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A Flavin Reductase Stimulates DszA and DszC Proteins
of Rhodococcus erythropolis IGTS8 in Vitro

Lei Xi,1 Charles H. Squires, Daniel J. Monticello, and John D. Childs
Energy BioSystems Corp., 4200 Research Forest Drive, The Woodlands, Texas 77381

Received November 15, 1996

It has been shown that desulfurization in R. erythropolis
Rhodococcus erythropolis IGTS8 is a gram positive D-1 requires NADH, which is tentimes more efficient than

bacterium, which can catabolize dibenzothiophene to 2- NADPH (9). More recently it was shown that both FAD
hydroxybiphenyl and inorganic sulfur without the and FMN are involved in the reactions from DBT to HBP
cleavage of carbon-carbon bonds. Three structural and that the optimal concentration of FMN was found togenes, dszA, dszB, and dszC, have been cloned and shown be around 10 mM with higher concentrations of FMN orto be necessary for this phenotype. Here, we demon-

FAD being inhibitory (10). DszA is also capable of con-strate that a FMN:NADPH oxidoreductase from Vibrio
verting biphenylene sultone (BPsu) to 2,2*-bihydroxy-bi-harveyi complements activities of purified DszA and
phenyl (BHBP) (11). This reaction provides a valuable al-DszC proteins. Furthermore, we propose that DszA and
ternative approach to analyze DszA activity (11). In thisDszC are oxygenase units that do not use NAD(P)H di-
article, we demonstrate that an FMN:NADPH oxidoreduc-rectly, but instead use FMNH2 from a FMN:NADPH oxi-
tase (flavin reductase, E.C. 1.68) is required for DszC-doreductase for oxygenation. q 1997 Academic Press

and DszA-catalyzed reactions and propose that FMNH2,
reduced by a flavin reductase, is the reductant used by
the terminal oxygenases, DszA and DszC. A preliminary
account of these findings has been presented on 14th En-Sulfur containing heterocyclics in petroleum are a major
zyme Mechanisms Conference, Scottsdale, Arizona, Janu-pollution source when they are combusted (1,2). In the
ary 4-8, 1995.fractions of crude oil boiling between 500 to 700 7C (the

‘‘middle distillate’’), the major form of the heterocyclics is
dibenzothiophene (DBT) and its derivatives. These com- MATERIALS AND EXPERIMENTAL DETAILS
prise up to 60% by weight of the sulfur-containing com-

Chemicals. FMN, NADH and NADPH were from Sigma Chemi-pounds and resist cleavage by conventional chemical
cal Company. DBT, DBTO2, BPsu and BHBP were from Aldrich.methods (3). Rhodococcus erythropolis IGTS8 has the abil-
Purified Vibrio harveyi flavin reductase (Frp) was obtained from Dr.ity to selectively cleave sulfur from DBT to form 2-hydro- S.-C. Tu (12). One unit will reduce 1.0 mmole of FMN in the presence

xybiphenyl (HBP) and inorganic sulfur (4). More impor- of NADPH per min at pH 7.5 at room temperature. Purified DszA
and DszC proteins were obtained from Dr. K. A. Gray (13). Proteintantly this catabolic pathway does not destroy carbon-car-
concentrations were determined spectrophotometrically (14)bon bonds, and therefore the fuel value is retained (4,5).

Three structural genes, namely dszA, dszB and dszC, Enzyme assays. Enzyme assays were done at 30 7C in 300 ml 0.1 M
phosphate buffer, pH 7.5, containing 10 mM FMN, 5 mM NADPH, 500have been cloned, sequenced, and shown to confer on
mM DBT or BPsu, 200 mg/ml (4.03 mM) DszA or 200 mg/ml (4.41 mM)DSZ0 derivatives of the wild type organism the ability
DszC and 0, 0.25, 0.5, or 1.0 unit/ml of Frp. At 0, 2 (or 2.5), 5, 10, 15,to carry out desulfurization (6,7,8). Deletion and muta- and 20 min, 50 ml was withdrawn and quenched by adding an equal

tion studies have shown that DszC is responsible for volume of acetonitrile. The products were quantitated by HPLC (15).
Under these experimental conditions, the concentration of reducedconverting DBT to DBTO2, and DszA and DszB to-

gether convert DBTO2 to HBP (7,8).

1 To whom correspondence should be addressed. Fax (713) 364-
6114.

Abbreviations: DBT, dibenzothiophene; DBTO, dibenzothiophene
monoxide; DBTO!2! , dibenzothiophene sulfone; PPS, phenylphenol
sulfinate; HBP, 2-hydroxybiphenyl; BPsu, biphenylene sultone;
BHBP, 2,2*-bihydroxybiphenyl. SCHEME I
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FIG. 1. The effect of Frp on the formation of DBTO2 by DszC. The reaction conditions are described in Materials and Methods. In B
the reaction rate is plotted as a function of Frp concentration.

FMN at steady state was proportional to the concentration of Frp. either in the same peptide chain like such as salicylate
A high concentration of NADPH was used in all reactions to ensure hydroxylase with a very simple electron transport
this proportionality. chain consisting of only flavins, or in separate peptide

chains such as benzoate dioxygenase or naphthalene
RESULTS AND DISCUSSION dioxygenase with one or two metal ions in addition to

flavins (17). There is also a group of oxygenases includ-
Typically, oxygenases are divided into two functional ing the bacterial luciferase system (17), actinorhodin

units: an oxidoreductase and a terminal oxygenase (16) synthase system (18), and PIIA synthase system (19)
as shown in Scheme I. where the two functions are in separate proteins. These

proteins are loosely associated units, with the oxy-These two functions can reside in the same protein

FIG. 2. The effect of Frp on the formation of BHBP by DszA. The reaction conditions are described in Materials and Methods. In B the
reaction rate is plotted as a function of Frp concentration.
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are inadequate for full expression of the desulfurization
phenotype. We are cloning a native flavin reductase
encoding gene from IGTS8 to test the effect of its over-
expression on the Dsz phenotype.
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