
Subscriber access provided by American Chemical Society

Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036

Communication

Characterization of Kinetics and Products of the Baeyer−Villiger Oxygenase
MtmOIV, The Key Enzyme of the Biosynthetic Pathway toward the Natural

Product Anticancer Drug Mithramycin from Streptomyces argillaceus
Miranda Gibson, Mohammad Nur-e-alam, Fredilyn Lipata, Marcos A. Oliveira, and Jrgen Rohr

J. Am. Chem. Soc., 2005, 127 (50), 17594-17595• DOI: 10.1021/ja055750t • Publication Date (Web): 25 November 2005

Downloaded from http://pubs.acs.org on March 25, 2009

More About This Article

Additional resources and features associated with this article are available within the HTML version:

• Supporting Information
• Links to the 7 articles that cite this article, as of the time of this article download
• Access to high resolution figures
• Links to articles and content related to this article
• Copyright permission to reproduce figures and/or text from this article

http://pubs.acs.org/doi/full/10.1021/ja055750t


Characterization of Kinetics and Products of the Baeyer -Villiger Oxygenase
MtmOIV, The Key Enzyme of the Biosynthetic Pathway toward the Natural

Product Anticancer Drug Mithramycin from Streptomyces argillaceus
Miranda Gibson, Mohammad Nur-e-alam, Fredilyn Lipata, Marcos A. Oliveira, and Jürgen Rohr*

Department of Pharmaceutical Sciences, College of Pharmacy, UniVersity of Kentucky, 725 Rose Street,
Lexington, Kentucky 40536-0082

Received August 22, 2005; E-mail: jrohr2@email.uky.edu

Mithramycin (1), a clinically used aureolic acid-type anticancer
drug and calcium-lowering agent produced byStreptomyces argilla-
ceusas well as various other streptomycetes, consists of a poly-
ketide-derived tricyclic core with a pentyl side chain attached in
3-position and five deoxysugars linked as trisaccharide and disac-
charide chains in 2- and 6-positions, respectively. Its biosynthesis
proceeds through the condensation of multiple acyl-CoA units cata-
lyzed by a type II polyketide synthase.1a The initial condensation
phase leads to the formation of the tetracyclic intermediate premith-
ramycinone (2), which is subsequently glycosylated and C-methyl-
ated, resulting in premithramycin B (3).1b The final steps in mithra-
mycin biosynthesis, catalyzed by MtmOIV and MtmW, respective-
ly, are an oxidative cleavage of the fourth ring of3, followed by
decarboxylation and reduction of the 4′-keto group (Scheme 1).1c,d

Oxygenase MtmOIV plays a key role in mithramycin biosynthesis
and was suggested to be responsible for a series of reactions leading
to the oxidative C-C bond cleavage and following decarboxylation,
which essentially establishes the characteristic molecular frame
found in all aureolic acid drugs and converts biologically completely
inactive3 into active molecules.1e,f From incorporation experiments
with isotope-labeled precursors, it was suggested that this key
oxidative cleavage reaction proceeds through a Baeyer-Villiger
oxidation mechanism, but a retro-aldol mechanism could not be
ruled out as an alternative1a,c (see also Supporting Information).

To further elucidate this key step of mithramycin biosynthesis,
we overexpressed MtmOIV, isolated this enzyme as N-terminally
His6-tagged protein, and monitored the conversion of its substrate
premithramycin B (3) by HPLC/MS. This way we not only
established the steady state kinetics of the pH-optimized reaction
of MtmOIV but also isolated and physicochemically characterized
various reaction intermediates, products, and shunt products leading
to the new and much more detailed reaction sequence for the
mithramycin formation shown in Scheme 2.

All intermediates (4-6) and the MtmOIV product mithramycin
SDK (8) are new mithramycin analogues, while the shunt product
demycarosyl-SK (not shown) as well as the product mithramycin
SK (7) were previously described as products of the MtmW-

mutant.1d The lactone intermediate, premithramycin B-lactone (5),
ultimately proves the Baeyer-Villiger mechanism of the MtmOIV
reaction. All immediate products, mithramycins DK (4), SK (7),
and SDK (8), are highly active anticancer agents, with SK and
especially SDK having significantly improved therapeutic indices
over the parent drug1.1e,gWhile it is possible that MtmOIV partakes
in the rearrangement reactions toward7 and 8 (via â-shift),1e

mithramycin SA (9)1e is most likely a decomposition product caused
by a base-catalyzed retro-aldol reaction of the highly unstable
â-diketone4 (for mechanisms, see Supporting Information).

The overexpression of MtmOIV was achieved by inserting the
mtmOIVgene into the pRSETB overexpression vector that contains

the IPTG-inducible T7 promoter and provides an N-terminal His6-
tag that facilitated its production inE. coli BL21 (DF3)plysS and
purification to homogeneity using Ni-affinity chromatography,
respectively, and allowed a 3 mg/L production for MtmOIV. The
optimal pH to study the enzyme reaction with its substrate
premithramycin B (3) was found to be 8.25, where the3 conversion
increases significantly, and the most products/intermediates were
produced at maximum range (Figure 1; for details regarding the
enzyme purification and reaction, see Supporting Information).

With the purified, stable enzyme in hand, we studied the
conversion of premithramycin B at pH 8.25 to determine the kinetic
parameters and repeated the procedure using 10 mM quantities of
the enzyme over a 4 htime period to allow the isolation of sufficient

Scheme 1. The Key Oxidative Cleavage Reaction Catalyzed by
Oxygenase MtmOIV within the Mithramycin Biosynthetic Pathway

Scheme 2. The Reaction of Premithramycin B with Isolated
MtmOIV is Initiated by a Baeyer-Villiger Reaction (5 formation)
and Proceeds on to the Four Products, Mithramycins DK (4), SK
(7), SDK (8), and SA (9)a

a At 4 h and at pH 8.25, the following composition was found:3, 15%;
4, 20%;5, 15%;6, 5%; 7, 10%;8, 10%;9, 25% (see also Figure 1).
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amounts of the observed intermediates and products for structure
elucidation. All compounds shown in Scheme 2, except for6, were
isolated in multiple milligram amounts and were fully characterized
by NMR, IR, UV spectroscopy, and HR mass spectrometry (see
Supporting Information). Mithramycin DKA (6) could only be
isolated in submilligram amounts and, therefore, was only charac-
terized by HR-MS and UV data.

The kinetic data for the reaction of premithramycin B with
MtmOIV at pH 8.25 were obtained by monitoring the oxidation of
cofactor NADPH at 340 nm and 30°C (in the presence of FAD
and O2). The kinetic constants were calculated using the program
SigmaPlot 8.0 with an enzyme kinetics module. The nonlinear
regression analysis resulted in a Michaelis-Menten curve with
values ofKm ) 34((12) µM, Vmax ) 147((22) nmol min-1 mg
protein-1 (Figure 2).

Baeyer-Villiger monooxygenases (BVMOs) were established
as valuable tools for organic synthesis as well as postulated as key
enzymes in various biosynthetic oxidative rearrangement se-
quences.2,3 An involvement of a Baeyer-Villiger or similar reaction
was postulated for the biosyntheses of many microbial polyketides,3a-h

a marine natural product,3i an insect metabolite,3j and certain plant
alkaloids.3h Protein sequence alignment studies have implicated an
aspartate residue located five amino acids upstream of the dinucle-
otide-binding motif (theâRâ- or Rossmann-fold GxGxxG) close
to the N-terminus with type I (FAD- and NADPH-dependent)
BVMOs.2d This particular aspartate residue is present in MtmOIV,
upstream of its N-terminal Rossmann-fold (residues 19-24), and
the enzyme also contains a second Rossmann-fold motif at residues
162-168, which also was postulated to be characteristic for type
I BVMOs.2f However, in contrast to Baeyer-Villiger reaction
activities observed with bacterial enzymes that were treated with
artificial cyclic or aliphatic ketone substrates,2 which may not reflect

their true biological action because the natural substrates are usually
unknown, MtmOIV is to our knowledge the first enzyme identified
as Baeyer-Villigerase that performs this reaction in its true
biological context. In Scheme 2, it is suggested that MtmOIV may
catalyze a series of reactions following the Baeyer-Villiger
rearrangement leading to lactone5, such as the hydrolysis to6,
the decarboxylation to4, etc. However, some of these reactions,
particularly the rearrangements to7 and 8, may also occur
spontaneously. From the pH-dependence studies, it can be safely
concluded that the retro-aldol cleavage from4 to 9 is a nonenzy-
matic decomposition reaction.

Previously reported data of Rodriguez et al. for the MtmOIV
kinetics state aKm value of 269µM and aVmax of 12.1 nmol min-1

mg protein-1 based on NADPH depletion, and aKm of 23.3 µM
based on the depletion of premithramycin B.1f However, these data
were obtained using a conventionally purified, unstable enzyme at
pH 9.5.4

Acknowledgment. This work was supported by the NIH (CA
91901). We thank the NMR and Mass Spectrometry Core Facilities
of the University of Kentucky.

Supporting Information Available: Enzyme overexpression,
purification, and reaction protocol; physicochemical data for compounds
4-6; protein sequence of MtmOIV. This material is available free of
charge via the Internet at http://pubs.acs.org.

References

(1) (a) Rohr, J.; Me´ndez, C.; Salas, J. A.Bioorg. Chem.1999, 27, 41-54.
(b) Nur-e-alam, M.; Me´ndez, C.; Salas, J. A.; Rohr, J.ChemBioChem
2005, 6, 632-636. (c) Prado, L.; Fernandez, E.; Weissbach, U.; Blanco,
G.; Quiros, L. M.; Bran˜a, A. F.; Méndez, C.; Rohr, J.; Salas, J. A.Chem.
Biol. 1999, 6, 19-30. (d) Remsing, L. L.; Gonzalez, A. M.; Nur-e-alam,
M.; Fernandez-Lozano, M. J.; Bran˜a, A. F.; Rix, U.; Oliveira, M. A.;
Méndez, C.; Salas, J. A.; Rohr, J.J. Am. Chem. Soc.2003, 125, 5745-
5753. (e) Remsing, L. L.; Bahadori, H. R.; Carbone, G. M.; McGuffie, E.
M.; Catapano, C. V.; Rohr, J.Biochemistry2003, 42, 8313-8324. (f)
Rodriguez, D.; Quiro´s, L. M.; Braña, A. F.; Salas, J. A.J. Bacteriol.2003,
185, 3962-3965. (g) Albertini, V.; Jain, A.; Vignati, S.; Napoli, S.;
Rinaldi, A.; Kwee, I.; Nur-e-alam, M.; Bergant, J.; Bertoni, F.; Carbone,
G. M.; Rohr, J.; Catapano, C. V.J. Biol. Chem., submitted.

(2) (a) Alphand, V.; Furstoss, R.Tetrahedron: Asymmetry1992, 3, 379-
382. (b) Beecher, J.; Grogan, G.; Roberts, S.; Willetts, A.Biotechnol.
Lett.1996, 18, 571-576. (c) Van der Werf, M. J.Biochem. J.2000, 347,
693-701. (d) Willetts, A.Trends Biotechnol.1997, 15, 55-62. (e) Kyte,
B. G.; Rouviere, P.; Cheng, Q.; Stewart, J. D.J. Org. Chem.2004, 69,
12-17. (f) Kamerbeek, N. M.; Fraaije, M. W.; Janssen, D. B.Eur. J.
Biochem.2004, 271, 2107-2116. (g) Fraaije, M. W.; Kamerbeek, N. M.;
Heidekamp, A. J.; Fortin, R.; Janssen, D. B.J. Biol. Chem.2004, 279,
3354-3360.

(3) (a) Townsend, C. A.; Christensen, S. B.; Davis, S. G.J. Am. Chem. Soc.
1982, 104, 6154-6155. (b) Fujii, I.; Ebizuka, Y.; Sankawa, U.J. Biochem.
1988, 103, 878-883. (c) Bockholt, H.; Udvarnoki, G.; Rohr, J.; Mocek,
U.; Beale, J. M.; Floss, H. G.J. Org. Chem.1994, 59, 2064-2069. (d)
Gerlitz, M.; Udvarnoki, G.; Rohr, J.Angew. Chem., Int. Ed. Engl.1995,
34, 1617-1621. (e) Keller, N. P.; Watanabe, C. M. H.; Kelkar, H. S.;
Adams, T. H.; Townsend, C. A.Appl. EnViron. Microbiol. 2000, 66, 359-
362. (f) Rix, U.; Remsing, L. L.; Hoffmeister, D.; Bechthold, A.; Rohr,
J. ChemBioChem2003, 4, 109-111. (g) Liu, T.; Fischer, C.; Beninga,
C.; Rohr, J.J. Am. Chem. Soc.2004, 126, 12262-12263. (h) Rix, U.;
Wang, C.; Chen, Y.; Lipata, F. M.; Remsing Rix, L. L.; Rix, U.; Greenwell,
L. M.; Vining, L. C.; Yang, K.; Rohr, J.ChemBioChem2005, 6, 838-
845. (i) Wright, J. L. C.; Hu, T.; McLachlan, J. L.; Needham, J.; Walter,
J. A. J. Am. Chem. Soc.1996, 118, 8757-8758. (j) Piel, J.; Butzke, D.;
Fusetani, N.; Hui, D.; Platzer, M.; Wen, G.; Matsunaga, S.J. Nat. Prod.
2005, 68, 472-479. (k) Damtoft, S.; Franzyk, H.; Jensen, S. R.
Phytochemistry1995, 40, 773-784.

(4) The authors reported a compound with a MW of 1026 g/mol as the sole
product of the reaction, for which a wrong (and impossible) structure was
suggested, supported only by low-resolution MS. The correct structure
of this product is9 (1026 g/mol; see Scheme 2 and Figure 1).

JA055750T

Figure 1. The pH dependence of the MtmOIV reaction (data shown are
after 4 h reaction time). Optimal pH to study the reaction was 8.25. At
lower pHs, the reaction slows down significantly, and at higher pHs,
decomposition product9 becomes increasingly dominant, being the only
“product” at pH 9.5. The numbers refer to the structures shown in Scheme
2.

Figure 2. The Michaelis-Menten curve of NADPH depletion (UV, 340
nm) mediated by the reaction of MtmOIV with premithramycin B.
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