Jakub Kopycki 
  
Jürgen Schmidt 
  
Steffen Abel 
  
Douglas Grubb 
email: cgrubb@ipb-halle.de
  
C D Grubb 
  
  
  
Chemoenzymatic synthesis of diverse thiohydroximates from glucosinolate-utilizing enzymes from Helix pomatia and Caldicellulosiruptor saccharolyticus
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Thiohydroximates comprise a diverse class of compounds important in both biological and industrial chemistry.

Their syntheses are generally limited to simple alkyl and aryl compounds with few stereocenters and a narrow range of functional groups. We hypothesized that sequential action of two recombinant enzymes, a sulfatase from Helix pomatia and a β-O-glucosidase from Caldicellulosiruptor saccharolyticus, on glucosinolates would allow synthesis of thiohydroximates from a structurally broad array of abundant precursors. We report successful synthesis of thiohydroximates of varied chemical classes, including from homochiral compounds of demonstrated biological activity. The chemoenzymatic synthetic route reported here should allow access to many, if not all, of the thiohydroximate core structures of the ~200 known naturally occurring glucosinolates. The enrichment of this group for compounds with possible pharmacological potential is discussed.

Introduction

Thiohydroximates (TH) are a structurally diverse family of compounds comprising the TH functional group and a variable side chain. They occur most commonly as precursors of glucosinolates (GS), important plant natural products which have lately received wide attention due to their strong positive impact on human health [START_REF] Grubb | Glucosinolate metabolism and its control[END_REF][START_REF] Halkier | Biology and biochemistry of glucosinolates[END_REF]. As intermediates of the GS biosynthetic pathway, TH are glucosylated by UDP-glucose-dependent glucosyltransferases. In Arabidopsis thaliana, the glycosyltransferase UGT74B1 is the major enzyme responsible for catalyzing this biosynthetic step [START_REF] Grubb | Arabidopsis glucosyltransferase UGT74B1 functions in glucosinolate biosynthesis and auxin homeostasis[END_REF]). Other naturally occurring compounds of this class include thioformin, a siderophore important for iron transport in algae, fungi, and bacteria [START_REF] Winkelmann | Iron transport in microbes, plants and animals[END_REF], as well as the antibiotics, fluopsin C and fluopsin F. Thioformin and the fluopsins rely on tendency of TH to form stable complexes with transition metals, a property that has proved advantageous for our investigation (see below). Artificial TH, particularly the industrially important 2-mercaptopyridine-1-oxide, have varied applications in chemical syntheses, as well as being incorporated into the structures of diverse bactericides, fungicides and pesticides (readers are referred to the excellent review by Chimiak et al., 2002).

Various synthetic routes to TH have been reported but the range of side chains incorporated into products has been limited [START_REF] Walter | Chemistry of thiohydroxamic acids[END_REF][START_REF] Bauer | Methoden der organischen chemie[END_REF][START_REF] Pedras | Remarkable incorporation of the first sulfur containing indole derivative: another piece in the biosynthetic puzzle of crucifer phytoalexins[END_REF]. Aryl and substituted aryl compounds have been employed, as have simple alkanes. Notably absent from reported products is a diversity of functional groups and chiral compounds. In addition, some syntheses require expensive and/or noxious reagents.

Glucosinolates are important defensive compounds for members of the order Brassicales, and have been the subject of considerable recent interest due to the anticancer activities of their breakdown products [START_REF] Wang | Direct analysis of single leaf disks for chemopreventive glucosinolates[END_REF].

The GS core structure (Fig. 1) consists of an N-sulfuryl-, β-D-glucosyl-thiohydroxamic acid; the structural diversity of this family of compounds arises from the large number of side-chains borne by the TH carbon. The evolutionary "arms race" between plants and their pests has likely been the driving force in the evolution of a vast range of GS structures: more than 200 such have been described so far. Furthermore, known GS occur within structural series of variable side-chain length, which are in turn derived from corresponding chain-elongated amino acids. It is therefore likely that more than 170 additional compounds exist in nature, but have not yet been observed [START_REF] Clarke | Glucosinolates, structures and analysis in food[END_REF]). Many of these compounds have unusual combinations of functional groups and/or homochiral carbons (Fig. 1); therefore, a general method to derive TH from naturally occurring GS would significantly expand the range of available structures which can be conveniently synthesized. It is also worth noting that extant GS structures are the products of strong evolutionary selection for biological activities against fungi, insects, nematodes and bacteria, and therefore represent a chemical library which has been prescreened for compounds with pharmaceutical potential.

Standard analytical procedures for GS analysis have long employed the commercially available sulfatase from Helix pomatia (HPS), which facilitates both GS purification and analysis of the resulting desulfo-GS (dsGS) by liquid chromatography. The thermophile Caldicellulosiruptor saccharolyticus produces a thermostable β-Oglucosidase (CSG) capable of hydrolyzing a broad range of substrates [START_REF] Love | Sequence structure and expression of a cloned beta-glucosidase gene from an extreme thermophile[END_REF]. The reported use of recombinant CSG to generate nitriles from dsGS [START_REF] Wathelet | A recombinant beta-O-glucosidase from Caldocellum saccharolyticum to hydrolyse desulfo-glucosinolates[END_REF] suggests that this enzyme cleaves glucose, rather than thioglucose, and therefore generates a TH as a product, because the latter are rather unstable and Fig. 1 here spontaneously decompose to nitriles in aqueous solution. This idea is supported by the well-described mechanism of glycosyl-hydrolases, which catalyze nucleophilic attack at the anomeric carbon of the monosaccharide with consequent elimination of the entire aglycone; in the present case this would result in liberation of the TH. Inspired by this report, we supposed that these enzymes might be employed for the production of a broad array of TH using GS as the starting material, provided a way could be found to stabilize the reaction products. We further reasoned that TH generated in the presence of metal ions might form stable complexes, preventing their decomposition to nitriles. This paper reports the results of our investigation.

Materials and methods

Chemicals

Recombinant β-glucosidase from Caldicellulosiruptor saccharolyticus (CSG) was a kind gift from Prof. Peter Bergquist of Macquarie University, Sydney. The remaining chemicals mentioned, including the sulfatase from Helix pomatia (HPS), CoCl 2 , FeCl 3 , CuCl 2 and NiSO 4 , were purchased from Sigma-Aldrich. The preparation of recombinant UGT74B1 and de novo chemical synthesis of phenylacetothiohydroximate have been previously described [START_REF] Grubb | Arabidopsis glucosyltransferase UGT74B1 functions in glucosinolate biosynthesis and auxin homeostasis[END_REF]). All chemicals were of analytical grade.

Cloning of CSG

As an additional source of enzyme, Caldicellulosiruptor saccharolyticus DSM 8903 was used. DNA isolated from the stab was used as a template for PCR amplification with primers DM165 (5'-TTTATGggatccAGTTTCCCAAAAGGATTTTTGTGG) and DM166 (5'-TTTATaagcttTTACGAATTTTCCTTTATATACTGC), designed based on the published sequence of the gene encoding CSG [START_REF] Love | Sequence structure and expression of a cloned beta-glucosidase gene from an extreme thermophile[END_REF]). The product was cloned into HindIII and BamHI sites of the pQE30 vector (Qiagen) and the resulting plasmid was transformed into E. coli strain M15 for protein expression. Enzyme preparation entailed sonication of expressing cells, incubation of lysate at 70° C for 15 min, and centrifugation. The supernatant contained a single major protein of the expected size (not shown).

GS and dsGS

Sinigrin and benzyl-GS were purchased from Sigma. Other GS were extracted and processed as previously described [START_REF] Gross | Functional detection of chemopreventive glucosinolates in Arabidopsis thaliana[END_REF]. Seeds of A. thaliana ecotype Columbia, 1g, were boiled in 10 ml 70% (v/v) methanol/water for 10 min. The clarified extract was applied to a DEAE-Sephadex A25 column, 3 ml bed volume. The column was washed 3 times with water. The dsGS mixture was released from the anion exchange resin by on-column, overnight treatment with HPS prior to elution with 6ml water.

Analysis of dsGS

The dsGS were analyzed by HPLC [column HSS T3 C-18 1.8 µm 2.1x100 mm; solvent: water (A) /acetonitrile (B) gradient, 1 % B 0-0.6 min, 20 % B 4 min, 20 % B 6 min, 100 % B 6.5 min, 100 % B 8 min; flow 0.5 ml min -1 at 40°C] and detected at 226 and 280 nm. The retention times and the UV absorbance spectra of reaction products were compared to standards.

Preparative chromatography of dsGS

The preparative separation of dsGS from their mixtures was achieved by the use of a CombiFlash chromatography system (Teledyne ISCO) employing a RediSep Rf 13g C18 column. The separation was carried out with a water (A)/acetonitrile (B) gradient, 5 %-95 % B in 12.5 min. The collected fractions were analyzed for purity by HPLC.

Enzymatic synthesis of TH:metal complexes

TH were obtained from pure dsGS or their mixtures by treatment with CSG. The reaction was carried out at 55° C for 1 h using 12.14 nkatals of enzyme per 100 µl reaction volume (one nkatal is the amount of enzyme required to liberate 1 nmol nitrophenol s -1 from 4-nitrophenol--D-glucopyranoside at 70° C, pH 6.2). The final reaction mixture contained 10 mM MES buffer pH 6, 4 mM of a metal cation (Fe 3+ , Co 2+ , or Ni 2+ ) and 1-4 mM of the dsGS substrate. The formation of the complex could be followed by the change in color of the reaction mixture.

Compounds 7 and 8 formed insoluble complexes that could be recovered by centrifugation. Other TH complexes were separated from the reaction mixture by triple extraction with 300 µl of ethyl acetate. The organic solution containing the thiohydroximate complexes was evaporated to dryness in a vacuum concentrator.

Purification of TH

Free TH were liberated from the complex by re-suspension of dry complexes in 6.5 mM of β-mercaptoethanol (β-ME) in ethyl acetate and incubation for 15 min at room temperature. The products of ligand displacement were purified by TLC using 40 % (v/v) ethyl acetate in hexane as a mobile phase. Free TH was extracted from the TLC plates with water.

ESI-FTICR mass spectrometry

The positive ion high resolution ESI mass spectra were obtained from a Bruker Apex III Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer (Bruker Daltonics, Billerica, USA) equipped with an Infinity cell, a 7.0 Tesla superconducting magnet (Bruker, Karlsruhe, Germany), an RF-only hexapole ion guide and an APOLLO electrospray ion source (Agilent, off-axis spray). Nitrogen was used as drying gas at 150 C. The cobalt complexes were extracted with ethyl acetate, then dissolved in methanol, stirred and centrifuged. The sample solutions (in methanol) were introduced continuously via a syringe pump at120 l h -1 . All data were acquired with 512 k data points and zero filled to 2048 k by averaging 32 scans. The XMASS 7.0.8 software was used for the data evaluation.

Detection of TH

The presence of TH was detected by their enzymatic conversion to dsGS by recombinant glucosyltransferase UGT74B1 in the presence of UDP-glucose. The glucosylation reactions were carried out as described by [START_REF] Grubb | Arabidopsis glucosyltransferase UGT74B1 functions in glucosinolate biosynthesis and auxin homeostasis[END_REF].

Results and Discussion

CSG hydrolyzes dsGS to TH and glucose

The proposed synthetic scheme is shown in Fig. 2a. The dsGS generated by HPS-catalyzed hydrolysis is subsequently treated with CSG in the presence of transition metal ions. Liberated TH is thereby trapped and stabilized in situ by formation of a TH:metal complex. The complex is then recovered by centrifugation (if insoluble) or by extraction with ethyl acetate. Treatment of the complex with an excess of competitive ligand releases TH, which is chromatographically purified.

An initial test of the scheme used commercially available benzyl-GS (Fig. 1, compound 1) as starting material and Co 2+ as the metal. This GS substrate was chosen to allow comparison of the enzymatically synthesized TH:cobalt complex with one formed directly by reaction of Co 2+ and authentic phenylacetothiohydroximate (PATH), a compound previously synthesized de novo in our laboratory [START_REF] Grubb | Arabidopsis glucosyltransferase UGT74B1 functions in glucosinolate biosynthesis and auxin homeostasis[END_REF]. Cobalt was chosen Co 2+ complexes have substantially higher molar absorptivity than the slightly more stable Ni 2+ complexes. The benzyl-GS was initially processed to the desulfo-compound by treatment with HPS. Purified desulfobenzyl-GS was then incubated in the presence of CSG and Co 2+ . As shown (Fig. 2b), the CSG reaction generated a compound with a spectrum very similar to that of the PATH: Co 2+ complex, with absorbance maxima at ~470 and ~625 nm.

Furthermore, treatment of this compound with β-ME liberated a substance that co-migrated with authentic PATH in a TLC separation (not shown). Finally, when this substance was recovered from the TLC plate and incubated in the presence of UDP-glucose and recombinant UGT74B1 under conditions previously described [START_REF] Grubb | Arabidopsis glucosyltransferase UGT74B1 functions in glucosinolate biosynthesis and auxin homeostasis[END_REF], a new product was formed, in a strictly enzyme-dependent manner, which had the same retention time in HPLC as authentic desulfobenzyl-GS (Fig. 2c). This new compound had a UV spectrum identical to that of desulfobenzyl-GS (not shown). From these data we conclude that CSG hydrolyzes desulfobenzyl-GS, generating PATH which can be captured in a complex with cobalt and subsequently recovered by metal displacement.

The presence and nature of the metal strongly influences TH stability

We next examined to what extent the presence of the metal enhanced the synthesis and whether the identity of the metal influenced the stability of the complexes formed. The stability of TH and various TH:metal complexes incubated in the CSG reaction buffer at 55° C are compared in Figure 3. As expected, the free TH was quite unstable; its short half-life (t 1/2 = 21 min) would allow recovery of little, if any, product from the CSG reaction.

Stabilization of the TH by metal complex formation is therefore an essential feature of the synthetic method presented here.

A series of transition metal cations (Fe 3+ , Ni 2+ , Cu 2+ and Co 2+ ) were tested for their ability to form complexes with TH that are stable in the CSG reaction conditions. Cupric ions readily form complexes, but we later discovered that they completely inhibit CSG (not shown) and were not investigated further. The remaining cations formed complexes that exhibited varying degrees of stability, in the order Fe 3+ < Co 2+ < Ni 2+ . A previous Fig. 2 here Fig. 3 here Two variants of the method were employed. In the first, the dsGS were purified by preparative chromatography and individual compounds were subjected to the remaining synthetic steps. In the second, the bulk dsGS were used directly as a substrate for CSG and further processing, i.e. all compounds present were processed simultaneously in one tube. While the second method gave slightly lower yields (5% on average, compared with 14% yield with pure desulfosinigrin as the starting material) all compounds present in the starting material were successfully transformed into their cognate TH, which could have important implications for application of this synthetic method to the generation of combinatorial libraries of TH-derived compounds. That is, the presence of many compounds of diverse chemistries (see below) does not impede their conversion to metal complexes, or to TH.

It also indicates that purification of compounds of interest can take place after the HPS step, or the CSG step, because both dsGS and TH:cobalt complexes are stable, lending some flexibility to applications of this method. Some of the compounds synthesized in this study are shown in Fig. 4. Compounds 8 and 9 were generated from commercially available benzyl-GS and sinigrin, respectively, while the source material for the remaining compounds was Arabidopsis seed GS. Cognate TH of all chemical classes of GS present in the seeds were synthesized, including both unmodified methionine-and tryptophan-derived GS (compounds 6 and 7), as well as alkyl-GS which had undergone varying degrees of side-chain modification (compounds 10 and 11). Also synthesized, but not shown in Fig. 4, were 7-methylthioheptyl-and 8-methylthiooctyl-TH. The activities of both CSG and HSP appear largely unaffected by the nature of the side-chain of their respective substrates. In addition, the combination of short reaction times with the very mild chemistries and conditions employed likely contribute to preservation of the structure of the parent compounds by avoiding unwanted side reactions. These results demonstrate the broad applicability of this synthetic method. Particularly noteworthy is the fact that the sulfinyl group of 4-methylsulfinylbutyl-TH (10) was preserved. This chiral center has the R S configuration in natural GS, one of which is the precursor of the potent anticancer compound sulforaphane. Given the demonstrated importance of sulfoxide stereochemistry for biological activity (see, for example [START_REF] Olbe | A proton-pump inhibitor expedition: The case histories of omeprazole and esomeprazole[END_REF], the applicability of this method to the numerous natural GS containing this functional group is likely to contribute substantially to its utility. 

Conclusions

Fig. 1

 1 Fig.1Examples of natural glucosinolates from which thiohydroximates may be derived. "X" represents the GS core structure. (1) benzyl-GS (2) 4-methylsulfinyl-3-butenyl-GS, (3) 2(S)-hydroxy-2-phenylethyl, (4) 3'hydroxyglucoisatisin, (5) progoitrin Fig. 2 (a) An outline of the synthesis. "M" denotes a metal ion (Fe 3+ , Ni 2+ or Co 2+ ). The number of ligands, n, can be 2 or 3 (b) Spectra of PATH:Co 2+ complexes derived from desulfobenzyl-GS by CSG treatment (dotted line) or de novo chemical synthesis (c) HPLC chromatograms of authentic desulfobenzyl-GS standard and the product of UGT74B1-dependent glucosylation of PATH produced chemoenzymatically from benzyl-GS.

Fig. 3

 3 Fig. 3 Decomposition of TH and TH:metal complexes in aqueous solution. The half-life, t 1/2 , is indicated to the right of each compound in the inset Fig. 4 Compounds produced as part of this study. (6) 4-methylthio-TH, (7) 3-indolylaceto-TH, (8) PATH, (9) allyl-TH, (10) 4-methylsulfinyl-TH, (11) 4-benzoyloxybutyl-TH and 5-benzoyloxypentyl-TH

  

  

Table 1 .

 1 Exact mass measurements of the thiohydroximate cobalt complexes obtained by ESI-FTICR mass spectrometry. In each case, the theoretical mass of the [Co(L -H ) 2 +H] + ion is compared with the mass actually observed in positive ionization mode. For ligand structures, see Fig.4.

	TH Ligand	Calculated mass	Observed mass Error (ppm) Elemental Composition
	6	415.00471	415.00538	1.6	[C 12 H 24 N 2 O 2 S 4 Co] +
	7	469.01977	469.02041	1.4	[C 20 H 18 N 4 O 2 S 2 Co] +
	8	390.99797	390.99856	1.5	[C 16 H 16 N 2 O 2 S 2 Co] +
	9	290.96667	290.96678	0.4	[C 8 H 12 N 2 O 2 S 2 Co] +
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investigation suggested that the propensity of the metal to change oxidation state has a negative influence on the stabilities of TH:metal complexes [START_REF] Nagata | Studies on thiohydroxamic acids and their metal chelates. 4. Reaction of thiohydroxamic acids with metal ions[END_REF], which may explain the order of stabilities observed here. This is particularly so in the case of iron: the prevalence of iron-sulfur clusters in biological redox chemistry attests to their high reactivity in aqueous solution. Pd 2+ and Zn 2+ were, along with Ni 2+ , the metals which formed the most stable complexes in the aforementioned study [START_REF] Nagata | Studies on thiohydroxamic acids and their metal chelates. 4. Reaction of thiohydroxamic acids with metal ions[END_REF]. An important line of future research could therefore be an investigation of these and other cations for the purpose of maximizing the yields obtained with this synthetic method. We have also tested the influence of different reducing and chelating compounds for their ability to liberate thiohydroximates from the complexes. Four compounds were tested: β-ME, DTT, EDTA, and EGTA. All four were equally effective with the TH generated here, but the use of chelators may be the best strategy to avoid modification of redox active side-chains; again this may be fertile ground for future investigation. The major focus of this study, however, was an exploration of how broadly applicable this method is, as we discuss next.

The chemoenzymatic approach works with diverse starting materials

We tested our method with a structurally diverse array of natural GS. For this purpose, the starting material was seeds of Arabidopsis thaliana ecotype Columbia, chosen not only because it contains high levels of GS but also because the compounds present encompass a number of structural classes, including alkyl compounds derived from methionine, indolyl compounds derived from tryptophan, and benzoyl esters derived from secondary modifications of alkyl-GS. In all cases, dsGS were first generated by HPS treatment, purified, and hydrolyzed by CSG in the presence of Co 2+ . Recovered TH:metal complexes were treated with β-ME and free TH was purified by TLC. In order to provide direct evidence of thiohydroximate formation in the CSG reaction, we have recorded high-resolution mass spectra for the complexes formed from compounds 6-9 (Fig. 4). In each case, the theoretical mass of the [Co (TH -H ) 2 +H] + ion species matches the measured m/z value with an error lower than 2 ppm (Table 1), confirming that thiohydroximates are formed in the CSG reaction. Because analytical standards are not available for the varied TH generated, detection relied on treatment of the purified product with UGT74B1 and detection of the resulting glycosides by HPLC. The synthesis was considered successful if a compound was observed that had a retention time and UV spectrum identical to the corresponding dsGS, and if formation of this compound was strictly dependent on the presence of UGT74B1, which enzyme has a demonstrated specificity for TH [START_REF] Grubb | Arabidopsis glucosyltransferase UGT74B1 functions in glucosinolate biosynthesis and auxin homeostasis[END_REF]).

Fig. 4 here Table 1 here Sequential application of HPS and CSG to a wide range of natural GS generates TH which may be recovered by "capture" as part of a TH:metal complex and subsequent liberation by ligand exchange. This approach produced not only naturally occurring intermediates of GS biosynthesis, but also TH generated from GS that had undergone varying degrees of side-chain modification. The described method therefore increases the range of TH structures easily available to synthetic chemists from the several dozen already described, to the several hundred that may be synthesized from GS of known plant sources. The utility of this method for generating compounds of pharmaceutical and/or commercial interest may be rather broad, given that TH are versatile synthetic reagents, and that naturally-occurring GS have been selected by evolutionary processes for compounds that are biologically active against plant pests. It is also worth noting that GS contain varied functional groups that may serve as the basis for further synthetic manipulation. The described method may therefore be applicable not only to the several hundred known GS, but to new compounds which can be synthesized from these stable, abundant, and cheap naturallyoccurring precursors. The range of such structures will ultimately be limited only by the chemists' imagination.