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The biogenic methanobactin is an effective chelator for copper in a rat model for Wilson disease
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Abstract

Copper is an essential redox-active metal ion which in excess becomes toxic due to the formation of reactive oxygen species. In Wilson disease the elevated copper level in liver leads to chronic oxidative stress and subsequent hepatitis. This study was designed to evaluate the copper chelating efficiency of the bacterial methanobactin (MB) in a rat model for Wilson disease. Methanobactin is a small peptide produced by the methanotrophic bacterium Methylosinus trichosporium OB3b and has an extremely high affinity for copper. Methanobactin treatment of the rats was started at high liver copper and serum aspartate aminotransferase (AST) levels. Two dosing schedules with either 6 or 13 intraperitoneal doses of 200 mg methanobactin per kg body weight were applied. Methanobactin treatment led to a return of serum AST values to basal levels and a normalization of liver histopathology. Concomitantly, copper levels declined to 45% and 24 % of untreated animals after 6 and 13 doses, respectively. Intravenous application of methanobactin led to a prompt release of copper from liver into bile and the copper was shown to be associated with methanobactin. In vitro experiments with liver cytosol high in copper metallothionein demonstrated that methanobactin removes copper from metallothionein confirming the potent copper chelating activity of methanobactin. 
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Introduction

Copper is an essential trace element and an integral part of several enzymes. Due to its redox properties, which are exploited by e.g. oxidoreductases, copper can however also be toxic by generating deleterious oxygen radicals and, accordingly the homeostasis of the metal has to be carefully controlled [1]. The liver is the key organ for copper homeostasis which is maintained in particular by the excretion of the metal via bile. Biliary copper excretion is mediated by the copper transporter ATP7B [2]. Mutations in the ATP7B gene is one of the primary causes of Wilson disease [3]. Wilson disease is characterized by copper accumulation particularly in the liver, leading to hepatitis, jaundice and finally liver failure [3]. In some patients the first signs of the disease are neurological symptoms but these symptoms are secondary to high liver copper levels [3]. In the presymptomatic stages of (untreated) Wilson´s disease copper in liver is mainly bound to cytosolic metallothionein, a small cysteine rich protein with high affinity for copper and zinc [4]. For the treatment of Wilson disease, copper chelators such as D-penicillamine, trientine and tetrathiomolybdate have been shown to be effective. D-penicillamine is the first choice for treatment but patients suffer occasionally from side-effects like allergic reactions or the worsening of symptoms in the neurological form of Wilson disease [5]. These patients are then switched to trientine treatment [3]. Tetrathiomolybdate is still an experimental drug which is developed for the initial treatment of the neurological form of Wilson disease [6].

As an authentic animal model for Wilson disease the Long Evans Cinnamon (LEC) rat has been established previously [7]. The LEC rat has a deletion in the ATP7B gene leading to a non-functioning protein [7]. The animals steadily accumulate copper in liver and develop fulminant hepatitis at the age of about 3 months when liver copper is highest [8,9], accompanied by an acute increase in serum AST and bilirubin levels. If untreated, most of the animals die. One difference to the human disease is the absence of neurological symptoms in these rats. Recently, the LPP rat, a cross between LEC and Piebald Virol Glaxo (PVG) rats was established [10]. The phenotype of the LPP rats is identical to the LEC rats with respect to copper accumulation and the development of hepatitis.
Methanobactin, a small siderophore-like molecule with extremely high affinity to copper has been recently isolated from the growth media of methanotrophic bacteria [11 - 16]. Methanobactin seems to be essential for bacterial copper uptake, regulation of methane monooxygenase expression, and protection against copper toxicity [16].

The present investigation addresses the capability and mode of action of methanobactin to chelate copper in rat liver. The suitability of methanobactin to ameliorate copper toxicity is followed in the LPP rat as a model of Wilson disease.
Material and methods
Isolation and purification of methanobactin 

Methylosinus trichosporium OB3b was cultured for methanobactin isolation in nitrate mineral media [17] amended with 0.2 µM CuSO4 as previously described [12]. To obtain the quantities necessary for animal studies a new 4 step isolation process was applied.
Methanobactin was separated from cells in the culture medium using a Centramate™ PE tangential flow filtration system containing an OS030C10 Centramate 30,000 Da molecular mass filter cassette (Pall Corporation, Framingham, MA, USA). The filtrate was loaded directly on a 5.0 x 30 cm Dianion HP20 column (Sigma Chemical Co., St. Louis, MO, USA) and the column washed with H2O.  Methanobactin was eluted with 60% acetonitrile/40% H2O and the eluate directly dropped into liquid nitrogen. The frozen sample was then freeze-dried as described by Choi et al. [14]. This isolation procedure proved to be superior to multi-step approaches [12,18]. It significantly reduces sample manipulation, processing times, sample loss, and produces a more consistent sample. Metal free methanobactin is stable in the freeze-dried state, at -20(C, or when associated with a metal such as copper [12,18].  

Purity of the isolated methanobactin was determined by UV-visible absorption spectroscopy [12], high performance liquid chromatography (HPLC), electrospray ionization time-of-flight (ESI-TOF) mass spectroscopy [14], and 1H-total correlation spectroscopy (1H-TOCSY) [13] and found to be > 95%. ICP-AES analysis confirmed that methanobactin is essentially copper free (molar ratios: Cu:MB = 0.00023, Fe:MB = 0.01307, Zn:MB = 0.00563). Figure A in the on-line supplement shows the respective spectra from ESI-TOF-MS, 1H-TOCSY, and UV-vis spectroscopy of the methanobactin preparation. 
Animals and treatment

The LPP rat strain was kindly provided by Jimo Borjigin, University of Michigan [10]. These animals are a crossbred between LEC rats, which have a deletion in the ATP7B gene [7] and PVG rats. LPP rats accumulate copper in liver with age and show symptoms typical of individuals with Wilson disease. The animals were maintained on ad lib. Altromin 1314 diet (Altromin, Lage, Germany) and on tap water. The copper content of the rat diet was 13 mg/kg. When the animals (ATP7B -/-) developed slightly elevated AST and bilirubin levels, treatment with methanobactin was started. All animals were treated under the guidelines for the care and use of laboratory animals of the Helmholtz Zentrum München.

Methanobactin (copper free, purity > 97%) was dissolved in 0.9% NaCl at a concentration of 12.5 mg/ml. Due to its instability at pH below 4.5 [18], the compound was injected intraperitoneally. The applied dose was 200 mg/kg body weight. In a short term experiment animals were dosed on 5 consecutive days and another dose after 2 two days and killed 2 days later. In a long term experiment animals received 13 doses, 3 times a week, every other day and without treatment during weekends. Three days after the last dose the animals were killed.

Cannulation of the bile duct was performed in an animal with slightly elevated AST and bilirubin levels (655 U/l and 0.652 mg/dl, respectively) under isofluran anesthesia. Methanobactin was infused during 15 minutes via the femoral vein as a solution of 12.5 mg /ml and bile fractions were taken for 4 hours. Control bile was obtained from a LPP (ATP7B +/+) rat.
Plasma was prepared from heparinized blood taken from the sublingual vein under light ether anesthesia. AST activity and bilirubin concentration in plasma were measured with a Reflotron system (Roche, Mannheim, Germany). Liver homogenate and cytosol were obtained by subfractionation of liver as described earlier [19]. 

For histopathologic evaluation, liver tissue was fixed in 4% buffered formalin, embedded in paraffin and 2 µm sections were stained with hematoxylin/eosin. 

In vitro analyses

Liver cytosol from LPP ATP7B (-/-) rats containing Cu almost exclusively bound to metallothionein [8,9] (Cu concentration 50.8 µg/ml) was incubated with methanobactin in a 10 fold molar excess over copper for 30 min at 37°C. The samples then were kept at -80°C until analysis.
Copper, iron, and zinc in liver homogenate, cytosol and bile were analyzed by ICP-AES (Ciros Vision, Spectro, Kleve, Germany) after wet ashing the samples with 65 % nitric acid (Suprapur Merck, Darmstadt, Germany).
Liver cytosol and bile from in vitro experiments and bile were analyzed using a two-dimensional chromatographic approach being based on a size exclusion chromatographic (SEC) separation of MB from MT followed from a reversed phase chromatographic (RPC) purification/identification. As a prerequisite, first the elution times of metallothionein and methanobactin on both separation systems were elucidated by consecutive chromatography of pure single standard solutions of both compounds and monitoring respective UV and Cu chromatograms for each standard at both separation method. Subsequently, liver cytosol samples were first separated by SEC on Fractogel TSK HW 55 F and Fractogel TSK HW 40 S columns (Tosoh, Stuttgart, Germany) with Tris-HCl 5 mM pH 7.4/5% methanol as eluent. Fractions were collected and analyzed for copper by ICP-AES. Respective SEC fractions collected at the elution time of metallothionein (55-60 min) and methanobactin (70-75 min) were rechromatographed by RPC on a Capcell RP18 column (Shiseido, Japan) with Tris-HCl 5 mM/NaCl 25 mM, pH 7.4 against methanol in a gradient elution. The eluate was directly introduced into the ICP-AES instrument (Optima 7300, Perkin Elmer Rodgau, Germany) via a Meinhard nebulizer with a cyclone spray chamber and copper was monitored online at 324.754 nm. Certified copper, iron, and zinc stock standards (1,000 mg/L) were purchased from CPI (Santa Rosa, CA, USA). Standards and samples were diluted with deionized water (18.2 MΩ cm) prepared by a Milli-Q system (Millipore, Bedford, MA, USA). 
As reference standards for the separation on the SEC as well RP column, Cd/Zn metallothionein from rabbit liver (Sigma, Taufkirchen, Germany) and copper-containing methanobactin prepared according to Choi et al. [12] were used.
Results and Discussion
Characterization of copper-methanobactin
Copper in liver cytosol from animals with high hepatic copper levels is almost exclusively bound to metallothionein [8,9]. Incubation of the cytosol with methanobactin led to the appearance of copper in the methanobactin fraction as analyzed by SEC [Fig. 1A]. For additional verification this MB containing SEC fraction (1st dimension in separation) from cytosol was subsequently analyzed with RPC (2nd dimension in separation) coupled to ICP-AES (element selective detection). As a result, Cu from the MB containing SEC fraction showed the same elution pattern in RPC as a MB standard. Thus, Cu from MB treated cytosol was found in the MB peak after each of the two serially separation steps proving this compound to be Cu-MB. These findings strongly suggest that methanobactin binds copper from metallothionein and forms a copper-methanobactin complex. By applying the same two-dimensional chromatographic approach (SEC + RPC) with hyphenation to element selective detection (ICP-AES) we could further demonstrate that in bile of a rat treated i.v. with methanobactin copper is also mainly present in the copper-methanobactin fraction. The respective RPC-ICP-AES analysis of the Cu-MB or Mt containing SEC fraction of the bile of the MB treated rat is shown in Fig. 1B, compared to the elution of MB or Mt standards. It should be noted that the linear increase of the baseline from 450 – 650 s and its elevated level after 650 s reflects the linear increase (and subsequent elevated concentration) of methanol from HPLC gradient elution. In bile of the MB treated animal Cu is found associated only to methanobactin but not to metallothionein.

As shown above, methanobactin complexes copper out of metallothionein and it shares this potency with the copper chelator tetrathiomolybdate [20]. In contrast, the therapeutically used chelators D-penicillamine and trientine do not remove copper from metallothionein [21,22]. In a recent report, comparing the affinity of different ligands for copper, metallothionein was shown to have the second highest affinity (Kd 0,41 x 10-15 M) after Cu/Zn superoxide dismutase [23]. Albeit these authors caution against comparing dissociation constants obtained through varied approaches, the reported affinity of methanobactin for copper (Kd > 8 x 10-18 M [12] is higher than that of metallothionein. This is in accord with our findings that methanobactin is able to remove copper from metallothionein.

Methanobactin binds both Cu[I] and Cu[II] in a 1:1 ratio and the oxidation state of copper associated with methanobactin is Cu[I], regardless of the initial oxidation state [12].
Copper in bile
The intravenous application of methanobactin led to the rapid appearance of copper but not of iron or zinc in bile [Fig. 2]. Methanobactin has been shown in vitro to bind a variety of metals, among them the physiologically relevant elements iron and zinc, but if copper is available, the other metals are displaced by copper [24]. Our finding, that only copper but not iron or zinc are excreted in bile after intravenous methanobactin treatment are in full agreement with this in vitro results. 
The cumulative excretion of copper in bile during 4 hours was 130 µg from 8 g liver which corresponds to about 6% of the total liver copper. The ATP7B defect is characterized by the inability to excrete copper into bile [2]. Biliary copper excretion following methanobactin treatment is obviously independent of ATP7B and is considered to be the consequence of the relatively high molecular weight (Mr = 1154) of methanobactin. Compounds with molecular weight above approximately 400 are known to be preferentially excreted into bile [25].
Serum AST values and histopathological findings

In both, the short and long term experiments methanobactin treatment led to a decline of serum AST to normal levels, whilst in controls without MB treatment serum AST levels increased rapidly [Fig. 3A, 3B],. Since treatment was initiated at the stage of hepatitis where AST levels were only slightly elevated, fluctuations in AST levels before methanobactin treatment are observed. Without treatment however, hepatitis would progress and AST levels rise up to more than 2000 U/l, but this stage is inevitable fatal [9]. In agreement with this decline the liver histopathology at the end of the short term experiment was normal, minor liver changes like focal apoptosis and anisonucleosis were observed in the long term experiment (data not shown). 

One unexpected result from methanobactin treatment was a slight and reversible decrease in body weight (data not shown). The reason for the decreased body weight following methanobactin treatment has not been determined.

Liver copper

Methanobactin treatment reduced liver copper levels to 45% (mean Cu 132,4 µg/g w.w., 135,9/178,8/82,6 µg/g w.w. for the individual values) and 24% (mean Cu 71,0 µg/g w.w., 60,1/81,9 µg/g w.w for the individual values) of untreated animals (mean 295,8 µg/g w.w. range 199,5 to 472,0 µg Cu/g w.w. n=34) after 6 and 13 doses, respectively [Fig. 4]. The copper levels of ATP7B (+/-) heterozygotes, representing the normal liver copper level, however, are still lower. The untreated controls were selected on the criteria of serum AST and bilirubin levels, to match as closely as possible the situation in the animals at the beginning of the methanobactin treatment. Treatment of LEC rats with the copper chelators D-penicillamine and trientine ameliorated hepatitis and decreased the liver copper content [19, 26]. However, since these chelators do not remove copper from metallothionein [21,22] only the non metallothionein bound fraction of liver copper will be chelated. This is in agreement with the observation that in Wilson disease patients treated for several years with D-penicillamine, high liver copper levels persisted [27]. Tetrathiomolybdate, in contrast, is able to remove copper from metallothionein [28,29]. At higher concentrations or repeated dosing, however, insoluble tetrathiomolybdate-copper complexes are formed [30]. Such complexes have been demonstrated so far only in rats and to date it is not clear whether they pose a risk or are innoxious to humans.
Three established therapeutics for Wilson disease are available, namely D-penicillamine, trientine and zinc. D-penicillamine is reported to cause frequently side effects like allergic reactions or worsening of neurological symptoms [5,6]. These D-penicillamine intolerant patients are then switched to trientine [3] Zinc is principally used for maintenance therapy and is based on the rationale that the induction of metallothionein in intestinal mucosal cells by zinc binds copper thereby blocking the transfer of the metal into blood. The intestinal cells then slough of and the copper within the cells appears in the stool [31]. Tetrathiomolybdate is currently under clinical investigation for the initial treatment of patients with neurological but not with hepatic symptoms [6]. Thus, an efficient treatment of acutely ill patients with hepatic symptoms is still lacking. Owing to the outstanding affinity and selectivity for copper, methanobactin could possibly expand the therapeutic options in Wilson disease. 

Conclusion

Owing to its high affinity for copper, methanobactin is a potent copper chelator in a rat model for Wilson disease. Methanobactin treatment results in a significant reduction of liver copper levels by chelation of copper from metallothionein and the metal is excreted in bile as methanobactin-copper complex. The outstanding affinity and selectivity for copper makes methanobactin a promising candidate for the development as an additional therapeutic option for the initial treatment of Wilson disease patients presenting with hepatic symptoms.
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Figure legends

Fig. 1. A two-dimensional chromatographic approach is shown: size exclusion chromatographic (SEC) separation of MB from MT followed from a reversed phase chromatographic

(RPC) purification/identification. (A) SEC Chromatograms of methanobactin (MB) and metallothionein (Mt) standards with UV Detection (solid lines; mAU=milli

Absorbance Units). Bars show copper in SEC fractions of liver cytosol before (light shaded columns) and after incubation with methanobactin for 30 min (dark shaded columns).

Values are given as percentage of the total copper eluting from the column. (B) RPC with online ICP-AES detection of copper. The sample was bile from a methanobactin

treated rat. Chromatograms of Cu-methanobactin and Cu-metallothionein standards (dotted lines). Solid lines show rechromatography of the SEC fractions corresponding

to the elution times of Mt and MB. (cps = counts per second at the detection wavelength of 324.754 nm). 
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Figure 2

Copper, iron, and zinc concentrations in bile after i.v. infusion of

methanobactin. The predose values at time 0 are 0.5, 0.55 and 0.22_g/mL bile for

copper, iron and zinc.
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Figure 3
Serum AST in LPP rats. Methanobactin treatment was startet at day 0. (A)

short term treatment with 6 doses of MB. For comparison the AST values of untreated

LPP rats are shown. Treatment was initiated at the age of 103 and 107 days. (B) long

term treatment with 13 doses of MB. Treatment was initiated at the age of 109 days.
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Fig. 4
Copper in whole liver of LPP (ATP7B -/-) rats: control (n=34), short term methanobactin treatment (n=3), long term methanobactin treatment (n=2). Control animals are matched to the treated animals with respect to AST and bilirubin levels. For comparison, values for heterozygotes (ATP7B +/-) (n=82) are also shown. Data are expressed as mean +/- SD. For long term treatment the mean without SD is shown, as n=2 only. 
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