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                    Abstract

This review summarizes recent highlights of our joint work on the structure, evolution, and function of a family of highly complex proteins, the hemocyanins. They are blue-pigmented oxygen carriers, occurring freely dissolved in the hemolymph of many arthropods and molluscs. They are copper type-3 proteins and bind one dioxygen molecule between two copper atoms in a side-on coordination. They possess between 6 and 160 oxygen-binding sites, and some of them display the highest molecular cooperativity observed in nature. The functional properties of hemocyanins can be convincingly described by either the Monod–Wyman–Changeux (MWC) model or its hierarchical extension, the Nested MWC model; the latter takes into account the structural hierarchies in the oligomeric architecture. Recently, we applied these models to interpret the influence of allosteric effectors in detailed terms. Effectors shift the allosteric equilibria but have no influence on the oxygen affinities characterizing the various conformational states. We have shown that hemocyanins from species living at different environmental temperatures have a cooperativity optimum at the typical temperature of their natural habitat.
Besides being oxygen carriers, some hemocyanins function as a phenoloxidase (tyrosinase/catecholoxidase) which, however, requires activation. Chelicerates such as spiders and scorpions lack a specific phenoloxidase, and in these animals activated hemocyanin might catalyse melanin synthesis in vivo. We propose a similar activation mechanism for arthropod hemocyanins, molluscan hemocyanins and tyrosinases: amino acid(s) that sterically block the access of phenolic compounds to the active site have to be removed. The catalysis mechanism itself can now be explained on the basis of the recently published crystal structure of a tyrosinase.
In a series of recent publications, we presented the complete gene and primary structure of various hemocyanins from different molluscan classes. From these data, we deduced that the molluscan hemocyanin molecule evolved ca. 740 million years ago, prior to the separation of the extant molluscan classes. Our recent advances in the 3D cryo-electron microscopy of hemocyanins also allow considerable insight into the oligomeric architecture of these proteins of high molecular mass. In the case of molluscan hemocyanin, the structure of the wall and collar of the basic decamers is now rapidly becoming known in greater detail. In the case of arthropod hemocyanin, a 10-Å structure and molecular model of the Limulus 8 × 6mer shows the amino acids at the various interfaces between the eight hexamers, and reveals histidine-rich residue clusters that might be involved in transferring the conformational signals establishing cooperative oxygen binding.
                    

Hemocyanins are respiratory proteins occurring freely dissolved in the hemolymph of many arthropods and molluscs. Arthropod hemocyanins are found as single hexamers (1 × 6mers) or multiples of hexamers (2 × 6mers, 4 × 6mers, 6 × 6mers, 8 × 6mers). Each arthropod hemocyanin subunit (ca. 72 kDa) folds into three domains characterized by different folding motifs (Volbeda and Hol 1989; Hazes et al. 1993; Magnus et al. 1994): domain I with five or six α-helices; domain II with a four α-helix bundle and the active site containing two copper ions; and domain III with a seven-stranded antiparallel β-barrel. In contrast, molluscan hemocyanins are cylindrical decamers, didecamers or multidecamers of a ca. 350 or 400 kDa polypeptide subunit. This folds into a chain of seven or eight functional units (FUs). Each FU is composed of two different structural domains termed α (from α-helix domain) and β (from β-sandwich domain); domain α folds into a four α-helix bundle carrying the copper active site, and domain β into a six-stranded anti-parallel β-barrel (Cuff et al. 1998). The α-domain of a molluscan hemocyanin FU corresponds functionally to domain II of an arthropod hemocyanin and the β-domain to domain III, respectively. Figure 1 shows the different structural levels of both hemocyanin types. 
                    
Fig. 1
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Structural levels of arthropod and molluscan hemocyanins. Note that in the case of arthropod hemocyanin, the subunit polypeptide carries a single active site, whereas in molluscan hemocyanin, the subunit polypeptide contains seven or eight functional units (FUs), each with an active site.


The oxygen-binding behavior of hemocyanins is usually characterized by a low to moderate oxygen affinity that can be modulated by a variety of factors, as an adaptation to the species-specific ecophysiology. Cooperativity of oxygen binding is comparatively low in molluscan hemocyanins (with Hill coefficients around 2), but can be exceptionally high in arthropod hemocyanins (with Hill coefficients up to 9) (Loewe 1978; Decker and Sterner 1990; van Holde and Miller 1995).
Various review articles on the structure, evolution and function of hemocyanins are available (Ellerton and Ellerton 1982; van Holde and Miller 1982, 1995; Markl 1986; Salvato and Beltramini 1990; Markl and Decker 1992; Solomon et al. 1994; Harris and Markl 1999; van Holde et al. 2001; Burmester 2001, 2002; Decker and Jaenicke 2004; Jaenicke and Decker 2004; Decker 2005), but recently major advances have been achieved in our laboratories in Mainz/Germany that are summarized in the present report. This encompasses (1) extension of the cooperative Nested MWC model to include explicitly effector binding properties and proof that hemocyanins can occur in different conformations (Decker, Hellmann); (2) functional adaptation of crustacean hemocyanins to different environmental temperatures (Hellmann, Decker); (3) the molecular basis of the activation of hemocyanins and phenoloxidases (Jaenicke, Decker); (4) evolution of molluscan hemocyanins as deduced from cDNA and genomic sequences (Lieb, Markl); and (5) 3D cryo-electron microscopy of hemocyanins to determine the contact areas between substructures for understanding the transmission of the conformational signals (Meissner, Markl).
There has also been substantial progress—with many contributions from researchers in Mainz/Germany—concerning DNA sequencing and evolution of arthropod hemocyanins (Voit et al. 2000; Burmester 2001; Ballweber et al. 2002; Burmester 2002; Averdam et al. 2003) and electron microscopy of the disassembly/reassembly of molluscan hemocyanins (for references, see Harris and Markl 1999; Harris et al. 2004), but this will not be further addressed here.
                    Cooperative and allosteric oxygen-binding behavior of hemocyanins

While the cooperative oxygen-binding behavior of arthropod hemocyanins has been well described in terms of the oxygen-binding properties, the characteristics of allosteric effector binding was not investigated in detail so far. Particularly, in crustaceans several compounds of low molecular weight modulate hemocyanin oxygen binding, resulting in lower or higher oxygen affinities of the respiratory protein (Bridges 2001). This influence of effectors on oxygen-binding behavior is often quantified via the shift of p50 of the corresponding oxygen-binding curve. The dependence of p50 on effector concentration can be approximated as follows (Wyman and Gill 1990): 


(1)
 Here, Wn,eff and Wo,eff denote the so-called binding polynomials for the effector in the fully oxygenated and fully unligated states (“n” and “o”, respectively) (Wyman and Gill 1990). In the most simple case, the Monod–Wyman–Changeux (MWC) model (Monod et al. 1965) is applicable which requires two conformations (Fig. 2). Then, at sufficiently high cooperativity, the oxy-state corresponds to one conformational state (R) and the deoxy-state to another (T). In this most simple case, if m identical binding sites for a particular effector exists for state R, one would set Wn,eff = WR,eff = (1 + Keff,R[eff])m, with Keff,R being the binding affinity of the effector for the R-state and [eff] the concentration of free effector. For binding to the T-state a corresponding expression would be used. In this case, intrinsic effector-binding properties (stoichiometry and affinity for the T- and the R-state) can be deduced from an analysis of the shift in p50 without further analysis of the data on oxygen binding in terms of a specific model. Examples can be found elsewhere (Johnson et al. 1987; Sanna et al. 2004). 
                    
Fig. 2
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Scheme of the MWC model and the Nested MWC model. The simple MWC model assumes two conformations R (relaxed) and T (tensed) for the allosteric unit. These conformations are in equilibrium given by the concentration of allosteric units in the unligated state (“o”) in each conformation L = [To]/[Ro]. The Nested MWC model extends this concept in a hierarchical manner, leading to four conformations that are combined in a certain manner, as shown here. In this model, two levels of allosteric units exists: the larger allosteric unit adopts two conformations which are denoted by capitals (R and T). The smaller allosteric units are embedded into the larger ones, and depending on the conformation of the large allosteric unit, the smaller allosteric unit can adopt two pairs of conformations: rT and tT if the large allosteric unit is in state T, rR, and tR if the large allosteric unit is in state R. The conformational equilibria are described by three allosteric equilibrium constants (L, lT, and lR, see equation 2) which relate to the concentrations of the respective allosteric units to each other, again in the unligated state. In this example, the large allosteric unit comprises two copies of the small allosteric unit. Thus, six possible combinations of the four types of conformations are available for the small allosteric unit. Each conformation of the small allosteric unit (in this case the half-molecule) is represented by a symbol. Two of these are combined to yield the full molecule, where the possible combinations are restricted by hierarchical structure of the model.


Arthropod hemocyanins larger than hexamers cannot be described by the simple MWC model but are in very good agreement with a hierarchical extension of it: the Nested MWC model (Fig. 2) (Decker et al. 1986, 1988; Decker and Sterner 1990; Sterner and Decker 1990; Makino and Ohnaka 1993; Dainese et al. 1998; Molon et al. 2000). Here, hierarchies in allosteric equilibria are assigned to obvious structural hierarchies (Robert et al. 1987). The Nested MWC model is characterized by four conformations (tT, tR, rR, and rT). Effectors such as urate, lactate, protons, water/glycine and Ca2+ shift the equilibria between these conformations (Brenowitz et al. 1983; Mangum 1983; Makino 1986; Morris and Bridges 1986; Johnson et al. 1988; Lallier and Truchot 1989a, 1989b; Decker and Sterner 1990; Giardina et al. 1992; Nies et al. 1992; Zeis et al. 1992; Sterner and Decker 1994; Hellmann 2004; Hellmann et al. 2003; Sanna et al. 2004; Menze et al. 2005). Thus, the oxy-state and the deoxy-state are expected to consist of a mixture of at least two conformations and an approach based on equation 1 is not possible since the binding polynomials are very complex. In this case the modulation of the allosteric equilibrium constants by the effector has to be exploited. The shift in the allosteric equilibrium between two conformations due to presence of an effector can be related to the ratio of the corresponding binding polynomials Qα β for the conformations described (α β = tT, tR, rR, and rT). In the following equations the allosteric equilibrium constants of the Nested MWC model (lR, lT, and Λ) in presence of an effector (with index “eff”) relative to the corresponding allosteric equilibrium constants in absence of the effector are given. 


(2a-2c)



(2c-2f)
 For definition of the expressions in the brackets see caption for Fig. 2. Due to the complexity of the model, however, analysis of data on oxygen binding alone does not always lead to unambiguous results for the parameters describing oxygen and effector binding, even if binding data at different effector concentration are analyzed simultaneously. Fortunately, for the effector urate the binding behavior has been determined directly, either by dialysis (Nies et al. 1992) or more accurately by isothermal titration calorimetry (Menze et al. 2000, 2001, 2005; Hellmann et al. 2001). Although these data alone, again, are not sufficient to extract all relevant binding parameters, the combined analysis of data on oxygen and effector binding allowed us to propose a model for the modulation of the 2 × 6mer hemocyanin from the lobster Homarus vulgaris (Menze et al. 2005). Here, even nonallosteric urate-binding sites were identified, which were also found for the hemocyanin from the freshwater crayfish Astacus leptodactylus (Hellmann et al. 2001). The metabolic effectors urate and lactate usually modulate the functional properties of crustacean hemocyanin, albeit not in all cases. Interestingly, recently a crustacean hemocyanin war reported hemocyanin was also reported to be modulated by l-lactate (Paoli et al. 2007). In the case of the hemocyanin from H. vulgaris, the experiments also revealed that hemocyanin is most likely needed, mainly under hypoxic conditions, employing urate as an effector ensuring sufficient oxygen delivery (Menze et al. 2005). Also for protons as effectors, additional information about release and uptake of protons upon oxygen binding allowed us to estimate the pK-values for protons binding for the different conformational states (Sterner and Decker 1994; Hellmann 2004).
It has been proposed that an hierarchical extension of the MWC model, such as the Nested MWC model, allows effectors to act at different levels of structural hierarchies. Indeed, examples can be found where this is exactly observed experimentally. A very clear, albeit not physiologically relevant, example is the effect of Tris on the oxygen-binding properties of tarantula 4 × 6mer hemocyanin (Sterner et al. 1994). Here, only one of the three allosteric equilibrium constants of the Nested MWC model is shifted by the effector. For protons as effectors, typically all three allosteric equilibrium constants are shifted, but l usually much less so than the two allosteric equilibrium constants relating to the small allosteric units (Decker and Sterner 1990; Dainese et al. 1998; Molon et al. 2000). The effect of hydration/osmotic pressure also seems to operate mainly at the level of the small allosteric unit (Hellmann et al. 2003). In the case of urate binding to hemocyanin from H. vulgaris, no strong preference for modulation of one of the hierarchical levels has been observed. Rather, preferential binding to conformation rR occurred (Menze et al. 2005). Similar results were found for the dye Neutral Red (Sterner and Decker 1990) and the binding of urate and l-lactate to hemocyanin from H. americanus (unpublished results). Since the Nested MWC model offers much more flexibility in terms of selective population of specific states, this might be considered as a driving force for the development of this regulatory mechanism in hemocyanin function.
Cooperativity requires the existence of conformations characterized by different affinities and structures. For several hemocyanins, conformations in the oxy-state and deoxy-state have been detected physically by low-resolution small-angle X-ray, neutron scattering and fluorescence spectroscopy which provided important support for the Nested MWC model. (Decker et al. 1996; Hartmann et al. 2001, 2004; Hartmann and Decker 2004; Erker et al. 2004a, 2004b, 2005a, 2005b). While all these experiments were performed on ensembles of hemocyanins, we also tried to follow the oxygenation of individual hemocyanin molecules by monitoring intrinsic tryptophans (Erker et al. 2005a, 2005b; Lippitz et al. 2002) which required functional attachment of hemocyanin to surfaces (Erker et al. 2006).
                    Functional adaptation of crustacean hemocyanins to different temperatures

Arthropods can live at very different environmental temperatures, for example in hot deserts or in the cold depths of the sea, and many of them, notably most chelicerates and the higher crustaceans, depend for survival upon hemocyanin as the oxygen-carrying respiratory protein of the hemolymph. We investigated the oxygen-binding behavior of such hemocyanins at different temperatures and tried to deduce from these data which oxygen binding parameters might be optimized. To this end, we compared the O2-binding behavior of hemocyanins from two arachnids (a tarantula and a scorpion) and from five different crustacean species living at different typical environmental temperatures. We wanted to know which oxygen binding parameters are influenced by the temperature to what exent in order to understand which properties are selected for optimisation. In such a study, it has to be taken into account that a change in temperature in these poikilothermic animals inevitably leads to a change in hemolymph pH. The extent of this pH change is similar to the pH-change of Tris-buffer: an increase of temperature by 10°C results in a decrease of pH of about 0.3 units. Thus, we compared the temperature dependence of oxygen binding in two types of data sets: in one set, the pH was adjusted to a given value at each temperature; in another set, the temperature-induced pH shift was not corrected, reflecting the behavior in vivo. This very complex analysis is still underway, but all binding curves have been amenable to analysis according to the MWC model (Monod et al. 1965 for single hexamers) and the Nested MWC-model (Robert et al. 1987 for oligo-hexamers).
The following picture emerges from the few species studied so far: hemocyanin from species which are exposed, in their natural habitat, to considerable temperature change exhibit a strong temperature dependence of oxygen affinity and cooperativity as quantified by p50 and n50, respectively; maximum cooperativity is kept at the observed temperature, usually the mean temperature of the natural habitat (Fig. 3). In hemocyanins studied so far, at low temperatures cooperativity increases with pH, while at higher temperatures the cooperativity seems to be rather independent of the pH value. A second clear correlation could be found between the typical temperature of the habitat and the p50 (Fig. 4). For example hemocyanin from the stone crab Paralithodes camtschatica (a 2 × 6mer; Molon et al. 2000) living at a depth of about 100 m off the eastern cost of Siberia at 1–5°C releases bound oxygen at these low temperatures. In contrast, hemocyanin of the tarantula Eurypelma californicum (a 4 × 6mer; Markl and Decker 1992), living in the southwestern deserts of the US, at high temperatures such as 30°C still has more than 90% of the binding sites occupied with oxygen. Under these conditions the hemocyanin of the stone crab is already completely unloaded. So, both oxygen affinity and cooperativity are optimized for a certain temperature range, and the oxygen-transport capacity of hemocyanin is adapted to the environmental temperature of the animals. 
                    
Fig. 3
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Temperature-dependence and pH-dependence of cooperativity in arthropod hemocyanins. The three arthropod species live at different mean environmental temperatures. Paralithodes (stone crab) at 2°C, Homarus (lobster) at 2–25°C (depending on season and water depth) and Eurypelma (tarantula) at 30°C. The Hill coefficients range from low (dark blue) to high (red); identical values lie on the same contour line. Note that the highest cooperativity is close to the average temperature of the respective habitat.


                    
Fig. 4
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Temperature-dependence of oxygenation in arthropod hemocyanins. The bound oxygen was measured spectroscopically at 340 nm and normalized to the highest value. Paralithodes camtschatica, a stone crab (circles, dotted line); Panulirus interruptus, a spiny lobster (triangles, broken line); Homarus americanus, a lobster (triangles, broken line with dots); Calappa sp., a box crab (squares, solid line); Eurypelma californicum, a tarantula (diamonds, broken line). Note the extreme difference between hemocyanins from Paralithodes (living at 2°C) and Eurypelma (living at 30°C).


In another but preliminary work on the influence of temperature on the binding behaviour reported at the Bonn meeting, Pott and Grieshaber (2006) investigated the binding of urate and caffeine by the hemocyanin of the European lobster, Homarus vulgaris, at different temperatures under normoxic and hypoxic conditions using isothermal titration calorimetry. These data were also interpretable by the Nested MWC model, including non-allosteric binding sites based on a former analysis by Menze et al. (2005).
                    Activation of hemocyanins to phenoloxidase, and the catalytic mechanism

Hemocyanins have type-3 copper centers similar to those of the phenoloxidases, despite their different functions (van Holde et al. 2001). Hemocyanins serve as oxygen carriers in mollusks and arthropods, whereas phenoloxidases (comprising tyrosinases and catecholoxidases) are ubiquitous essential enzymes, occurring in all organisms studied (Solomon et al. 1994; Decker and Tuczek 2000; Jaenicke and Decker 2004; Terwilliger and Ryan, 2006). Phenoloxidases catalyze the initial step in melanin synthesis and are necessary for multiple biological functions, such as browning, wound healing, primary immune defense and sclerotization. Tyrosinase catalyzes two steps, the hydroxylation of monophenols to o-diphenols and the oxidation to o-chinons, without releasing any intermediates (Decker et al. 2006). Catecholoxidases catalyze only the second reaction. Thus, although these two enzymes share a very similar active site, they catalyze different reactions; the reason for this phenomenon is still unclear, since the crystal structures of a plant catecholoxidase (Klabunde et al. 1998) and a bacterial tyrosinase (Matoba et al. 2006) are very similar and give no obvious hint for the differences in function. However, recent results indicate that hemocyanins, notably those from the chelicerates Eurypelma califormicum and Pandinus imperator, can also develop tyrosinase activity after activation (Decker and Rimke 1998) (Nillius et al. unpublished data). In addition, these arthropod tyrosinases are hexamers similar in structure to resembled hexameric arthropod hemocyanins (Jaenicke and Decker 2003).
On this molecular basis, we developed a hypothesis for the activation of hemocyanins and phenoloxidases, to be described below. Moreover, we will focus on the differential catalysis mechanisms. Hemocyanins as well as phenoloxidases can be activated by limited proteolysis, or by inorganic as well as by organic compounds (Jaenicke and Decker 2004). Most useful is an assay with SDS, allowing formation of SDS micelles at the applied SDS concentration. Under these conditions, arthropod and molluscan hemocyanins show a very similar movement of a flexible structural domain (Decker and Tuczek 2000), thus opening an entrance for bulky phenolic compounds to the active site (Fig. 5). This seems also to be the case with phenoloxidases, which can be grouped as a-phenoloxidases (from “arthropod related”) and m-phenoloxidases (from “molluscan related”) (Jaenicke and Decker 2004; Decker and Jaenicke 2004). In contrast, the active site of tyrosinase becomes freely accessible after release of the so-called caddie protein, which is necessary for the import of the copper atoms to the active site (Matoba et al. 2006; Claus and Decker 2006). 
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Hypothetical mechanism of activation of hemocyanins and tyrosinases. In all three cases, a specific amino acid acting as a sterical block (yellow) has to be removed from the entrance to the binuclear copper center (black dots) located at the active site domain (red). In the arthropod hemocyanin subunit, the removed structure is the N-terminal domain I (blue); in the molluscan functional unit, it is the C-terminal β-domain, and in tyrosinase it is the caddy protein. Topologically, domain I, the β-domain and the caddy protein are located at equivalent positions relative to the active site domain. A view into the active site reveals the open access to the copper atoms (dark blue) and the oxygen molecule (red). The phenolic substrate (light blue) directs its hydroxyl group towards CuA, that is coordinated by histidines (green). (For details, see Decker and Tuczek 2000; Jaenicke and Decker 2004).


The opened entrance allows only one specific orientation for the phenols to approach the active site and therefore enables only one chemical reaction (Decker et al. 2000). The orientation of the substrate will then be defined by its π–π interaction with the histidine located at the entrance to the coordinating CuB. From here the phenol moves forward so that the hydroxyl group is fixed by a free axial coordination point of the CuA site (Decker et al. 2006). Then, one atom of the dioxygen molecule attacks the phenol ring in the ortho position, forming a hydroxyl group which results in an o-diphenol being immediately oxidized. The other oxygen combines with protons to form a water molecule. Thus, a hypothesis for the basic mechanism of tyrosinase catalysis can now be proposed, but it still remains unclear why two different enzymes exist, tyrosinase and catecholoxidase, because the tyrosinase can catalyze both reactions.
How is phenoloxidase-activated hemocyanin used in vivo ? Typically the hemolymph concentration of tarantula hemocyanin is very high (usually ca. 50 mg/ml), but also cases with only 5 mg/ml were reported without obvious impact on the viability of the animal. Thus it was suggested that about 5 mg/ml are enough to ensure sufficient oxygen transport, e.g., Paul et al. (1994). Our suggestion is that the high hemocyanin concentration in tarantula hemolymph might play an important role in the innate immunology of these animals by synthesizing the polymer melanin.
                    Primary structure and the evolution of molluscan hemocyanins

Hemocyanin is most abundant in gastropods, cephalopods, and chitons, and it also occurs in protobranch bivalves. The polypeptides (subunits) of molluscan hemocyanins are extremely large (either ca. 350 or ca. 400 kDa) and therefore are rich in structural/sequence information applicable to phylogenetic studies. Beginning in 1998, a number of these polypeptides from differerent molluscan taxa have been completely sequenced, at both the cDNA and the genomic level (Miller et al. 1998; Lieb et al. 2000, 2001; 2004 Altenhein et al. 2002; Bergmann et al. 2006, 2007). These results allow reconstruction of a rather robust phylogenetic tree from multiple sequence alignment (Fig. 6). This tree shows that the eight different functional units (FUs) that constitute a molluscan hemocyanin subunit evolved prior to the divergence of this animal phylum into different classes. In several of the studied molluscs, two distinct hemocyanin isoforms have been detected, that according to biochemical observations (Markl et al. 1991; Gebauer et al. 1994) and whole-mount in situ hybridization studies (Streit et al. 2005, 2006) are differentially expressed. In Haliotis tuberculata, we identified the rhogocytes (pore cells) as the site of hemocyanin biosynthesis (Albrecht et al. 2001). According to our estimations of the molecular clock, the gene duplications yielding the two isoforms occurred independently in different taxa, and coincide with molluscan evolutionary hotspots, e.g., specific radiation periods (Bergmann et al. 2006, 2007). 
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Phylogenetic tree of the molluscan hemocyanin functional units. Note that the eight different types of functional unit form eight distinct branches. Each branch in itself is highly bootstrap-supported, but the connections between them are not stable. Therefore, the phylogenetic relationships between the eight branches remain open. From this tree it is clear that, for example, all FU-a (red) from the nine different hemocyanin subunits are closer related to each other than they are to other FU types from the same subunit. In other words: The evolution of the different subunit types preceeded the evolution of the different molluscan classes. We chose a radial representation of the tree, because a suitable outgroup is still lacking. NpH = Nautilus pompilius hemocyanin; OdH = Octopus dofleini hemocyanin; SoH = Sepia officinalis hemocyanin; NnH = Nucula nucleus hemocyanin (two isoforms); HtH = Haliotis tuberculata hemocyanin (two isoforms); KLH = keyhole limpet (Megathura crenulata) hemocyanin (two isoforms); RtH = Rapana thomasiana hemocyanin; AcH = Aplysia californica hemocyanin; HpH = Helix pomatia hemocyanin. (For details, see Miller et al. 1998; Lieb et al. 2000, 2004; Altenhein et al. 2002; Bergmann et al. 2006, 2007).


Moreover, our data provide strong evidence that the eight different FUs (termed FU-a to FU-h) that constitute the subunit evolved ca. 740 million years ago (late Precambrian) by three subsequent events of gene duplication and fusion from a precursor protein that contained a single copper active site; we also provided a hypothesis for the stepwise evolution of the native (ca. 4 MDa) decamer from a dipentameric (ca. 600 kDa) ring (Lieb et al. 2000, 2001). Within the Cephalopoda, the C-terminal FU-h is missing, which is clearly an apomorphy. The three putative gene duplications and fusions were probably facilitated by two bordering introns that are still present as primordial “linker” introns (separating the exons encoding the different FUs) in all studied hemocyanin genes (Lieb et al. 2001, 2004; Altenhein et al. 2002; Bergmann et al. 2006, 2007). During further evolution, additional taxon-specific “internal” introns were inserted occasionally and split the coding sequences of individual FUs into two or more exons (Fig. 7). There are also indications of an excessive loss of such internal introns within certain taxa. 
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Gene structure of molluscan hemocyanins. The color code for the different functional units is given on the top (see also Fig. 6). Linker introns separating the sequences encoding the different FUs are shown in grey and internal introns separating some of these coding sequences into different exons are depicted in black. The 5′ utr (untranslated region) with the sequence encoding the signal peptide for merocrine secretion, and the 3′ utr are marked dark blue. HtH1/HtH2, Haliotis tuberculata hemocyanin isoforms 1 and 2 (note similarity despite being separated for ca. 340 million years); OdH = Octopus dofleini hemocyanin; NpH = Nautilus pompilius hemocyanin. (For details, see Lieb et al. 2001; Altenhein et al. 2002; Bergmann et al. 2006).


Apart from such phylogenetic considerations, the elucidated sequences are the basis of studies on structure–function and expression, and for our current attempts at recombinant expression. Moreover, they enable construction of molecular models of the individual FUs in a hybrid approach that combines data from X-ray crystallography and 3D-cryoelectron microscopy (described in the next section).
                    3D cryo-electron microscopy of arthropod and molluscan hemocyanins

Hemocyanin sequences from different molluscan classes are now available and crystal structures are known for two different FU types (FU-e and FU-g) (Cuff et al. 1998; Perbandt et al. 2003), and we have available a wealth of electron microscopical and biochemical data on the quaternary structure (Siezen and van Bruggen 1974; van Holde and Miller 1995; Harris and Markl 1999). Nevertheless, many details of the architecture of the decamer—the basic oligomeric assembly of native molluscan hemocyanin—are still unclear. The hemocyanin decamer consists of a wall made from 10 copies of the subunit segment a-b-c-d-e-f, and an internal collar complex. In cephalopods such as Octopus and Nautilus, the collar is built from ten copies of FU-g (in Sepia it is different and will not be addressed further here). In gastropods, chitons and the few hemocyanin-containing bivalves, the collar complex additionally contains 10 copies of FU-h. In both versions, however, details of the collar structure, as well as the topology of the wall segment a-b-c-d-e-f, remain obscure. To approach this, we recently performed 3D reconstructions from cryo-electron micrographs of the hemocyanin molecules from the gastropod Haliotis tuberculata (Fig. 8A) and the cephalopod Nautilus pompilius (Fig. 8B), and achieved a resolution of 11Å in both cases (Meissner et al. 2007). Analysis and comparison of these 3D reconstructions revealed that the wall architecture of both hemocyanins is very similar; it shows three tiers, with 20 functional units each that encircle the cylinder wall. Our new data confirm and extend the results from previous lower-resolution structures (Lambert et al. 1994; Mouche et al. 1999, 2003; Meissner et al. 2000). Moreover, in the 11 Å reconstructions, six types of wall FUs were individually structurally discernable and found to be strikingly similar in both hemocyanins (Fig. 8). Also, the internal collar complex of the decamers showed superior resolution, and specific differences were detected between the two hemocyanins. The five FU-g pairs of the central collar (in both hemocyanins) and the five FU-h pairs of the peripheral collar (only in Haliotis hemocyanin) are now clearly defined, as well as their connections to the wall and to each other. The FU-g pairs are attached to the wall through a previously unknown structural element that we termed the anchor (Meissner et al. 2007). Crystallization of FU-h is presently in progress, and a 4 Å structure is already available (unpublished data). After the Bonn meeting, we considerably improved the present 3D reconstruction of Nautilus hemocyanin and have currently achieved a resolution of 9 Å. This reconstruction allows a convincing fit of molecular models of the individual FUs into the cryo-EM structure, and has ultimately revealed what we now consider to be the correct pathway of the FUs within the folded subunit (Gatsogiannis et al., manuscript in preparation). 
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Cryo-EM 3D reconstruction of Haliotis and Nautilus hemocyanin at 11 Å resolution. (A) Top-view and side view of the Haliotis tuberculata hemocyanin isoform 1 (HtH1) decamer (which is the half-structure of the native molecule, the didecamer, and shown here for better comparison). (B) Top-view and side-view of the Nautilus pompilius hemocyanin (HpH) decamer (which is the native molecule). Note similarities in the cylinder wall and differences in the collar structure between (A) and (B); in the gastropod hemocyanin (A), the collar complex is enlarged by an additional functional unit type (FU-h) that contains 100 amino acids more than the other seven FU types. The biological significance of the different collar structures is obscure, and the pathway of the subunit is still unclear. (For details, see Meissner et al. 2000, 2007).


The 8 × 6mer hemocyanin of horseshoe crabs is the largest arthropod hemocyanin found in nature (3.5 MDa) and it exhibits a highly cooperative oxygen binding. The 48 subunits of this hemocyanin are arranged as eight hexamers (1 × 6mers) that form the native 8 × 6mer, in a nested hierarchy of 2 × 6mers and 4 × 6mers. There are eight distinct subunit types (for historical reasons termed I, IIA, II, IIIA, IIIB, IV, V, and VI) in a known stoichiometry and topology (Boisset et al. 1988). Prior to our recent study on the 8 × 6mer of Limulus polyphemus (Martin et al. 2007), several crystal structures and a 10-Å cryo-EM structure of the basic 1 × 6mer has been published (Volbeda and Hol 1989; Hazes et al. 1993; Magnus et al. 1994; Meissner et al. 2003). From the 8 × 6mer (or any other arthropod hemocyanin oligo-hexamer), however, only a 40-Å structure existed previously (Taveau et al. 1997). By 3D cryo-electron microscopy and single-particle analysis, we ultimately obtained a 10-Å structure of the Limulus hemocyanin 8 × 6mer, and by DNA sequencing, molecular modelling and rigid-body fitting we developed a molecular model (Martin et al. 2007). On this basis (Fig. 9), the structural parameters of the 8 × 6mer have been firmly established, and a total of 46 molecular interfaces between the eight hexamers clearly defined. They group as 11 types of interface. Among the amino acids localized at these interfaces we detected various histidine clusters that might transfer allosteric signals between the different levels of the nested hierarchy (Martin et al. 2007). 
                    
Fig. 9
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10-Å cryo-EM 3D reconstruction and molecular model of Limulus 8 × 6mer hemocyanin. Ring view of the 8 × 6mer, showing the two identical 4 × 6mer half-structures on top of each other, which reveals their straggering angle of 42°. The lower 4 × 6mer is represented here as the shaded isosurface, whereas the upper 4 × 6mer is displayed as the transparent isosurface to demonstrate the fitting of the molecular model (blue, α-helices; red, β-strands). (For details, see Martin et al. 2007; Meissner et al. 2003)


                    Future perspectives

Presently, we continue to use 3D-electron microscopy to study hemocyanin molecules in their fully oxygenated and deoxygenated state, in an attempt to unravel possible allosteric structural changes caused by movements of amino acids at the inter-subunit interfaces. This will provide a perfect test system for the Nested MWC model. Concerning further primary structure analyses, apart from phylogenetic considerations we use the obtained hemocyanin sequences and cDNA clones for our current attempts at recombinant expression. Is phenoloxidase-activated hemocyanin really needed in vivo ? Melanin is involved in wound healing, defense against invaders, and sclerotization of the exoskeleton after molting, most likely together with hemocyanin and related proteins (Terwilliger et al. 2005). Experiments aimed at monitoring this process in vivo are in progress, such as the detection of 18F-dopa derivatives within living animals, using positron emission tomography (PET). Is it a common principle that oxygen affinity and cooperativity of hemocyanin are optimized for a certain temperature range, and that the oxygen-transport capacity of hemocyanin is adapted to the environmental temperature of the animals? And if so, what are the consequences in the context of global warming?
                    Acknowledgments

Supported by grants from the DFG (Ma843/5; Li998/1; De414/8; De414/12, Ha2844/3, He2620/6, SFB625 B5 (HD, JM), GK1043), the BMBF, EU D21 COST, the biosyn company (Fellbach, Germany), and the Stiftung Innovation of Rheinland-Pfalz. We thank Prof. Dr J. Robin Harris for critical reading of the manuscript.
                    References


Albrecht
 U

,  Keller
 H

,  Gebauer
 W

,  Markl
 J

. Rhogocytes (“pore cells”) as the site of hemocyanin biosynthesis in the marine gastropod Haliotis tuberculata
, Cell Tissue Res
, 2001
, vol. 304
 (pg. 455
-62
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Altenheim
 B

,  Markl
 J

,  Lieb
 B

. Gene structure and hemocyanin isoform HtH2 from the mollusc Haliotis tuberculata indicate early and late intron hot spots
, Gene
, 2002
, vol. 301
 (pg. 53
-60
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Averdam
 A

,  Markl
 J

,  Burmester
 T

. Subunit sequences of the 4 x 6-mer hemocyanin from the golden orb-web spider, Nephila inaurata
, Eur J Biochem
, 2003
, vol. 270
 (pg. 3432
-9
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Ballweber
 P

,  Markl
 J

,  Burmester
 T

. Complete hemocyanin subunit sequences of the hunting spider Cupiennius salei: recent hemocyanin remodeling in entelegyne spiders
, J Biol Chem
, 2002
, vol. 277
 (pg. 14451
-7
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Bergmann
 S

,  Lieb
 B

,  Ruth
 P

,  Markl
 J

. The hemocyanin from a living fossil, the cephalopod Nautilus pompilius: protein structure, gene organization, and evolution
, J Mol Evol
, 2006
, vol. 62
 (pg. 362
-74
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Bergmann
 S

,  Markl
 J

,  Lieb
 B

. The first complete cDNA sequence of the hemocyanin from a bivalve, the protobranch Nucula nucleus
, J Mol Evol.
, 2007
 64:500–10
Google Scholar
OpenURL Placeholder Text
WorldCat
 





Boisset
 N

,  Frank
 J

,  Taveau
 J

,  Billiald
 P

,  Motta
 G

,  Lamy
 J

,  Sizaret
 P

,  Lamy
 J

. Intramolecular localization of epitopes within an oligomeric protein by immunoelectron microscopy and image processing
, Proteins
, 1988
, vol. 3
 (pg. 161
-83
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Brenowitz
 M

,  Bonaventura
 C

,  Bonaventura
 J

. Assembly and calcium-induced cooperativity of Limulus IV hemocyanin: a model system for analysis of structure-function relationships in the absence of subunit heterogeneity
, Biochemistry
, 1983
, vol. 22
 (pg. 4707
-13
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Bridges
 CR

. Modulation of haemocyanin oxygen affinity: properties and physiological implications in a changing world
, J Exp Biol
, 2001
, vol. 204
 (pg. 1021
-32
)
Google Scholar
PubMed
OpenURL Placeholder Text
WorldCat
 





Burmester
 T

. Molecular evolution of the arthropod hemocyanin superfamily
, Mol Biol Evol
, 2001
, vol. 18
 (pg. 184
-95
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Burmester
 T

. Origin and evolution of arthropod hemocyanins and related proteins
, J Comp Physiol
, 2002
, vol. 172B
 (pg. 95
-107
)Google Scholar
OpenURL Placeholder Text
WorldCat
 





Claus
 H

,  Decker
 H

. Bacterial tyrosinases
, Syst Appl Microbiol
, 2006
, vol. 29
 (pg. 3
-14
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Cuff
 M

,  Miller
 K

,  van Holde
 K

,  Hendrickson
 W

. Crystal structure of a functional unit from Octopus hemocyanin
, J Mol Biol
, 1998
, vol. 278
 (pg. 855
-70
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Dainese
 E

,  Di Muro
 P

,  Beltramini
 M

,  Salvato
 B

,  Decker
 H

. Subunits composition and allosteric control in Carcinus aestuarii hemocyanin
, Eur J Biochem
, 1998
, vol. 256
 (pg. 350
-8
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Decker
 H

. King
 R

. Copper proteins with dinuclear active sites
, Encyclopedia of inorganic chemistry
, 2005
2ndWeinheim, Germany: John Wiley & Sons
(pg. 1159
-73
)Google Scholar
Google Preview
OpenURL Placeholder Text
WorldCat
COPAC
 





Decker
 H

,  Connelly
 PR

,  Robert
 CH

,  Gill
 SJ

. Nested allosteric interaction in tarantula hemocyanin revealed through the binding of oxygen and carbon monoxide
, Biochemistry
, 1988
, vol. 27
 (pg. 6901
-8
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Decker
 H

,  Hartmann
 H

,  Sterner
 R

,  Schwarz
 E

,  Pilz
 I

. Small-angle X-ray scattering reveals differences between the quaternary structures of oxygenated and deoxygenated tarantula hemocyanin
, FEBS Lett
, 1996
, vol. 393
 (pg. 226
-30
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Decker
 H

,  Jaenicke
 E

. Recent findings on phenoloxidase activity and antimicrobial activity of hemocyanins
, Dev Comp Immunol
, 2004
, vol. 28
 (pg. 673
-87
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Decker
 H

,  Rimke
 T

. Tarantula hemocyanin shows phenoloxidase activity
, J Biol Chem
, 1998
, vol. 273
 (pg. 25889
-92
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Decker
 H

,  Robert
 C

,  Gill
 S

. Linzen
 B

. Nesting - An extension of the allosteric model and its application to tarantula hemocyanin
, Invertebrate oxygen carriers
, 1986
Berlin, Heidelberg, New York
Springer
(pg. 383
-88
)Google Scholar
Google Preview
OpenURL Placeholder Text
WorldCat
COPAC
 





Decker
 H

,  Dillinger
 R

,  Tuczek
 F

. How does tyrosinase work?
, Recent insights from model chemistry and Structural biology. Angewandte Chemie Int. Ed.
, 2000
, vol. 39
 (pg. 1587
-91
)Google Scholar
OpenURL Placeholder Text
WorldCat
 





Decker
 H

,  Schweikardt
 T

,  Tuczek
 F

. The first crystal structure of tyrosinase: all questions answered?
, Angew Chem Intl Ed
, 2006
, vol. 45
 (pg. 4546
-50
)
Google Scholar
Crossref
Search ADS
 
WorldCat
 





Decker
 H

,  Sterner
 R

. Nested allostery of arthropodan hemocyanin (Eurypelma californicum and Homarus americanus). The role of protons
, J Mol Biol
, 1990
, vol. 211
 (pg. 281
-93
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Decker
 H

,  Tuczek
 F

. Tyrosinase/catecholoxidase activity of hemocyanins: structural basis and molecular mechanism
, Trends Biochem Sci
, 2000
, vol. 25
 (pg. 392
-7
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Ellerton
 N

,  Ellerton
 H

. Quaternary structure of arthropod hemocyanins
, Biochem Biophys Res Commun
, 1982
, vol. 108
 (pg. 1383
-7
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Erker
 W

,  Hubler
 R

,  Decker
 H

. Structure-based calculation of multi-donor multi-acceptor fluorescence resonance energy transfer in the 4x6-mer tarantula hemocyanin
, Eur Biophys J
, 2004
, vol. 33
 (pg. 386
-95
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Erker
 W

,  Schoen
 A

,  Basche
 T

,  Decker
 H

. Fluorescence labels as sensors for oxygen binding of arthropod hemocyanins
, Biochem Biophys Res Commun
, 2004
, vol. 324
 (pg. 893
-900
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Erker
 W

,  Beister
 U

,  Decker
 H

. Cooperative transition in the conformation of 24-mer tarantula hemocyanin upon oxygen binding
, J Biol Chem
, 2005
, vol. 280
 (pg. 12391
-6
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Erker
 W

,  Sdorra
 S

,  Basche
 T

. Detection of single oxygen molecules with fluorescence-labeled hemocyanins
, J Am Chem Soc
, 2005
, vol. 127
 (pg. 14532
-3
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Erker
 W

,  Scheumann
 V

,  Moller
 M

,  Knoll
 W

,  Ruhe
 J

,  Decker
 H

. Immobilization and AFM of single 4 x 6-mer tarantula hemocyanin molecules
, Micron
, 2006
, vol. 37
 (pg. 735
-41
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Gebauer
 W

,  Harris
 JR

,  Heid
 H

,  Süling
 M

,  Hillenbrand
 R

,  Söhngen
 S

,  Wegener-Strake
 A

,  Markl
 J

. Quaternary structure, subunits and domain patterns of two discrete forms of keyhole limpet hemocyanin: KLH1 and KLH2
, Zoology
, 1994
, vol. 98
 (pg. 51
-68
)Google Scholar
OpenURL Placeholder Text
WorldCat
 





Giardina
 B

,  Condo
 SG

,  Brix
 O

. The interplay of temperature and protons in the modulation of oxygen binding by squid blood
, Biochem J
, 1992
, vol. 281
 (pg. 725
-8
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Harris
 JR

,  Markl
 J

. Keyhole limpet hemocyanin (KLH): a biomedical review
, Micron
, 1999
, vol. 30
 (pg. 597
-623
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Harris
 JR

,  Meissner
 U

,  Gebauer
 W

,  Markl
 J

. 3D reconstruction of the hemocyanin subunit dimer from the chiton Acanthochiton fascicularis
, Micron
, 2004
, vol. 35
 (pg. 23
-6
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Hartmann
 H

,  Bongers
 A

,  Decker
 H

. Small-angle neutron scattering reveals an oxygen-dependent conformational change of the immunogen keyhole limpet hemocyanin type 1 (KLH1)
, Eur Biophys J
, 2001
, vol. 30
 (pg. 471
-5
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Hartmann
 H

,  Bongers
 A

,  Decker
 H

. Small-angle X-ray scattering-based three-dimensional reconstruction of the immunogen KLH1 reveals different oxygen-dependent conformations
, J Biol Chem
, 2004
, vol. 279
 (pg. 2841
-5
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Hartmann
 H

,  Decker
 H

. Holt
 J

,  Johnson
 M

,  Ackers
 G

. Small-angle scattering techniques for analysing structural transitions in hemocyanins
, Methods in Enzymology “Energetics of Biological Macromolecules”
, 2004
Amsterdam
Academic Press
(pg. 81
-106
)Google Scholar
Google Preview
OpenURL Placeholder Text
WorldCat
COPAC
 





Hazes
 B

,  Magnus
 K

,  Bonaventura
 C

,  Bonaventura
 J

,  Dauter
 Z

,  Kalk
 K

,  Hol
 W

. Crystal structure of deoxygenated Limulus polyphemus subunit II hemocyanin at 2.18 Å resolution: clues for a mechanism for allosteric regulation
, Protein Sci
, 1993
, vol. 2
 (pg. 597
-619
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Hellmann
 N

. Bohr-effect and buffering capacity of hemocyanin from the tarantula E. californicum
, Biophys Chem
, 2004
, vol. 109
 (pg. 157
-67
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Hellmann
 N

,  Jaenicke
 E

,  Decker
 H

. Two types of urate binding sites on hemocyanin from the crayfish Astacus leptodactylus: an ITC study
, Biophys Chem
, 2001
, vol. 90
 (pg. 279
-99
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Hellmann
 N

,  Raithel
 K

,  Decker
 H

. A potential role for water in the modulation of oxygen-binding by tarantula hemocyanin
, Comp Biochem Physiol
, 2003
, vol. 136A
 (pg. 725
-34
)
Google Scholar
Crossref
Search ADS
 
WorldCat
 





Jaenicke
 E

,  Decker
 H

. Tyrosinases from crustaceans form hexamers
, Biochem J
, 2003
, vol. 371
 Pt 2
(pg. 515
-23
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Jaenicke
 E

,  Decker
 H

. Functional changes in the family of type 3 copper proteins during evolution
, Chembiochem
, 2004
, vol. 5
 (pg. 163
-9
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Johnson
 BA

,  Bonaventura
 C

,  Bonaventura
 J

. Allostery in Callinectes sapidus hemocyanin: cooperative oxygen binding and interactions with L-lactate, calcium, and protons
, Biochemistry
, 1988
, vol. 27
 (pg. 1995
-2001
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Johnson
 BA

,  Bonaventura
 J

,  Bonaventura
 C

. Determination of L-lactate binding stoichiometry and differences in allosteric interactions of structurally distinct homohexamers from Panulirus interruptus hemocyanin
, Biochim Biophys Acta
, 1987
, vol. 916
 (pg. 376
-80
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Klabunde
 T

,  Eicken
 C

,  Sacchettini
 J

,  Krebs
 B

. Crystal structure of a plant catechol oxidase containing a dicopper center
, Nat Struct Biol
, 1998
, vol. 5
 (pg. 1084
-90
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Lallier
 F

,  Truchot
 J

. Modulation of haemocyanin oxygen-affinity by L-lactate and urate in the prawn Penaues japonicus
, J ExpBiol
, 1989
, vol. 277
 (pg. 133
-46
)Google Scholar
OpenURL Placeholder Text
WorldCat
 





Lallier
 F

,  Truchot
 JP

. Hemolymph oxygen transport during environmental hypoxia in the shore crab, Carcinus maenas
, Respir Physiol
, 1989
, vol. 77
 (pg. 323
-36
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Lambert
 O

,  Boisset
 N

,  Penczek
 P

,  Lamy
 J

,  Taveau
 J

,  Frank
 J

,  Lamy
 J

. Quaternary structure of Octopus vulgaris hemocyanin. Three-dimensional reconstruction from frozen-hydrated specimens and intramolecular location of functional units Ove and Ovb
, J Mol Biol
, 1994
, vol. 238
 (pg. 75
-87
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Lieb
 B

,  Altenhein
 B

,  Markl
 J

. The sequence of a gastropod hemocyanin (HtH1 from Haliotis tuberculata)
, J Biol Chem
, 2000
, vol. 275
 (pg. 5675
-81
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Lieb
 B

,  Altenhein
 B

,  Markl
 J

,  Vincent
 A

,  Olden
 E

,  van Holde
 K

. Structures of two molluscan hemocyanin genes: Significance for gene evolution
, Proc Natl Acad Sci USA
, 2001
, vol. 98
 (pg. 4546
-51
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Lieb
 B

,  Boisguerin
 V

,  Gebauer
 W

,  Markl
 J

. cDNA sequence, protein structure, and evolution of the single hemocyanin from Aplysia californica, an opisthobranch gastropod
, J Mol Evol
, 2004
, vol. 59
 (pg. 1
-10
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Lippitz
 M

,  Erker
 W

,  Decker
 H

,  van Holde
 KE

,  Basche
 T

. Two-photon excitation microscopy of tryptophan-containing proteins
, Proc Natl Acad Sci USA
, 2002
, vol. 99
 (pg. 2772
-7
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Loewe
 R

. Hemocyanins in Spiders,V. Fluorimetric recording of oxygen binding curves, and its application to the analysis of allosteric interactions in Eurypelma californicum hemocyanin
, J Comp Physiol B
, 1978
, vol. 128
 (pg. 161
-8
)
Google Scholar
Crossref
Search ADS
 
WorldCat
 





Magnus
 K

,  Hazes
 B

,  Ton-That
 H

,  Bonaventura
 C

,  Bonaventura
 J

,  Hol
 W

. Crystallographic analysis of oxygenated and deoxygenated states of arthropod hemocyanin shows unusual differences
, Proteins
, 1994
, vol. 19
 (pg. 302
-9
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Makino
 N

. Analysis of oxygen binding to Panulirus japonicus hemocyanin. The effect of divalent cations on the allosteric transition
, Eur J Biochem
, 1986
, vol. 154
 (pg. 49
-55
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Makino
 N

,  Ohnaka
 H

. Role of oligomeric interactions in the cooperativity of crayfish hemocyanin
, Biochim Biophys Acta
, 1993
, vol. 1162
 (pg. 237
-45
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Mangum
 CP

. On the distribution of lactate sensitivity among the hemocyanins
, Marine Biol Lett
, 1983
, vol. 4
 (pg. 139
-49
)Google Scholar
OpenURL Placeholder Text
WorldCat
 





Markl
 J

. Evolution and function of structurally diverse subunits in the respiratory protein hemocyanin from arthropods
, Biological Bulletin
, 1986
, vol. 171
 (pg. 90
-115
)
Google Scholar
Crossref
Search ADS
 
WorldCat
 





Markl
 J

,  Decker
 H

. Molecular structure of the arthropod hemocyanins
, Adv Comp Environ Phys
, 1992
, vol. 13
 (pg. 325
-76
)Google Scholar
OpenURL Placeholder Text
WorldCat
 





Markl
 J

,  Savel-Niemann
 A

,  Wegener-Strake
 A

,  Süling
 M

,  Schneider
 A

,  Gebauer
 W

,  Harris
 JR

. The role of two distinct subunit types in the architecture of keyhole limpet hemocyanin (KLH)
, Naturwissenschaften
, 1991
, vol. 78
 (pg. 512
-4
)
Google Scholar
Crossref
Search ADS
 
WorldCat
 





Martin
 A

,  Depoix
 F

,  Stohr
 M

,  Meissner
 U

,  Hagner-Holler
 S

,  Hammouti
 K

,  Burmester
 T

,  Heyd
 J

,  Wriggers
 W

,  Markl
 J

. Limulus polyphemus hemocyanin: 10 Å structure, sequence analysis, molecular modelling and rigid-body fitting reveal the interfaces between the eight hexamers
, J Mol Biol
, 2007
, vol. 366
 (pg. 1332
-50
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Matoba
 Y

,  Kumagai
 T

,  Yamamoto
 A

,  Yoshitsu
 H

,  Sugiyama
 M

. Crystallographic evidence that the dinuclear copper center of tyrosinase is flexible during catalysis
, J Biol Chem
, 2006
, vol. 281
 (pg. 8981
-90
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Meissner
 U

,  Dube
 P

,  Harris
 J

,  Stark
 H

,  Markl
 J

. Structure of a molluscan hemocyanin didecamer (HtH1 from Haliotis tuberculata) at 12 Å resolution by cryoelectron microscopy
, J Mol Biol
, 2000
, vol. 298
 (pg. 21
-34
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Meissner
 U

,  Gatsogiannis
 C

,  Moeller
 A

,  Depoix
 F

,  Harris
 JR

,  Markl
 J

. Comparative 11Å structure of two molluscan hemocyanins from 3D cryo-electron microscopy
, Micron
, 2007
 [Epub 2006 ahead of print]
Google Scholar
OpenURL Placeholder Text
WorldCat
 





Meissner
 U

,  Stohr
 M

,  Kusche
 K

,  Burmester
 T

,  Stark
 H

,  Harris
 JR

,  Orlova
 E

,  Markl
 J

. Quaternary structure of the European spiny lobster (Palinurus elephas) 1x6-mer hemocyanin from cryoEM and amino acid sequence data
, J Mol Biol
, 2003
, vol. 325
 (pg. 99
-109
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Menze
 M

,  Hellmann
 N

,  Decker
 H

,  Grieshaber
 M

. Binding of urate and caffeine to haemocyanin analysed by isothermal titration calorimetry
, J Exp Biol
, 2001
, vol. 204
 (pg. 1033
-8
)
Google Scholar
PubMed
OpenURL Placeholder Text
WorldCat
 





Menze
 MA

,  Hellmann
 N

,  Decker
 H

,  Grieshaber
 MK

. Binding of urate and caffeine to hemocyanin of the lobster Homarus vulgaris (E.) as studied by isothermal titration calorimetry
, Biochemistry
, 2000
, vol. 39
 (pg. 10806
-11
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Menze
 MA

,  Hellmann
 N

,  Decker
 H

,  Grieshaber
 MK

. Allosteric models for multimeric proteins: oxygen-linked effector binding in hemocyanin
, Biochemistry
, 2005
, vol. 44
 (pg. 10328
-38
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Miller
 K

,  Cuff
 M

,  Lang
 W

,  Varga-Weisz
 P

,  Field
 K

,  van Holde
 K

. Sequence of the Octopus dofleini hemocyanin subunit: structural and evolutionary implications
, J Mol Biol
, 1998
, vol. 278
 (pg. 827
-42
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Molon
 A

,  Di Muro
 P

,  Bubacco
 L

,  Vasilyev
 V

,  Shavlovski
 M

,  Salvato
 B

,  Beltramini
 M

,  Conze
 W

,  Hellmann
 N

,  Decker
 H

. Molecular heterogeneity of the hemocyanin isolated from the king crab Paralithodes camtschaticae
, Eur J Biochem
, 2000
, vol. 267
 (pg. 7046
-57
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Monod
 J

,  Wyman
 J

,  Changeux
 J

. On the nature of allosteric transitions: a plausible model
, J Mol Biol
, 1965
, vol. 12
 (pg. 88
-118
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Morris
 S

,  Bridges
 CR

. Linzen
 B

. Novel non-lactate cofactors of haemocyanin oxygen affinity in crustaceans
, Invertebrate oxygen carriers
, 1986
Berlin, Heidelberg, New York
Springer
(pg. 353
-7
)Google Scholar
Google Preview
OpenURL Placeholder Text
WorldCat
COPAC
 





Mouche
 F

,  Boisset
 N

,  Lamy
 J

,  Zal
 F

,  Lamy
 J

. Structural comparison of cephalopod hemocyanins: phylogenetic significance
, J Struct Biol
, 1999
, vol. 127
 (pg. 199
-212
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Mouche
 F

,  Zhu
 Y

,  Pulokas
 J

,  Potter
 C

,  Carragher
 B

. Automated three-dimensional reconstruction of keyhole limpet hemocyanin type 1
, J Struct Biol
, 2003
, vol. 144
 (pg. 301
-12
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Nies
 A

,  Zeis
 B

,  Bridges
 CR

,  Grieshaber
 MK

. Allosteric modulation of haemocyanin oxygen-affinity by L-lactate and urate in the lobster Homarus vulgaris. II. Characterization of specific effector binding sites
, J Exp Biol
, 1992
, vol. 168
 (pg. 111
-24
)Google Scholar
OpenURL Placeholder Text
WorldCat
 





Paoli
 M

,  Giomi
 F

,  Hellmann
 N

,  Jaenicke
 E

,  Decker
 H

,  Di Muro
 P

,  Beltramini
 M

. The molecular heterogeneity of hemocyanin: structural and functional properties of the 4x6-meric protein of Crustacea
, GENE.
, 2007
 doi:10.1016/j.gene.2007.02.035
Google Scholar
OpenURL Placeholder Text
WorldCat
 





Paul
 R

,  Bergner
 B

,  Pfeffer-Seidl
 A

,  Decker
 H

,  Efinger
 R

,  Storz
 H

. Gas transport in the haemolymph of arachnids. I. Oxygen transport and the physiological role of haemocyanin
, J Exp Biol
, 1994
, vol. 188
 (pg. 25
-46
)
Google Scholar
PubMed
OpenURL Placeholder Text
WorldCat
 





Perbandt
 M

,  Guthöhrlein
 E

,  Rypniewski
 W

,  Idakieva
 K

,  Stoeva
 S

,  Voelter
 W

,  Genov
 N

,  Betzel
 C

. The structure of a functional unit from the wall of a gastropod hemocyanin offers a possible mechanism for cooperativity
, Biochemistry
, 2003
, vol. 42
 (pg. 6341
-6
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Pott
 A

,  Grieshaber
 MK

. Temperature dependent characterization of effector binding sites of the hemocyanin of the European lobster, Homarus vulgaris
 Poster presentation, First International Congress of Respiratory Biology, Bonn/Badd Honnef; August 14–16, 2006





Robert
 C

,  Decker
 H

,  Richey
 B

,  Gill
 S

,  Wyman
 J

. Nesting: hierarchies of allosteric interactions
, Proc Natl Acad Sci USA
, 1987
, vol. 84
 (pg. 1891
-5
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Salvato
 B

,  Beltramini
 M

. Hemocyanins: molecular architecture, structure and reactivity of the binuclear copper site
, Life Chem Rep
, 1990
, vol. 8
 (pg. 1
-47
)Google Scholar
OpenURL Placeholder Text
WorldCat
 





Sanna
 MT

,  Olianas
 A

,  Castagnola
 M

,  Sollai
 L

,  Manconi
 B

,  Salvadori
 S

,  Giardina
 B

,  Pellegrini
 M

. Oxygen-binding modulation of hemocyanin from the slipper lobster Scyllarides latus
, Comp Biochem Physiol
, 2004
, vol. 139B
 (pg. 261
-8
)
Google Scholar
Crossref
Search ADS
 
WorldCat
 





Siezen
 R

,  van Bruggen
 E

. Structure and properties of hemocyanins. XII. Electron microscopy of dissociation products of Helix pomatia alpha-hemocyanin: quaternary structure
, J Mol Biol
, 1974
, vol. 90
 (pg. 77
-89
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Solomon
 E

,  Tuczek
 F

,  Root
 D

,  Brown
 C

. Spectroscopy of binuclear dioxygen complexes
, Chem Rev
, 1994
, vol. 94
 (pg. 827
-56
)
Google Scholar
Crossref
Search ADS
 
WorldCat
 





Sterner
 R

,  Bardehle
 K

,  Paul
 R

,  Decker
 H

. Tris: an allosteric effector of tarantula haemocyanin
, FEBS Lett
, 1994
, vol. 339
 (pg. 37
-9
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Sterner
 R

,  Decker
 H

. Preaux
 G

,  Lontie
 R

. Conformational transition of Carcinus maenas monitored with an organic dye (neutral red)
, Invertebrate dioxygen carriers
, 1990
Leuven
Leuven University Press
(pg. 193
-6
)Google Scholar
Google Preview
OpenURL Placeholder Text
WorldCat
COPAC
 





Sterner
 R

,  Decker
 H

. Inversion of the Bohr effect upon oxygen binding to 24-meric tarantula hemocyanin
, Proc Natl Acad Sci USA
, 1994
, vol. 91
 (pg. 4835
-9
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Streit
 K

,  Geiger
 D

,  Lieb
 B

. Molecular phylogeny and the origin of Haliotidae traced by hemocyanin sequences
, J Mollusc Stud
, 2006
, vol. 72
 (pg. 105
-10
)
Google Scholar
Crossref
Search ADS
 
WorldCat
 





Streit
 K

,  Jackson
 D

,  Degnan
 B

,  Lieb
 B

. Developmental expression of two Haliotis asinina hemocyanin isoforms
, Differentation
, 2005
, vol. 73
 (pg. 341
-9
)
Google Scholar
Crossref
Search ADS
 
WorldCat
 





Taveau
 J

,  Boisset
 N

,  Lamy
 J

,  Lambert
 O

,  Lamy
 J

. Three-dimensional reconstruction of Limulus polyphemus hemocyanin from cryoelectron microscopy
, J Mol Biol
, 1997
, vol. 266
 (pg. 1002
-15
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Terwilliger
 NB

,  Ryan
 MC

. Functional and phylogenetic analyses of phenoloxidases from brachyuran (Cancer magister) and branchiopod (Artemia franciscana, Triops longicaudatus) crustaceans
, Biol Bull.
, 2006
, vol. 210
 (pg. 38
-50
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Terwilliger
 NB

,  Ryan
 MC

,  Towle
 D

. Evolution of novel functions: cryptocyanin helps build new exoskeleton in Cancer magister
, J Exp Biol.
, 2005
, vol. 208
 (pg. 2467
-74
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





van Holde
 K

,  Miller
 K

. Haemocyanins
, Q Rev Biophys
, 1982
, vol. 15
 (pg. 1
-129
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





van Holde
 K

,  Miller
 K

. Hemocyanins
, Adv Protein Chem
, 1995
, vol. 47
 (pg. 1
-81
)
Google Scholar
PubMed
OpenURL Placeholder Text
WorldCat
 





van Holde
 K

,  Miller
 K

,  Decker
 H

. Hemocyanins and invertebrate evolution
, J Biol Chem
, 2001
, vol. 276
 (pg. 15563
-6
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Voit
 R

,  Feldmaier-Fuchs
 G

,  Schweikardt
 T

,  Decker
 H

,  Burmester
 T

. Complete sequence of the 24-mer hemocyanin of the tarantula Eurypelma californicum. Structure and intramolecular evolution of the subunits
, J Biol Chem
, 2000
, vol. 275
 (pg. 39339
-44
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Volbeda
 A

,  Hol
 W

. Crystal structure of hexameric hemocyanin from Panulirus interruptus refined at 3.2 Å resolution
, J Mol Biol
, 1989
, vol. 209
 (pg. 249
-79
)
Google Scholar
Crossref
Search ADS
 
PubMed
WorldCat
 





Wyman
 J

,  Gill
 SJ

. , Binding and Linkage
, 1990
Mill Valley
University Science Books
Google Scholar
Google Preview
OpenURL Placeholder Text
WorldCat
COPAC
 





Zeis
 B

,  Nies
 A

,  Bridges
 C

,  Grieshaber
 M

. Allosteric modulation of haemocyanin oxygen-affinity by l-lactate and urate in the lobster Homarus vulgaris. I. Specific and additive effects on haemocyanin oxygen affinity
, J Exp Biol
, 1992
, vol. 168
 (pg. 93
-110
)Google Scholar
OpenURL Placeholder Text
WorldCat
 





    
    
         
    




        


        
                    Author notes

This paper summarizes one of the 22 symposia that constituted the “First International Congress of Respiratory Biology” held August 14–16, 2006, in Bonn, Germany.


© The Author 2007. Published by Oxford University Press on behalf of the Society for Integrative and Comparative Biology. All rights reserved. For permissions please email: journals.permissions@oxfordjournals.org.


        

    








 
    

    
        
    
                
                    Issue Section:

                        Special Section on Respiratory Biology
                


    



 
    

    
        
 
    


                

                
                    Download all slides
                

                    
         
    


                
    
        

 
    

    
         
    


                

            

        


    




    
        
    
        
            
        

            Advertisement

            


 
    

 

    

 

    

    
        



        


    
            
                Citations

                    
    
        

 
    


                    

                            

                    
                Views

                
                    5,586

                

            

                    
                    Altmetric

                    
    
            
    

         
 
    


                    



            

                    
                
                    
                    More metrics information
                
            

    




                
                    




    
            Metrics


            
                
                    
                        Total Views
                        5,586
                    

                    
                        
                            4,401
                            Pageviews
                        

                        
                            1,185
                            PDF Downloads
                        

                                            

                

                Since 1/1/2017

            


            
            
                


                
                    	Month:	Total Views:
	January 2017	16
	February 2017	19
	March 2017	25
	April 2017	13
	May 2017	14
	June 2017	14
	July 2017	13
	August 2017	6
	September 2017	6
	October 2017	9
	November 2017	11
	December 2017	53
	January 2018	73
	February 2018	75
	March 2018	111
	April 2018	98
	May 2018	80
	June 2018	117
	July 2018	107
	August 2018	130
	September 2018	94
	October 2018	92
	November 2018	89
	December 2018	54
	January 2019	45
	February 2019	55
	March 2019	87
	April 2019	123
	May 2019	99
	June 2019	107
	July 2019	69
	August 2019	70
	September 2019	66
	October 2019	60
	November 2019	61
	December 2019	63
	January 2020	64
	February 2020	58
	March 2020	50
	April 2020	86
	May 2020	20
	June 2020	56
	July 2020	70
	August 2020	44
	September 2020	86
	October 2020	49
	November 2020	80
	December 2020	57
	January 2021	38
	February 2021	50
	March 2021	60
	April 2021	77
	May 2021	101
	June 2021	33
	July 2021	47
	August 2021	75
	September 2021	52
	October 2021	61
	November 2021	59
	December 2021	41
	January 2022	70
	February 2022	45
	March 2022	101
	April 2022	107
	May 2022	93
	June 2022	45
	July 2022	39
	August 2022	59
	September 2022	70
	October 2022	61
	November 2022	94
	December 2022	84
	January 2023	60
	February 2023	51
	March 2023	97
	April 2023	131
	May 2023	95
	June 2023	28
	July 2023	60
	August 2023	34
	September 2023	64
	October 2023	73
	November 2023	91
	December 2023	63
	January 2024	92
	February 2024	93
	March 2024	48


                

            



        
            Citations

                
    
        

 
    


                    Powered by Dimensions
                

                                
                        
                                120
                        
                        Web of Science
                    

        



        
            Altmetrics

            

    
            
    

         
 
    

            

        






    

                        ×
                    

                

        


 
    

    
        
    
        Email alerts

                
                    Article activity alert
                

                
                    Advance article alerts
                

                
                    New issue alert
                

                    
                Receive exclusive offers and updates from Oxford Academic
            

        
            

            
                
            
        

    

 
    

    
            


 
    

    
        
    Citing articles via

    
            
                Web of Science (120)
            

                    
                Google Scholar
            

            


 
    

    
            	
                
                    Latest
                

            
	
                
                    Most Read
                

            
	
                
                    Most Cited
                

            


        






    




            
                    


    


    



        
Thermomechanical And Morphological Properties of Loligo Vulgaris Squid Sucker Ring Teeth    



 






        
            
        







    


    



        
Seasonal Variations in The Toughness of Leaves: A Case Study Using Griselinia Littoralis    



 






        
            
        







    


    



        
Repeated Hyposalinity Pulses Immediately and Persistently Impair the Sea Urchin Adhesive System    



 






        
            
        







    


    



        
The Effects of Rearing Environment on Organization of the Olfactory System and Brain of Juvenile Sockeye Salmon, Oncorhynchus nerka    



 






        
            
        







    


    



        
Scaling Relationships among the Mass of Eggshell, Albumen, and Yolk in Six Precocial Birds    



 






        
            
        






                    

            





        
        
        
        
        
 
    

    
            
        More from Oxford Academic

            
                Biological Sciences
            

            
                Science and Mathematics
            


            
                Books
            

            
                Journals
            

    

 
    


    




    



    
        
    
        
            
        

            Advertisement

            


 
    













                

            
    


        
        


        
            


    
    
        
    
        
            
        

            Advertisement

                    
                close advertisement
            
    


 
    


    


    
            
    
        
    
        
            
        

            Advertisement

            


 
    


    



    



    	
    About Integrative and Comparative Biology

	
    Editorial Board

	
    Author Guidelines

	
    Facebook

	
    Twitter


	
    Purchase

	
    Recommend to your Library

	
    Advertising and Corporate Services

	
    Journals Career Network







        
            

    
                        


        
            	Online ISSN 1557-7023
	Print ISSN 1540-7063
	Copyright © 2024 The Society for Integrative and Comparative Biology


        



    


 
    


    
        
    
        



    
    



	About Oxford Academic
	Publish journals with us
	University press partners
	What we publish
	New features 





	Authoring
	Open access
	Purchasing
	Institutional account management
	Rights and permissions





	Get help with access
	Accessibility
	Contact us
	Advertising
	Media enquiries





	Oxford University Press
	News
	Oxford Languages
	University of Oxford





Oxford University Press is a department of the University of Oxford. It furthers the University's objective of excellence in research, scholarship, and education by publishing worldwide








	Copyright © 2024 Oxford University Press
	Cookie settings
	Cookie policy
	Privacy policy
	Legal notice










 
    


        

    

    

    


        








    



    
        
    

    Close




    
        

    

    Close






    
        This Feature Is Available To Subscribers Only

        Sign In or Create an Account

    

    Close




    This PDF is available to Subscribers Only

    View Article Abstract & Purchase Options
    
        For full access to this pdf, sign in to an existing account, or purchase an annual subscription.

    

    Close


 
    


    







    
    














    
    
    
        
            
        











    


    
    
    
    

    



    

    
    




    

    
            

 
    


    




        
    

