google Scholar]

	



Robbins, A.H.; McRee, D.E.; Williamson, M.; Collett, S.A.; Xuong, N.H.; Furey, W.F.; Wang, B.C.; Stout, C.D. Refined Crystal Structure of Cd, Zn Metallothionein at 2.0 Åresolution. J. Mol. Biol. 1991, 221, 1269–1293. [Google Scholar] [CrossRef]

	



Calatayud, S.; Garcia-Risco, M.; Pedrini-Martha, V.; Eernisse, D.J.; Dallinger, R.; Palacios, Ò.; Capdevila, M.; Albalat, R. Modularity in Protein Evolution: Modular Organization and De Novo Domain Evolution in Mollusk Metallothioneins. Mol. Biol. Evol. 2021, 38, 424–436. [Google Scholar] [CrossRef] [PubMed]

	



Isani, G.; Carpenè, E. Metallothioneins, Unconventional Proteins from Unconventional Animals: A Long Journey from Nematodes to Mammals. Biomolecules 2014, 4, 435–457. [Google Scholar] [CrossRef] [PubMed]

	



Blindauer, C.A. Chapter 21: Metallothioneins. In Binding, Transport and Storage of Metal Ions in Biological Cells; The Royal Society of Chemistry: Cambridge, UK, 2014; pp. 606–665. [Google Scholar]

	



Vašák, M.; Meloni, G. Chemistry and Biology of Mammalian Metallothioneins. J. Biol. Inorg. Chem. 2011, 16, 1067. [Google Scholar] [CrossRef] [PubMed]

	



Serén, N.; Glaberman, S.; Carretero, M.A.; Chiari, Y. Molecular Evolution and Functional Divergence of the Metallothionein Gene Family in Vertebrates. J. Mol. Evol. 2014, 78, 217–233. [Google Scholar] [CrossRef]

	



Laukens, D.; Waeytens, A.; Bleser, P.D.; Cuvelier, C.; Vos, M.D. Human Metallothionein Expression under Normal and Pathological Conditions: Mechanisms of Gene Regulation Based on In Silico Promoter Analysis. CRE 2009, 19. [Google Scholar] [CrossRef] [PubMed]

	



García-Risco, M.; Calatayud, S.; Niederwanger, M.; Albalat, R.; Palacios, Ò.; Capdevila, M.; Dallinger, R. Two Unconventional Metallothioneins in the Apple Snail Pomacea Bridgesii Have Lost Their Metal Specificity during Adaptation to Freshwater Habitats. Int. J. Mol. Sci. 2021, 22, 95. [Google Scholar] [CrossRef]

	



Palacios, Ò.; Pagani, A.; Pérez-Rafael, S.; Egg, M.; Höckner, M.; Brandstätter, A.; Capdevila, M.; Atrian, S.; Dallinger, R. Shaping Mechanisms of Metal Specificity in a Family of Metazoan Metallothioneins: Evolutionary Differentiation of Mollusc Metallothioneins. BMC Biol. 2011, 9, 4. [Google Scholar] [CrossRef] [PubMed]

	



Pérez-Rafael, S.; Monteiro, F.; Dallinger, R.; Atrian, S.; Palacios, Ò.; Capdevila, M. Cantareus Aspersus Metallothionein Metal Binding Abilities: The Unspecific CaCd/CuMT Isoform Provides Hints about the Metal Preference Determinants in Metallothioneins. Biochim. Biophys. Acta (BBA) Proteins Proteom. 2014, 1844, 1694–1707. [Google Scholar] [CrossRef]

	



Dallinger, R.; Zerbe, O.; Baumann, C.; Egger, B.; Capdevila, M.; Palacios, Ò.; Albalat, R.; Calatayud, S.; Ladurner, P.; Schlick-Steiner, B.C.; et al. Metallomics Reveals a Persisting Impact of Cadmium on the Evolution of Metal-Selective Snail Metallothioneins. Metallomics 2020, 12, 702–720. [Google Scholar] [CrossRef] [PubMed]

	



Jacob, C.; Maret, W.; Vallee, B.L. Ebselen, a Selenium-Containing Redox Drug, Releases Zinc from Metallothionein. Biochem. Biophys. Res. Commun. 1998, 248, 569–573. [Google Scholar] [CrossRef] [PubMed]

	



Maret, W.; Jacob, C.; Vallee, B.L.; Fischer, E.H. Inhibitory Sites in Enzymes: Zinc Removal and Reactivation by Thionein. Proc. Natl. Acad. Sci. USA 1999, 96, 1936–1940. [Google Scholar] [CrossRef]

	



Jacob, C.; Maret, W.; Vallee, B.L. Selenium Redox Biochemistry of Zinc–Sulfur Coordination Sites in Proteins and Enzymes. Proc. Natl. Acad. Sci. USA 1999, 96, 1910–1914. [Google Scholar] [CrossRef] [PubMed]

	



Quaife, C.J.; Kelly, E.J.; Masters, B.A.; Brinster, R.L.; Palmiter, R.D. Ectopic Expression of Metallothionein-III Causes Pancreatic Acinar Cell Necrosis in Transgenic Mice. Toxicol. Appl. Pharmacol. 1998, 148, 148–157. [Google Scholar] [CrossRef]

	



Klein, J.B.; Wang, G.-W.; Zhou, Z.; Buridi, A.; Kang, Y.J. Inhibition of Tumor Necrosis Factor-α-Dependent Cardiomyocyte Apoptosis by Metallothionein. Cardiovasc. Toxicol. 2002, 2, 209–217. [Google Scholar] [CrossRef]

	



Kang, Y.J.; Li, Y.; Sun, X.; Sun, X. Antiapoptotic Effect and Inhibition of Ischemia/Reperfusion-Induced Myocardial Injury in Metallothionein-Overexpressing Transgenic Mice. Am. J. Pathol. 2003, 163, 1579–1586. [Google Scholar] [CrossRef]

	



Liu, J.; Liu, Y.; Habeebu, S.S.; Klaassen, C.D. Susceptibility of MT-Null Mice to Chronic CdCl2-Induced Nephrotoxicity Indicates That Renal Injury Is Not Mediated by the CdMT Complex. Toxicol. Sci. 1998, 46, 197–203. [Google Scholar] [CrossRef]

	



Zhang, B.; Georgiev, O.; Hagmann, M.; Günes, Ç.; Cramer, M.; Faller, P.; Vasák, M.; Schaffner, W. Activity of Metal-Responsive Transcription Factor 1 by Toxic Heavy Metals and H2O2 In Vitro Is Modulated by Metallothionein. Mol. Cell Biol. 2003, 23, 8471–8485. [Google Scholar] [CrossRef]

	



Chen, X.; Zhang, B.; Harmon, P.M.; Schaffner, W.; Peterson, D.O.; Giedroc, D.P. A Novel Cysteine Cluster in Human Metal-Responsive Transcription Factor 1 Is Required for Heavy Metal-Induced Transcriptional Activation in Vivo. J. Biol. Chem. 2004, 279, 4515–4522. [Google Scholar] [CrossRef]

	



Cai, L.; Li, X.-K.; Song, Y.; Cherian, M.G. Essentiality, Toxicology and Chelation Therapy of Zinc and Copper. Curr. Med. Chem. 2005, 12, 2753–2763. [Google Scholar] [CrossRef]

	



Maret, W. Zinc in Cellular Regulation: The Nature and Significance of “Zinc Signals”. Int. J. Mol. Sci. 2017, 18, 2285. [Google Scholar] [CrossRef] [PubMed]

	



Yao, S.; Flight, R.M.; Rouchka, E.C.; Moseley, H.N.B. A Less-biased Analysis of Metalloproteins Reveals Novel Zinc Coordination Geometries. Proteins 2015, 83, 1470–1487. [Google Scholar] [CrossRef]

	



Sutherland, D.E.K.; Stillman, M.J. The “Magic Numbers” of Metallothionein. Metallomics 2011, 3, 444–463. [Google Scholar] [CrossRef]

	



Balamurugan, K.; Schaffner, W. 2:Regulation of Metallothionein Gene Expression. In Metallothioneins and Related Chelators; The Royal Society of Chemistry: Cambridge, UK, 2009; pp. 31–49. [Google Scholar]

	



Chiaverini, N.; Ley, M.D. Protective Effect of Metallothionein on Oxidative Stress-Induced DNA Damage. Free Radic. Res. 2010, 44, 605–613. [Google Scholar] [CrossRef] [PubMed]

	



Kang, Y.J.; Li, G.; Saari, J.T. Metallothionein Inhibits Ischemia-Reperfusion Injury in Mouse Heart. Am. J. Physiol. Heart Circ. Physiol. 1999, 276, H993–H997. [Google Scholar] [CrossRef] [PubMed]

	



Zangger, K.; Oz, G.; Otvos, J.D.; Armitage, I.M. Three-Dimensional Solution Structure of Mouse [Cd7]-Metallothionein-1 by Homonuclear and Heteronuclear NMR Spectroscopy. Protein Sci. 1999, 8, 2630–2638. [Google Scholar] [CrossRef]

	



Schultze, P.; Wörgötter, E.; Braun, W.; Wagner, G.; Vašák, M.; Kägi, J.H.R.; Wüthrich, K. Conformation of [Cd7]-Metallothionein-2 from Rat Liver in Aqueous Solution Determined by Nuclear Magnetic Resonance Spectroscopy. J. Mol. Biol. 1988, 203, 251–268. [Google Scholar] [CrossRef]

	



Braun, W.; Vasák, M.; Robbins, A.H.; Stout, C.D.; Wagner, G.; Kägi, J.H.; Wüthrich, K. Comparison of the NMR Solution Structure and the X-Ray Crystal Structure of Rat Metallothionein-2. Proc. Natl. Acad. Sci. USA 1992, 89, 10124–10128. [Google Scholar] [CrossRef]

	



Bertini, I.; Luchinat, C.; Messori, L.; Vasak, M. Proton NMR Studies of the Cobalt(II)-Metallothionein System. J. Am. Chem. Soc. 1989, 111, 7296–7300. [Google Scholar] [CrossRef]

	



Hünefeld Friedr, L. Der Chem.ismus in der Thierischen Organisation: Physiologisch-Chem.ische Untersuchungen der Materiellen Veränderungen oder des Bildungslebens im Thierischen Organismus, Insbesondere des Blutbildungsprocesses, der Natur der Blutkörperchen und Ihrer Kernchen: Ein Beitrag zur Physiologie und Heilmittellehre; Brockhaus: Leipzig, Germany, 1840. [Google Scholar]

	



Edsall, J.T. Blood and Hemoglobin: The Evolution of Knowledge of Functional Adaptation in a Biochemical System. J. Hist. Biol. 1972, 5, 205–257. [Google Scholar] [CrossRef] [PubMed]

	



Leçons Sur Les Effets Des Substances Toxiques et Médicamenteuses: Bernard, Claude, 1813–1878: Free Download, Borrow, and Streaming: Internet Archive. Available online: https://archive.org/details/leonssurlesef00bern/page/n11/mode/2up (accessed on 11 February 2021).

	



Holmberg, C.G. On the Presence of n Laccase-like Enzyme in Nerum and Its Relation to the Copper in Serum. Acta Physiol. Scand. 1944, 8, 227–229. [Google Scholar] [CrossRef]

	



Lee, G.R.; Nacht, S.; Lukens, J.N.; Cartwright, G.E. Iron Metabolism in Copper-Deficient Swine. J. Clin. Investig. 1968, 47, 2058–2069. [Google Scholar] [CrossRef]

	



Hellman, N.E.; Gitlin, J.D. Ceruloplasmin Metabolism and Function. Annu. Rev. Nutr. 2002, 22, 439–458. [Google Scholar] [CrossRef] [PubMed]

	



The Laboratory Diagnosis of Haemophilia. Abstract—Europe PMC. Available online: https://europepmc.org/article/med/16810890 (accessed on 13 November 2020).

	



Biggs, R.; Douglas, A.S.; Macfarlane, R.G.; Dacie, J.V.; Pitney, W.R.; Merskey, C.; O’Brien, J.R. Christmas Disease. Br. Med. J. 1952, 2, 1378–1382. [Google Scholar] [CrossRef]

	



Félix, M.-A.; Barkoulas, M. Pervasive Robustness in Biological Systems. Nat. Rev. Genet. 2015, 16, 483–496. [Google Scholar] [CrossRef]

	



Bedner, P.; Steinhäuser, C.; Theis, M. Functional Redundancy and Compensation among Members of Gap Junction Protein Families? Biochim. Biophys. Acta (BBA) Biomembr. 2012, 1818, 1971–1984. [Google Scholar] [CrossRef]

	



Manthey, D.; Banach, K.; Desplantez, T.; Lee, C.G.; Kozak, C.A.; Traub, O.; Weingart, R.; Willecke, K. Intracellular Domains of Mouse Connexin26 and -30 Affect Diffusional and Electrical Properties of Gap Junction Channels. J. Membr. Biol. 2001, 181, 137–148. [Google Scholar] [CrossRef]

	



Plum, A.; Hallas, G.; Magin, T.; Dombrowski, F.; Hagendorff, A.; Schumacher, B.; Wolpert, C.; Kim, J.-S.; Lamers, W.H.; Evert, M.; et al. Unique and Shared Functions of Different Connexins in Mice. Curr. Biol. 2000, 10, 1083–1091. [Google Scholar] [CrossRef]

	



Sweeny, E.A.; Singh, A.B.; Chakravarti, R.; Martinez-Guzman, O.; Saini, A.; Haque, M.M.; Garee, G.; Dans, P.D.; Hannibal, L.; Reddi, A.R.; et al. Glyceraldehyde-3-Phosphate Dehydrogenase Is a Chaperone That Allocates Labile Heme in Cells. J. Biol. Chem. 2018, 293, 14557–14568. [Google Scholar] [CrossRef] [PubMed]

	



Kosova, A.A.; Khodyreva, S.N.; Lavrik, O.I. Role of Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) in DNA Repair. Biochemistry (Moscow) 2017, 82, 643–654. [Google Scholar] [CrossRef] [PubMed]

	



Tarze, A.; Deniaud, A.; Le Bras, M.; Maillier, E.; Molle, D.; Larochette, N.; Zamzami, N.; Jan, G.; Kroemer, G.; Brenner, C. GAPDH, a Novel Regulator of the pro-Apoptotic Mitochondrial Membrane Permeabilization. Oncogene 2007, 26, 2606–2620. [Google Scholar] [CrossRef] [PubMed]

	



Boradia, V.M.; Raje, M.; Raje, C.I. Protein Moonlighting in Iron Metabolism: Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH). Biochem. Soc. Trans. 2014, 42, 1796–1801. [Google Scholar] [CrossRef] [PubMed]

	



Jeffery, C.J. Protein Moonlighting: What Is It, and Why Is It Important? Philos. Trans. R. Soc. B Biol. Sci. 2018, 373, 20160523. [Google Scholar] [CrossRef]

	



Huberts, D.H.E.W.; van der Klei, I.J. Moonlighting Proteins: An Intriguing Mode of Multitasking. Biochim. Biophys. Acta (BBA) Mol. Cell Res. 2010, 1803, 520–525. [Google Scholar] [CrossRef]

	



Jeffery, C.J. Moonlighting Proteins. Trends Biochem. Sci. 1999, 24, 8–11. [Google Scholar] [CrossRef]

	



Grzmil, P.; Kim, Y.; Shamsadin, R.; Neesen, J.; Adham, I.M.; Heinlein, U.A.; Schwarzer, U.J.; Engel, W. Human Cyritestin Genes (CYRN1 and CYRN2) Are Non-Functional. Biochem. J. 2001, 357, 551–556. [Google Scholar] [CrossRef]

	



Adham, I.M.; Kim, Y.; Shamsadin, R.; Heinlein, U.A.; Von Beust, G.; Mattei, M.G.; Engel, W. Molecular Cloning, Chromosomal Localization, and Expression Analysis of CYRN1 and CYRN2, Two Human Genes Coding for Cyritestin, a Sperm Protein Involved in Gamete Interaction. DNA Cell Biol. 1998, 17, 161–168. [Google Scholar] [CrossRef] [PubMed]

	



Shamsadin, R.; Adham, I.M.; Nayernia, K.; Heinlein, U.A.; Oberwinkler, H.; Engel, W. Male Mice Deficient for Germ-Cell Cyritestin Are Infertile. Biol. Reprod. 1999, 61, 1445–1451. [Google Scholar] [CrossRef] [PubMed]

	



Adamo, G.M.; Lotti, M.; Tamás, M.J.; Brocca, S. Amplification of the CUP1 Gene Is Associated with Evolution of Copper Tolerance in Saccharomyces Cerevisiae. Microbiology (Read.) 2012, 158, 2325–2335. [Google Scholar] [CrossRef]

	



Pedrini-Martha, V.; Köll, S.; Dvorak, M.; Dallinger, R. Cadmium Uptake, MT Gene Activation and Structure of Large-Sized Multi-Domain Metallothioneins in the Terrestrial Door Snail Alinda Biplicata (Gastropoda, Clausiliidae). Int. J. Mol. Sci. 2020, 21, 1631. [Google Scholar] [CrossRef] [PubMed]

	



de Francisco, P.; Martín-González, A.; Turkewitz, A.P.; Gutiérrez, J.C. Extreme Metal Adapted, Knockout and Knockdown Strains Reveal a Coordinated Gene Expression among Different Tetrahymena Thermophila Metallothionein Isoforms. PLoS ONE 2017, 12, e0189076. [Google Scholar] [CrossRef] [PubMed]

	



de Francisco, P.; Martín-González, A.; Turkewitz, A.P.; Gutiérrez, J.C. Genome Plasticity in Response to Stress in Tetrahymena Thermophila: Selective and Reversible Chromosome Amplification and Paralogous Expansion of Metallothionein Genes. Environ. Microbiol. 2018, 20, 2410–2421. [Google Scholar] [CrossRef]

	



Ziller, A.; Fraissinet-Tachet, L. Metallothionein Diversity and Distribution in the Tree of Life: A Multifunctional Protein. Metallomics 2018, 10, 1549–1559. [Google Scholar] [CrossRef]

	



Laudan, L. From Theories to Research Traditions. Read. Philos. Sci. 1989, 368–379. [Google Scholar]

	



Šešelja, D.; Weber, E. Rationality and Irrationality in the History of Continental Drift: Was the Hypothesis of Continental Drift Worthy of Pursuit? Stud. Hist. Philos. Sci. Part A 2012, 43, 147–159. [Google Scholar] [CrossRef]

	



Laudan, L. Progress and Its Problems: Toward a Theory of Scientific Growth; University of California Press: Berkeley, CA, USA, 1977. [Google Scholar]








[image: Ijms 22 05984 g001 550] 





Figure 1. Illustrating the differences between upward looking and downward looking approaches to research. Panel (A) represents the downward looking approach, e.g., decomposition. Panel (B), represents the upward looking approach, e.g., composition or “re-composition”. 
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Figure 2. Phylogenetic tree of of protein sequences of MT proteins found in humans. (Adapted from [45] p. 304). 
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