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The Structure of Flavocytochrome ¢
Sulfide Dehydrogenase from a
Purple Phototrophic Bacterium

Zhi-wei Chen, Monjoo Koh,* Gonzalez Van Driessche,
Jozef J. Van Beeumen, Robert G. Bartsch, Terry E. Meyer,
Michael A. Cusanovich, F. Scott MathewsT

The structure of the heterodimeric flavocytochrome ¢ sulfide dehydrogenase from Chro-
matium vinosum was determined at a resolution of 2.53 angstroms. It contains a glutathione
reductase-like flavin-binding subunit and a diheme cytochrome subunit. The diheme cy-
tochrome folds as two domains, each resembling mitochondrial cytochrome c, and has an
unusual interpropionic acid linkage joining the two heme groups in the interior of the subunit.
The active site of the flavoprotein subunit contains a catalytically important disulfide bridge
located above the pyrimidine portion of the flavin ring. A tryptophan, threonine, or tyrosine
side chain may provide a partial conduit for electron transfer to one of the heme groups

located 10 angstroms from the flavin.

Flavocytochrome ¢ sulfide dehydrogenase
(FCSD) from Chromatium vinosum catalyzes
the reversible conversion of sulfide to ele-
mental sulfur in vitro (1). Because of the
nature of putative targeting sequences in the
partial DNA sequence (2), the enzyme is
believed to be located in the periplasm. It is
a heterodimer with a relative molecular mass
(M,) of 67 kD, consisting of a flavoprotein
subunit of M, = 46 kD and a diheme cyto-
chrome of M, = 21 kD. The flavin-adenine
dinucleotide (FAD) is bound covalently to
the flavoprotein subunit by an 8-a-meth-
yl(S-cysteinyl) thioether linkage (3). The
diheme cytochrome subunit contains 174
residues which, based on heme-binding fin-
gerprints in the amino acid sequence, appear
to form two similar domains (2, 4). When
aligned, the two tandem domain sequences
are only 7% identical (4). The DNA se-
quence for both the cytochrome subunit and
the first 95 residues of the flavoprotein sub-
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unit is known (2). Residues 5 to 45 of the
latter show significant similarity (15 to 39%)
for the class of FAD-containing enzymes rep-
resented by glutathione reductase (GR) and
lipoamide dehydrogenase. The site of cova-
lent attachment of FAD (Cys*).is close to
the redox-active disulfide site in GR and to
the sites of covalent attachment of FAD in
succinate dehydrogenase and fumarate re-

ductase (4).

=13.20x — 1.20,r2 = 0.72, P = 0.0038; and 20° to
23°C,y = 17.40x — 3.05, r2 = 0.74, P = 0.0006.
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Crystals of FCSD from C. vinosum were
obtained as reported previously (5). Native
data (95% complete and fourfold redundant
to a resolution of 2.53 A) were collected on
a Hamlin multiwire area detector from two
crystals and combined to yield an R, of
5.8%. The structure was solved by the mul-
tiple isomorphous replacement (MIR) meth-
od (6), and the partial deduced amino acid
sequence (2) was fitted to the electron den-
sity map. The remaining 306 residues of the
flavoprotein subunit, determined by classical
sequencing methods (7), were then placed in
the density and the structure was refined.
The refined model (8) consists of two het-
erodimers with 9076 nonhydrogen polypep-
tide atoms, two FAD molecules, and four
heme molecules, but no solvent. The crys-
tallographic R factor (3| |F,| — [E||/Z[F,)) is
23.7% for all data between 8.0 and 2.53 A.
The root mean-square (rms) deviations from
ideal bond lengths and angles are 0.017 A
and 3.8°, respectively.

The two heterodimers in the asymmetric
unit are virtually identical. Each molecule
(Fig. 1) consists of a cytochrome subunit
containing two domains and a flavoprotein
subunit containing three domains. The two
subunits are tightly associated. The two do-
mains of the cytochrome subunit are approx-
imately equal in size and are similar in struc-
ture despite low sequence identity (Fig. 2).

Fig. 1. Stereoview of a C, tracing of the FCSD molecule with the flavoprotein subunit blue, the
cytochrome subunit green, the flavin yellow, and the hemes red. The NH,- and COOH-termini are labeled
in yellow for the flavoprotein and in red for the cytochrome (217).
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They are related by an approximate twofold
axis roughly perpendicular to the heme
planes and passing near the propionic acid
groups. Each domain consists of four a heli-
ces and intervening polypeptide loops that
are wrapped around the heme group. The
first and second domains contain 77 and 85
residues, respectively, and are connected by
12 residues. When the two domains are su-
perimposed, the rms deviation between
equivalent C_, positions is 2.20 A, with eight
residues inserted at four locations in the
second domain. The edges of the porphyrin
rings are 11.4 apart and the two iron
atoms are separated by 19.0 A. The heme
planes are inclined to each other by about
30° and are oriented in a unique manner,
with the propionic acid groups on ring A
hydrogen-bonded to each other in the pro-
tein interior (Fig. 3). The other two propi-
onates, on ring D, lie near the protein surface
but are only partially exposed to solvent (9).

The first two domains of the flavoprotein
subunit each contain a five-stranded parallel
B sheet flanked on one side by three o
helices and on the other side by a three-
stranded antiparallel B sheet. The third do-
main consists of a three-stranded antiparallel

Fig. 2. Ribbon diagram of the diheme cytochrome
subunit. The pseudo twofold axis relating the two
domains is oriented vertically. Each domain con-
tains four a helices labeled | to IV and I” to IV’. This
diagram was made using the program MOL-
SCRIPT (22). '

Fig. 3. Electron density surrounding the heme
groups of the cytochrome subunit of FCSD. The
map was obtained from MIR phases, computed at
3.0 A resolution, and averaged about the noncrys-
tallographic twofold axis after solvent flattening and
histogram matching. The two propionic acid
groups in the center of the molecule are hydrogen-
bonded to each other.

B sheet followed by an a-helix (10). The
flavin-bearing active site of FCSD is shown
in Fig. 4. As predicted chemically (3), the
site of covalent attachment of FAD is Cys*2.
The si face of the flavin ring lies against the
polypeptide backbone of residues 42 to 44.
Above the pyrimidine portion of the flavin
ring, opposite the re face, there is a disulfide
bridge connecting Cys'®* and Cys**? (11).
The presence of the disulfide in FCSD was
predicted on the basis of the kinetics of
sulfite binding to the enzyme as a function of

Helix

’(/\ﬁsuw

Helix

w128

REPORTS

pH (12). At the N1-O2 locus of the flavin
ring there is an a helix (Fig. 4) oriented with
its NH,-terminus pointing toward these at-
oms. The peptide nitrogens of Gly*%® and
Tyr3%, the second and third residues of the
helix, form hydrogen bonds to N1 and O2,
respectively. Surprisingly, there is no basic
residue near this site, a situation that is
unlike that seen in most other flavoenzymes
(13) which, like FCSD (1), form an anionic
flavin semiquinone, and is contrary to pre-
dictions based on redox potential measure-

w128

'<’\4I5167

Fig. 4. Stereoview of the active site of the flavoprotein subunit of FCSD. The re face of the isoalloxazine ring
and the ribityl group are shown, as well as key residues that interact with, or are close to, the flavin ring. The
Cys'8! and Cys337 disulfide bridge lies above the pyrimidine ring of the flavin, whereas Cys*2, the covalent
attachment point of the flavin, lies below the benzenoid ring. The backbone of a nearby helix, which forms
the only hydrogen bonds to the flavin ring, is also shown (27).

Fig. 5. Stereoview of four potential pathways for electron flow from the flavin to the heme of FCSD.
Dashed lines indicate jumps through space or through a hydrogen bond between atoms of the polypep-

tide chain and the flavin or heme groups (27).
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ments (14) and sulfite binding (12). Instead,
the positive end of the dipole of the helix
may be résponsible for these properties of
the flavin. There are two tryptophan resi-
dues near the flavin ring. Trp!?8 is close to
the benzenoid ring, inclined to it by about
45°, and within 4.1 A of C8M. Trp®*! is
located near the pyrimidine ring of the fla-
vin, 3.2 A from N3, and the tryptophan and
flavin rings are roughly parallel. This tryp-
tophan is likely to be responsible for charge
transfer absorbance of the sulfite adduct
(12), although the cystine disulfide could
also fulfill this role. There are no side chain
interactions with the flavin ring, other than
the covalent bond connecting the 8-a meth-
yl group to Cys*2. However, Glu'®7 is located
4.6 A from N5 and might serve as an active
site base for catalysis (15).

In the intramolecular electron transfer
complex of FCSD, the pyrimidine portion of
the flavin ring lies closest to the heme of
the NH,-terminal cytochrome domain. The
planes of the heme and the flavin rings are
inclined by about 20° to each other. The
closest distance between the two prosthetic
groups is 9.9 A, from O2 of the flavin ring to
the vinyl methylene atom (CBC) of pyrrole
ring C of heme 1. There are three side chains
on the flavoprotein subunit, Trp>°!, Tyr>%°,
and Thr?3%, which are close to the heme

group and may provide potential pathways .

for electron flow from flavin to heme (Fig. 5)
(16). The indole ring of Trp3°! lies between
the flavin and the heme and is of interest
because of its putative charge transfer func-
tion. The peptide nitrogen of Tyr*®® is hy-
drogen-bonded directly to O2 of the flavin,
providing a convenient path to the heme.

Thr**¢ is about 4 A from the flavin ring,
providing a short link to the heme. It is also
covalently connected to Cys**? and to
Cys!6L. If the Cys'%'-Cys®37 disulfide plays a
redox-active role in catalysis, as suggested by
the sulfite binding study (12), then this last
path might be important. The interface be-
tween the flavoprotein and cytochrome sub-
units includes a surface area of about 1750
A2 The two surfaces are complementary,
with a convex cytochrome surface contrib-
uted by helices I and III of domain I and a
concave flavoprotein surface composed of
the three 3 strands and a COOH-terminal
helix in domain III (Fig. 1). There are 13
hydrogen bonds, including one salt bridge,
connecting the two subunits.

The structure of FCSD differs fundamen-
tally from the two other known flavocyto-
chrome structures, flavocytochrome b,
(FCB2) (17) and p-cresol methylhydroxy-
lase (PCMH) (18). The structures of the
three flavocytochromes (FCSD, FCB2, and
PCMH) show a variety of cofactor interac-
tions in electron transfer complexes. The
angles between the heme and flavin planes
are observed at values near 0° (FCB2), 20°
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(FCSD), and 60° (PCMH). This suggests
that the interplanar angle between redox
cofactors can vary substantially in electron
transfer complexes and is not constrained to
a “magic angle” as previously suggested (19).
The portion of the flavin ring through which
electron transfer may occur also differs con-
siderably in the three flavocytochrome sys-
tems, being the N5, the N1-O2, and the
C8M in FCB2, FCSD, and PCMH, respec-
tively. Only the intercofactor distance of 8
to 10 A remains relatively constant in the
three systems.
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