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Sulfide:quinone oxidoreductase from the acidophilic and chemolithotrophic
bacterium Acidithiobacillus ferrooxidans was expressed in Escherichia coli and
crystallized, and its X-ray molecular structure was determined to 2.3 Å
resolution for native unbound protein in space group P42212 . The
decylubiquinone-bound structure and the Cys160Ala variant structure
were subsequently determined to 2.3 Å and 2.05 Å resolutions, respectively,
in space group P6222 . The enzymatic reaction catalyzed by sulfide:quinone
oxidoreductase includes the oxidation of sulfide compounds H2S, HS−, and
S2− to soluble polysulfide chains or to elemental sulfur in the form of
octasulfur rings; these oxidations are coupled to the reduction of
ubiquinone or menaquinone. The enzyme comprises two tandem Ross-
mann fold domains and a flexible C-terminal domain encompassing two
amphipathic helices that are thought to provide for membrane anchoring.
The second amphipathic helix unwinds and changes its orientation in the
hexagonal crystal form. The protein forms a dimer that could be inserted
into the membrane to a depth of approximately 20 Å. It has an endogenous
flavin adenine dinucleotide (FAD) cofactor that is noncovalently bound in
the N-terminal domain. Several wide channels connect the FAD cofactor to
the exterior of the protein molecule; some of the channels would provide
access to the membrane. The ubiquinone molecule is bound in one of these
channels; its benzoquinone ring is stacked between the aromatic rings of
two conserved Phe residues, and it closely approaches the isoalloxazine
moiety of the FAD cofactor. Two active-site cysteine residues situated on the
re side of the FAD cofactor form a branched polysulfide bridge. Cys356
disulfide acts as a nucleophile that attacks the C4A atom of the FAD cofactor
in electron transfer reaction. The third essential cysteine Cys128 is not
modified in these structures; its role is likely confined to the release of the
polysulfur product.
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Introduction

Acidithiobacillus ferrooxidans is a Gram-negative,
acidophilic, and chemolithotrophic bacterium that is
usually found in acidic environments. It derives
energy for growthmainly from oxidative respiration
using reduced inorganic compounds such as FeII,
H2S, S2− S0, and CuI that are present in surrounding
ores; ultimately, electrons are moved from these
substrates to oxygen.1,2 Several redox proteins are
involved in respiratory chains. One of the enzymes
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responsible for the earlier stages in sulfide oxidation
is sulfide:quinone oxidoreductase (SQR). SQR is an
ancient flavoprotein of the disulfide oxidoreductase
(DSR) family that is present in all domains of life
(archaea, bacteria, and eukarya), thereby augment-
ing its original role in respiration. Initially, SQRs
were found in sulfidotrophic bacteria. Later, SQR-
like enzymes were also found in the mitochondria of
some fungi, as well as in all animal species with
known genome sequences.3,4 Based on a phyloge-
netic analysis of completed bacterial genomes, SQR
genes were classified into at least two clades: type I
and type II SQRs. Type I SQRs occur in a diverse
range of bacteria, including At. ferrooxidans.5–7 They
participate in respiration or anaerobic photosynthe-
sis and are characterized by high substrate affinities
and high reaction rates.6,7 Type II SQRs include those
from other bacteria, as well as mitochondrial SQR-
like enzymes. Type II SQRs are mostly involved in
detoxification,3 heavy metal tolerance,8,9 and, pre-
sumably, signaling in higher eukaryotes by control-
ling the levels of H2S in the brain.10–13 Additionally,
ATP production in the mitochondria, with sulfides
as electron donors, has been observed.14–16
Similar to other members of the DSR family, SQRs

are thought to be mainly dimeric (embedded in the
cytoplasmic membrane on the periplasmic side),5,6
but some of them might be trimers.17 They are
considered to be integral monotopic membrane
proteins. The molecular mass of the monomeric
enzyme is around 50 kDa. The enzyme usually
harbors a covalently bound flavin adenine dinucle-
otide (FAD) cofactor in each monomer,17–19 but the
FAD cofactor can also be bound noncovalently (as
seen in the current structures; there are also reports
about the loss of FAD in SQRs during purification).6
The enzymatic reaction catalyzed by SQR includes
the oxidation of reduced sulfur compounds H2S,
HS−, and S2− to soluble polysulfide chains6 or to
elemental sulfur in the form of octasulfur rings.17
Electrons from the sulfides are transferred through
FAD to the ubiquinone or menaquinone pool in the
membrane.
The structures of SQRs from the hyperthermo-

philic bacterium Aquifex aeolicus [Protein Data
Bank (PDB) codes 3hyx, 3hyv, and 3hyw] and
from the hyperthermoacidophilic archeon Acidia-
nus ambivalens (PDB code 3h8l) have recently been
reported.17,18 At. ferrooxidans SQR has 40% and 27%
sequence identities with the abovementioned pro-
teins, respectively. A related structure of the
flavocytochrome c:sulfide dehydrogenase (FCC)
from Allochromatium vinosum (PDB code 1fcd) that
was reported about 15 years ago has a 24% sequence
identity.19 The available structures shed light on the
complex mechanism of electron transfer, but further
investigation, including the structural data of SQRs
from different species, is needed for a better
understanding of catalytic events.
Here we present the three-dimensional structures

of the At. ferrooxidans native unbound enzyme, the
acceptor-bound enzyme, and the Cys160Ala variant
SQR molecule.

Results

SQR enzymatic activity assays

Enzymatic activity assays have been carried out
for the wild type (WT) and the Cys160Ala,
Cys356Ala, and Cys128Ala variants in the absence
of detergents. The WT protein showed the highest
specific activity reported to date: 400–500 U/mg
protein. Km has been determined to be 2.8 μM for
sulfide and 22 μM for decylubiquinone (DUQ). The
Cys160Ala and Cys356Ala variants have no activity.
The activity assays conducted for the Cys128Ala
variant showed 30–35% activity (∼70% activity loss)
determined in the DUQ assay. However, in the FAD
reduction assay, both the WT and the Cys128Ala
variant have been found to be fully active (100%).
This is the first observation that Cys128 is not
involved in the FAD cofactor reduction step.

Structure determination

SQR from At. ferrooxidans was overexpressed in
Escherichia coli and purified to homogeneity, as
described elsewhere.20 Crystals of the acceptor-
bound SQR were grown from a solution containing
protein and DUQ. The crystals of the native protein
grew in space groups P42212 and P6222, whereas
cocrystals of the complex with DUQ, as well as
crystals of the Cys160Ala variant, grew only in space
group P6222. The native structure was solved in the
tetragonal space group by molecular replacement
using a C-terminally truncated molecule A of Aq.
aeolicus SQR17 as search model; the SQR structure
from At. ferrooxidans was refined to Rwork/Rfree of
16.7/20.0% (to 2.3 Å resolution). The refined At.
ferrooxidans SQR coordinates were used to obtain
structural solutions for SQR in the hexagonal space
group. The final values of Rwork and Rfree for each of
these structures were 18.5/23.1% and 17.0/20.9% (to
2.05 Å and 2.3 Å resolutions), respectively, for the
Cys160Ala variant and for the quinone-bound At.
ferrooxidans SQR. The details of data collection and
refinement are given in Table 1.

Structure of At. ferrooxidans SQR

The overall structure of At. ferrooxidans SQR is
characteristic of the DSR family of proteins (Fig. 1). It
comprises two tandem Rossmann fold domains and
a very flexible C-terminal domain containing two
amphipathic helices that are thought to provide for
membrane binding17,21; there also is one noncova-
lently bound FAD cofactor. The structures deter-
mined here are from two different crystal forms:
tetragonal (PDB code 3kpi) and hexagonal (PDB
code 3kpg). The hexagonal form was grown in the
presence of a detergent, n-dodecyl β-D-maltoside
(DDM), while the tetragonal form was grown in the
absence of detergents. The SQR molecules deter-
mined in each crystal form are very similar, with an
r.m.s.d. of 0.42 Å between protein molecules for 412
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Cα atom pairs. However, the last amphipathic helix
in hexagonal form (residues 407–427) undergoes a
major conformational change. Several residues of
the N-terminus of this helix partially unwind; as a
result, it becomes shorter and changes its orienta-
tion. The last amphipathic helix is very flexible even
within the same crystal form. The structures solved
from several hexagonal crystals showed that the last
helix has slightly different conformations in each
crystal (data not shown). Its B-factors are highly
elevated. The last 7 residues (tetragonal form) and
the last 16 residues (hexagonal form) have no
electron density and have not been included in our
structural models. It is likely that the flexible part of
the SQR molecule keeps mobile in the membrane
environment. Superposition of the two structures is
shown in Fig. 1.
There are two SQR molecules in the asymmetric

unit of the tetragonal crystal form (Fig. 2) and one
molecule in the asymmetric unit of the hexagonal
crystal form. The crystallographic dimer in the
tetragonal asymmetric unit is formed largely by
interactions between hydrophobic C-terminal

Table 1. Data collection and refinement statistics

SQR native (PDB code 3kpi) SQR–DUQ (PDB code 3kpg) SQR C160A (PDB code 3kpk)

Data collection
Space group P42212 P6222 P6222
Cell dimensions

a, b, c (Å) 131.7, 131.7, 208.9 150.8, 150.8, 82.0 150.1, 150.1, 81.7
α, β, γ (°) 90, 90, 90 90, 90, 120 90, 90, 120

Temperature (K) 100 100 100
Wavelength 0.97946 0.97950 0.97946
Resolution (Å) 50.0–2.30 (2.38–2.30) 20.0–2.30 (2.36–2.30) 50.0–2.05 (2.12–2.05)
Rsym 0.097 (0.986) 0.113 (0.987) 0.058 (0.814)
Rrim 0.104 (1.058) 0.116 (1.01) 0.063 (0.948)
Rpim 0.037 (0.384) 0.025 (0.218) 0.025 (0.566)
I/σI 19.5 (1.94) 23.7 (4.08) 31.7 (1.55)
Completeness (%) 100 (100) 99.7 (100) 98.1 (85.5)
Redundancy 8.0 (7.6) 21.4 (21.5) 6.6 (3.8)

Refinement
Resolution (Å) 40.7–2.3 19.91–2.3 34.6–2.1
Number of reflections 82,001 24,844 33,789
Rwork/Rfree 16.7/20.0 17.0/20.9 18.5/23.1
Number of atomsa 7371 3643 3596

Protein 6564 3209 3202
FAD 106 53 53
DDM — 35 35
Sulfur 13 7 2
DUQ — 23 —
Ions/otherb 55/12 — 5
Water 621 316 299

B-factors (Å2)
Protein 56.5 46.6 50.4
FAD 43.2 30.5 31.6
DDM — 42.7 46.5
Sulfur 67.7 58.6 72.0
DUQ — 81.1 —
Ions 108.8 — —
Water 60.8 50.3 50.5
Average 57.1 46.9 50.1

r.m.s.d.
Bond lengths (Å) 0.014 0.004 0.007
Bond angles (°) 1.625 0.910 1.183

Values in parentheses are for the highest-resolution shell.
a Number of nonhydrogen atoms present in the asymmetric unit.
b “Ions/other” includes SO4, 1,3-butanediol, or 1,2-propanediol.

Fig. 1. Superposition of the structures of the tetragonal
(magenta) and hexagonal (green) crystal forms of At.
ferrooxidans SQR. The major conformational differences are
observed in the C-terminal region; a fewN-terminal residues
of the last amphipathic helix of the hexagonal form of SQR
partially unwind, and the helix changes its orientation.
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regions that include the amphipathic helices of each
protomer (Fig. 2). Similar dimers interacting via
their C-terminal domains have also been observed in
the hexagonal crystal form of this protein and in
both Aq. aeolicus and Acidia. ambivalens SQR struc-
tures. It is very likely that all SQRs dimerize in
solution via the largely hydrophobic membrane-
interacting surfaces of the molecules. Most proba-
bly, these particular dimers are usually found by
conventional methods. For At. ferrooxidans SQR, the
asymmetric unit dimer has a solvent-inaccessible
interface of 1154 Å2 per protomer. The solvation free
energy of this interface is −14.8 kcal/mol, indicating
the predominantly hydrophobic nature of dimer
interactions. It has a positive ΔGdiss (4.2 kcal/mol)
upon its dissociation, confirming the stability of this
dimer. Calculations of the dissociation constant
Kdiss=exp(−ΔGdiss°/RT) give Kdiss=10−3 M, which
means that the dimer concentration will be less than
10% at physiological protein concentrations (below
0.1 mM=5mg/ml); at a protein concentration below
0.01 mM, the dimer concentration will be less than
1%. In other words, the equilibrium shifts sharply
towards monomers at lower protein concentrations,
as has been confirmed by size-exclusion chromatog-

raphy (data are not shown). However, these dimers
should dissociate for membrane insertion. The
thermodynamic analysis of possible assemblies
using the European Molecular Biology Laboratory–
European Bioinformatics Institute Protein Interfaces,
Surfaces, and Assemblies server does not find any
other stable multimers in solution. The only dimer
that would exist in solution at moderate and higher
protein concentrations should be the dimer dis-
cussed above. However, in the membrane environ-
ment, the entropy term ΔSdiss should only slightly
change for the membrane-bound multimer upon its
dissociation, and it can be disregarded. Now, the
binding energy ΔH will determine the stability of
assemblies. The possible multimer should also allow
the proper positioning of the amphipathic helices in
the membrane.
Based on this requirement and the examination of

all the interfaces, a probable biological dimer (with a
common interface in two crystal forms) is suggested
(Fig. 3). It is different from the trimer that has been
proposed for Aq. aeolicus SQR.17 This difference in
the oligomeric state of the SQR enzyme in the
membrane is unlikely to be important from a
mechanistic point of view. The superposition of

Fig. 2. The crystallographic
dimer of At. ferrooxidans SQR in the
tetragonal crystal form. Each proto-
mer is represented in rainbow color:
blue at the N-terminus, passing on
to red at the C-terminus. The major-
ity of contacts across the dimer
interface occur between the putative
membrane-interacting segments of
the enzyme. As a result, this dimer
cannot exist in the membrane.

Fig. 3. The biological dimer present in both crystal forms: tetragonal (magenta) and hexagonal (green). The two
protomers are related by a crystallographic 2-fold axis. Twoβ-sheets, one from each protomer, align in an extendedβ-sheet
on top of the dimer. DUQ (in orange below the FAD cofactor) delimits the upper surface of the membrane. The two
amphipathic helices penetrate into the membrane (rectangle) by about 20 Å (height of the rectangle).
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the biological dimer structures of the two crystal
forms (tetragonal and hexagonal) is shown in Fig. 3.
The dimer interface buries approximately 620 Å2

(per protomer) of solvent-accessible surface area. It
is formed mostly by the β17-strands of an extended
anti-parallel β-sheet (residues 247–254) from each
protomer, which are related by a crystallographic 2-
fold axis. Each protomer has an elliptical shape with
approximate dimensions 45 Å×67 Å; the longer
elliptical axis is almost doubled in the dimer
(54 Å×126 Å). This arrangement of the protomers
in the dimer puts the C-terminal domains with the
amphipathic helices on one side of the dimer below
the equatorial plane of the ellipsoid so that they
could penetrate into the membrane, whereas the
extended β-sheet is situated on the opposite side
away from the membrane surface. The amphipathic
helices make a sharp angle (∼30°) with the
equatorial plane that is perpendicular to the
crystallographic 2-fold axis, but they are very
flexible and could easily become parallel with the
membrane surface. The most flexible C-terminal
segment that protrudes from the protein bends
sharply in the direction of the presumptive mem-
brane. The depth of the insertion could be
estimated using the supposition that both mole-
cules of the biological dimer are equally inserted
and that both benzoquinone rings of the substrate
determine the top level of the phospholipid bilayer.
It has been estimated to be about 20 Å (Fig. 3),
which is approximately one-half of the membrane
thickness.22 A similar membrane-bound biological
dimer would likely form in Acidia. ambivalens SQR,
in which dimerization might occur via the β-
strands (residues 51–61) and the amphipathic
helices would be equally inserted in the membrane.
In Aq. aeolicus SQR, a dimer-of-trimers organization
has been found17 in the asymmetric unit. It allows
for the amphipathic helices to be in a hydrophobic
environment that mimics the membrane. The
amphipathic helices, as well as the whole trimers,
are almost parallel with the equatorial plane and,
consequently, to the presumable membrane sur-
face. It was suggested that they penetrate the
membrane to a depth of approximately 12 Å.17

SQR multimers (dimers or trimers) do not affect
the catalytic mechanism. Their possible role could be
to provide stability to the protein orientation in the
membrane. A change in the orientation could put
the FAD cofactor and the electron acceptor (ubiqui-
none or menaquinone) floating in the membrane in
unfavorable positions.
The At. ferrooxidans SQR structure exhibits an

overall fold that is quite similar to those of the
other reported homologues. The superposition of
the At. ferrooxidans SQR structure with the struc-
tures of Aq. aeolicus SQR (PDB codes 3hyw, 3hyv,
and 3hyx; Fig. 4), Acidia. ambivalens SQR (PDB code
3h8l), and FCC from Al. vinosum (PDB code 1fcd)
shows that the present structure is more closely
related to the Aq. aeolicus SQR structure than to the
two latter structures, with r.m.s.d. values of about
1.3 Å, 2.75 Å, and 2.26 Å for 401, 370, and 348 Cα

atoms, respectively. The largest differences occur in
the C-terminal domains containing the amphipathic
helices.

Redox active site and bound ligands

The active site ofAt. ferrooxidans SQR includes two
cysteines (Cys160 and Cys356), the FAD cofactor,
and, possibly, a third cysteine residue (Cys128) (Fig.
5). The FAD cofactor plays a central role in the
catalytic mechanism. It accepts electrons from a
sulfide species and transfers them to acceptor
molecules (ubiquinone or menaquinone). The cofac-
tor position in the At. ferrooxidans SQR structure is
similar to that in other DSR proteins; it is bound in
the first Rossmann fold domain. It makes a network
of van der Waals contacts with the protein; 11 of
these contacts are hydrogen-bonding and electro-
static interactions. The most important interactions
involve the isoalloxazine ring (atoms O4 and O2),
oxygen atoms of the phosphate groups (atoms O1P,
O2P, and O2A), the ribose moiety (atom O3B), and
the adenine moiety (atoms N1A and N6A) of the
FAD. They form hydrogen bonds with the main-
chain nitrogen atoms of Thr11, Gly12, Ala78, Ile302,
Gly322, and Phe357; with the main-chain oxygen
atom of Ala78; and with the side-chain nitrogen and

Fig. 4. Superposition of the At. ferrooxidans SQR structure (salmon) with the Aq. aeolicus SQR structure (green). FAD
cofactors are represented by sticks. The major difference between the two structures occurs in the C-terminal domains
containing amphipathic helices. The β17-strand forms a dimer interface in At. ferrooxidans SQR.
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oxygen atoms of Lys391 and Ser34. The O1P atom of
the phosphate group is also involved in capping
interaction with the N-terminus of the α1 helix
(Gly12); this interaction is due to the dipole moment
of the helix that is positively charged at the N-
terminus. It makes an electrostatic interaction with
the negatively charged phosphate group. As a result
of multiple interactions with the enzyme, the
average B-factor of the FAD molecule is very low;
in fact, it is lower than the average B-factor for the
protein molecule (Table 1). Interestingly, the second
Rossmann fold domain does not bind a second
nucleotide (as was discussed previously),18 in
contrast to some of the related oxidoreductases (for
instance, the lipoamide dehydrogenase; PDB code
1lvl). The latter binds FAD and NAD cofactors
simultaneously. However, in SQR, the binding of
the second nucleotide is prevented by the loop
(residues 155–160) that occupies the space where the
second nucleotide would bind. This loop contains
one of the active-site cysteine residues, Cys160.
The mode of FAD binding in At. ferrooxidans is

different from those in other DSR proteins. The three
most closely related structures contain a covalently
bound FAD cofactor (via its C8M atom) that
connects to the Cys128 (hereafter in At. ferrooxidans
numbering, unless specifically mentioned) sulfur
atom directly18,19 or through a disulfide bridge.17 In
At. ferrooxidans SQR, the cofactor has no covalent

bond to Cys128, even though the Cys128 Sγ atom is
3.86 Å from C8M. This fact was also confirmed in
another experiment in which FAD was removed
from the trichloroacetic-acid-treated protein by
dialysis (data not shown).
The cofactor is situated in the vicinity of the two

active-site cysteines Cys160 and Cys356. The dis-
tance between the C4A atom of the isoalloxazine
ring of the FAD cofactor and the Sγ atoms of Cys160
or Cys356 is ∼5 Å. These two cysteine residues are
positioned on a line that is almost parallel with the
plane of the isoalloxazine ring, on its re side (Fig. 5).
The electron density of the thiol groups of Cys160
and Cys356 extends in both crystal forms to form
adducts with additional sulfur atoms. Cys356 has
been modeled as a disulfide that is covalently
connected to a tetrasulfide at Cys160 (in hexagonal
form) or to a trisulfide (in tetragonal form). The
resulting arrangement of sulfur atoms can also be
considered as a branched pentasulfide or tetrasul-
fide molecule covalently attached to both cysteines
(Figs. 5, 9, and 10). The occupancy of the sulfur
atoms in the tetragonal form refined to an average of
0.58, whereas the occupancy varied from 0.5 to 1.0 in
the hexagonal form, with the S5 atom having the
highest occupancy.
A species (tentatively determined as sulfide, based

on an occupancy of 1.0, to fit the spherical |Fo|−
|Fc| electron density peak at 15.8σ) was found

Fig. 5. The redox active site and the ligands in the SQR–DUQ complex. Two active-site cysteines (Cys160 and Cys356;
green carbon atoms) lie on the re side of the isoalloxazine ring of FAD (lime carbon atoms); DUQ (orange sticks) is located
on the si face of the isoalloxazine ring of FAD. Cys128 (green carbon atoms) is not modified. Sulfur atoms (magenta) form a
branched pentasulfane that is covalently bound to both cysteines. The S5 atom covalently attached to Cys356 is close to the
C4A atom of FAD (distance is less than 3.5 Å). A putative sulfur atom (S) is at a hydrogen-bonding distance from Cys356
and Glu166 (data not shown). The latter is thought to be the general base for abstracting protons from hydrogen sulfide.
The 2|Fo|−|Fc|,αc electron density omit map is contoured at the 0.8σ level in the region of DUQ, Cys160, and Cys356.
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bound in the pocket close to Cys128 in the tetragonal
crystal form and in some hexagonal crystals. It makes
a network of hydrogen bonds with the Nδ atom of
His132, the Oγ atom of Ser126, and the backbone N
atoms of Thr129 and Cys128. However, it does not
make a covalent bond with Cys128; it is situated at a
distance of 4 Å from the Sγ atom of Cys128. It may
form a Cys128 disulfide at some point in the catalytic
cycle. The role of Cys128 and its possible disulfide is
discussed more fully in Discussion.
Additional electron density peaks that have

probably originated from the expression and puri-
fication in E. coliwere present in all structures. Based
on the shape of the electron density, several of them
have been modeled as glycols (1,3-butanediol or 1,2-
propanediol). Several flat oval blobs were stacked
against aromatic rings of tryptophan and tyrosine
residues (Trp52, Tyr195, Tyr223, and Tyr383) on the
molecular surface, indicating an affinity for aromatic
rings and possible additional sites for ubiquinone
binding. Several potential sulfate-binding sites have
been identified in the tetragonal crystal form. No
sulfate ions have been detected in hexagonal form.
DUQ binding is discussed more fully below.

Cys160Ala variant

Crystals of the Cys160Ala variant are isomor-
phous with those cocrystallized with DUQ. The
structure of the Cys160Ala variant (PDB code 3kpk)
is very similar to those of the native protein.
Superposition of the variant structure with the
structures of the native protein in complex with
DUQ or with the native protein in the tetragonal
crystal form gives r.m.s.d. values of approximately
0.28 Å for 418 Cα atom pairs and 0.49 Å for 412 Cα

atom pairs. The distance between Cβ atoms of
Ala160 and Cys356 (9.2 Å) in the variant structure is
slightly larger than the average equivalent distance
for the Cys160 and Cys356 residues in the native
protein structures (8.8 Å). There are no additional
electron density peaks other than that for the methyl

group in the vicinity of the Ala160 Cα atom.
However, some positive electron density appeared
in close proximity to the Sγ atom of Cys356, and it
was modeled as a disulfide at Cys356. The sulfur
atom of the disulfide was refined to an occupancy of
1.0 at the S–S covalent bond distance (2.08 Å) from
the Sγ atom of Cys356 in alternative conformations.
The density indicates that the sulfide substrate can
interact with Cys356 directly in the absence of the
redox active disulfide bridge, but the reaction stops
there. Three water molecules are located within
hydrogen-bonding distance of the Cys356 disulfide.
No polysulfide chains were detected, and there was
no catalytic activity associated with the Cys160Ala
variant.

Complex with DUQ

Soaking pregrown hexagonal native crystals with
DUQ did not result in quinone binding. The soaked
and unsoaked crystals revealed an electron density
peak close to the isoalloxazine ring of FAD that was
not consistent with the DUQ structure (data not
shown). The quinone-binding site has been deter-
mined from the structure of SQR that was cocrys-
tallized with DUQ. The cocrystals belonged to the
hexagonal crystal form space group P6222 and were
isomorphous with the hexagonal unbound native
protein (not reported here) and the Cys160Ala
variant crystals (Table 1). DUQ has an atomic
occupancy factor of 1.0 in the binding site. The
quinone position is slightly different from that in the
Aq. aeolicus SQR–quinone structure. The majority of
the contacts of DUQ atoms with the protein atoms
are hydrophobic. The aromatic ring of the quinone
moiety is situated between the two benzene rings of
Phe394 and Phe357 (Fig. 6). Out of a total of 18
contacts at a distance of 3.6 Å, 10 contacts to these
two phenylalanine residues are made. The other
contacting residues are Phe41, Pro43, Gly322,
Tyr323, Asn353, and Tyr411. The benzoquinone
head is also close to the isoalloxazine ring; the

Fig. 6. The aromatic ring of
DUQ (orange sticks) is sandwiched
between two benzene rings of
Phe357 and Phe394 (magenta). The
majority of the interactions with the
enzyme are hydrophobic.
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distance between the O4 atom of the quinone and
the O2 atom of FAD is less than 3 Å (Fig. 5). The
hydrophobic decyl chain points backwards from the
amphipathic helices. It makes very few contacts
with the protein (residues Tyr323, Asn353, and
Tyr411). Superposition of the cocrystallized SQR–
DUQ complex structure with the native tetragonal
form crystal structure showed that the side chain of
Met418, a residue situated at the C-terminus of the
second amphipathic helix, would occupy the ben-
zoquinone position, whereas Leu415 would have
very close contacts (1.7–2.1 Å) with the quinone tail.
This observation indicates that the second amphi-
patic helix of the tetragonal form would have to
rearrange to allow quinone binding.

Electrostatic surface and channels

Electrostatic surface analysis shows that the
molecule of SQR is divided into positively and
negatively charged regions that are situated on
opposite sides of the molecule (Fig. 7a and b). The
positively charged region of the SQR molecule (Fig.
7b) mostly contains both amphipathic helices and
other segments of the protein that potentially
interact with the negatively charged region of the
phospholipid bilayer. The membrane-binding part
contains a large number of Arg, Lys, and His
residues and is rich in hydrophobic residues that

are necessary to maintain the protein inside the
hydrocarbon layer of the membrane.
The electrostatic surface representation also

reveals several channels that connect the interior
of the molecule to the outside neighboring envi-
ronment. The largest of these channels contains the
FAD cofactor; its isoalloxazine ring is located deep
in the interior of SQR (Fig. 7a). This channel is
much wider than is required to accommodate FAD,
so the rest of the channel is filled with a series of
ordered solvent molecules. Cys128 is close to this
channel, but its sulfhydryl group is turned away
from it. The sulfide species bound in the pocket
close to Cys128 has no direct access to the channels,
but it is separated from the bulk solvent by only
the imidazole ring of Hys132. Both active-site
cysteine residues Cys160 and Cys356, as well as
the important proton acceptor Glu166, have access
to a smaller sulfide channel. Cys160 is more solvent
accessible than Cys356, as the former is situated at
the wider part of the sulfide channel, and the latter
has access to the narrower part of the channel. The
sulfide channel in At. ferrooxidans SQR is slightly
different from those in Acidia. ambivalens and Aq.
aeolicus. DUQ and dodecyl maltoside (DDM, the
detergent) are located in two other channels. One
of these channels occupied by DDM in the
hexagonal crystal form is hydrophobic; it would
open into the internal part of the membrane and

Fig. 7. The electrostatic surface of SQR and channels through the molecule calculated by the program GRASP. (a) One
side of the SQRmolecule has a largely negative (red) surface. The adenine moiety of the FAD cofactor is seen (cyan sticks)
in the opening of the largest channel. (b) The opposite side of the molecule has a largely positive (blue) surface. DUQ
(yellow sticks) and DDM (the detergent; green sticks) are located in smaller channels that are connected to the large
channel occupied by FAD.
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could possibly serve as a product release pathway,
as proposed for a similar hydrophobic channel in
Aq. aeolicus SQR.17 The hydrophobic tail of DDM
points into the interior of the protein molecule and
comes very close to Cys356 and the polysulfur

product. The distance between the Cα atom of
Cys356 and the C12 atom of DDM is less than 4 Å.
The hydrophilic head of DDM sticks out of the
channel, exposed to the bulk solvent (Fig. 7b). DUQ
is oriented in a different way; its polar head is

Fig. 8. Superposition of the ac-
tive sites of four analogous sulfide-
oxidizing enzyme structures. Only
the atoms of the FAD cofactors
were used for the superposition.
The distance between the Cα atoms
of Cys160 and the Cα atoms of
Cys356 in At. ferrooxidans SQR
(pink) is 2 Å shorter than that in
Aq. aeolicus SQR (pale green) and is
similar to the equivalent distance in
Acidia. ambivalens SQR (orange).
The equivalent residues in Al. vino-
sum FCC (yellow) are present as a
disulfide bridge. The FAD cofactor
is covalently attached to Cys128 in
homologous SQRs from Acidia.
ambivalens and Aq. aeolicus, as it is
to the equivalent cysteine in FCC
(Cys42 in FCC numbering). It is
thought that Cys42 of FCC is not
involved in the catalytic mecha-
nism. The polysulfide bridges be-
tween Cys160 and Cys356 are not
shown (sulfur atoms in magenta).

Fig. 9. A detailed comparison of the active sites of At. ferrooxidans SQR (pale pink; sulfur atoms in magenta) and Aq.
aeolicus SQR (lime; sulfur atoms in yellow). Only the atoms of the FAD cofactors were used for this superposition. The
positions of Cys128 and Cys160 are very similar, whereas Cys356 is slightly moved away by 2 Å from the Cys160 in Aq.
aeolicus SQR. Cys160 and Cys356 are connected by a branched polysulfide bridge in At. ferrooxidans. These cysteines are
not bridged in Aq. aeolicus.
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inserted deep into the protein interior, whereas its
hydrophobic tail points to the outside of the
molecule. This is the region of the enzyme that is
proposed to be inserted into the membrane.

Discussion

The molecular mechanism of the electron transfer
reaction catalyzed by SQR is not fully understood

Fig. 10 (legend on next page)
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due to the complexity of the mechanism and the
scarcity of structural information. Three cysteine
residues (Cys160, Cys356, and Cys128) have been
shown to be necessary components of the enzy-
matic reaction. Substitution of any of the two
residues (Cys160 or Cys356) leads to a complete
loss of activity; substitution of the third residue
Cys128 causes a substantial loss (∼70%) of activity.
Several hypotheses concerning the catalytic mecha-
nism of electron transfer by SQRs have been
suggested. The conventional mechanism includes
the formation of a Cys160 thiolate6,18 or a Cys160–
S–S− disulfide17 that attacks the C4A atom of FAD.
The polysulfide chain grows on Cys356. The role of
the third cysteine of the active site (Cys128) is to
maintain a redox active disulfide bridge with
Cys160 and/or to maintain the position of the
flavin ring of FAD.6,17,18 An alternative mechanism
was suggested for Aq. aeolicus SQR; this mechanism
involves the formation of a Cys128–S–S− disulfide
species that attacks the C8M atom of FAD. Electron
transfer occurs during this step.17 This leads to the
formation of a transient Cys128–S–S+ cation. The
trisulfide bridge Cys128–S–S–S–Cys160 forms after
the recombination of the above cation with the
Cys160 thiolate. The role of Cys356 is to take over
the growing polysulfide chain and, as a result, to
recover the Cys160 thiolate. However, this mech-
anism is not applicable to FCC.
At. ferrooxidans SQR shares many structural and

biological properties with other SQRs andwith FCC,
particularly with Aq. aeolicus SQR. The relative
spatial positions of the three essential cysteines are
similar to a certain degree in all four homologues
(Figs. 8 and 9). The largest structural difference is
found in FCC. The cysteine residue equivalent to
Cys128 in FCC is Cys42; it is covalently attached to
FAD and is situated on the other side of the
isoalloxazine ring. Cys42 of FCC does not directly
participate in sulfur polymerization. In SQR from
At. ferrooxidans, Cys128 and Cys160 are situated on
loop segments that are separated from the N-termini
of corresponding helices by one (for Cys160) or two
(for Cys128) residues; Cys356 is located in the
middle of a β-strand. The initial redox active
disulfide bridge may be located between Cys160
and Cys356 similarly to FCC, where the one
equivalent to the Cys160–S–S–Cys356 disulfide
bridge was actually observed.

Although the previously suggested conventional
mechanisms17,18 might be applicable in the case of
At. ferrooxidans SQR (with the Cys160 thiol/disul-
fide being the nucleophile), we propose an alterna-
tive mechanism that involves Cys356–S–S− as the
nucleophile that most probably attacks the C4A
atom of FAD. The details of this mechanism are
presented in Fig. 10. The initial nucleophilic attack of
S2− on the Cys160-Cys356 disulfide bridge leads to a
thiol at Cys160 and to a disulfide at Cys356 (Fig. 10,
Ia and b); the latter attacks the C4A atom of the
isoalloxazine moiety. The Cys356–S–S–C4A adduct
is formed, and one electron is transferred to the
isoalloxazine ring (Fig. 10, Ic). The Cys160–S− thiol
then attacks the Cys356–S–S–C4A–FAD adduct,
releasing the FAD cofactor and forming a trisulfide
bridge between Cys160 and Cys356 (Cys356–S–S–S–
Cys160; Fig. 10, Ic and d); in this step, a second
electron is transferred to the isoalloxazine ring that
is now fully reduced. Protons that are added to the
reduced cofactor likely come from solvent. Repeti-
tion of the abovedescribed steps leads to elongation
of the polysulfide chain that grows on Cys160 (Fig.
10, II–VIII). The elongation reaction stops when
stereochemical constraints prevent further incorpo-
ration of sulfur atoms. The octasulfur ring is released
from Cys160 as depicted (Fig. 10, IX). The role of
Cys128 (most likely in the form of a disulfide) is
confined to the release of the polysulfur product.
The sulfide species observed in the pocket near
Cys128 could produce the Cys128 disulfide that can
reach the Sγ atom of Cys160. The release of the
hydrophobic polysulfur product could likely occur
as proposed17 through the hydrophobic channel
occupied by DDM in the present structures, or less
likely through the sulfide channel that connects
Cys160 with the exterior of the molecule. The other
side of the sulfide channel going to Cys356 is much
narrower, and only water and sulfide ions can move
through it.
The unique point of this hypothesis is that the S−

atom of the Cys356–S–S− disulfide is the nucleophile
that attacks C4A at the start of each cycle. This
hypothesis is supported by the fact that the distance
of the S− atom of the Cys356 disulfide to the C4A
atom of flavin is around 3.2–3.5 Å, whereas the
distances between the other potential nucleophilic
sulfur atoms of Cys160 thiol or the Cys160–S–S−
disulfide and the C4A atom of flavin are too long for

Fig. 10. The proposed mechanism of sulfide oxidation: a sulfide ion attacks Sγ of Cys356 in each elongation cycle (I–
VIII), resulting in the transfer of two electrons to FAD and the attachment of a sulfur atom to the polysulfide bridge. Cycle
I: A sulfide ion attack on Cys356–Sγ breaks the disulfide bridge, consequently producing a disulfide on Cys356 and a thiol
on Cys160. Cys356 disulfide attacks the C4A atom of FAD, forming a covalent adduct with C4A–FAD, and one electron is
transferred to the isoalloxazine ring. Cys160 thiol attacks the adduct and releases FAD. A second electron is transferred.
FAD is now fully reduced andwill transfer the electrons to the ubiquinone pool in themembrane. Cycles II–VIII repeat the
steps of cycle I (details of cycles VI–VIII are not shown). The polysulfide chain grows on Cys160. The sulfur atom of the
polysulfide chain nucleophilically attacks the covalent adduct of Cys356 disulfide with FAD. Formation of the branched
polysulfide bridge may occur as shown in cycle IV. The boxed intermediate products are consistent with the structures
determined here. Possible octasulfur ring formation and its separation fromCys160 involve a nucleophilic attack most like
from Cys128 disulfide.
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such a nucleophilic attack (Fig. 5). It makes Cys160 a
less likely—although not impossible—candidate for
the role of the nucleophile. The finding that the
octasulfur ring in Aq. aeolicus SQR17 is attached to
Cys160 also supports our proposed mechanism in
which the polysulfide grows on Cys160. As the
Cys128Ala variant retains full activity in the FAD
reduction assay, it should be excluded as a potential
nucleophile in the electron transfer to FAD. The fact
that it is impaired in the DUQ assay indicates that
the reaction stops when the polysulfur product
accumulates on Cys160, and thus the reaction
turnover is diminished.
The abstraction of protons from hydrogen sulfide

molecules and the consequent addition of protons to
the reduced cofactor presumably occur either from the
active-site base (the highly conserved Glu166) or from
the proximity of abundant water molecules.17,18 For
the protonation of the reduced ubiquinone, two
candidate residues could be proposed: Tyr411 and
Lys391. Tyr411 is situated on the last mobile helix; its
hydroxyl group is close to the benzoquinone ring, and
it is at a hydrogen-bonding distance from a water
molecule. Lys391 is positioned farther away, on the
other side of the DUQ; the Nζ atom of Lys391 is 4.6 Å
distant from the closest atom of the benzoquinone
head (and 2.7 Å distant from the O4 atom of FAD),
close to several water molecules. Both Tyr411 and
Lys391 could potentially transfer protons from water
to DUQ. Glu326 and Lys391 have been suggested as
possible proton donors for reduced ubiquinone inAq.
aeolicus.17 However, in the structures presented here,
the carboxyl group of Glu326 is oriented differently,
and it is unlikely tobe theprotondonor toubiquinone.
The intermediateproducts observed in the structures

here were modeled as a trithiosulfurous acid (four
sulfur atoms, in tetragonal form) or a branched
pentasulfane (five sulfur atoms, in hexagonal form)
covalently attached to the Sγ atoms of Cys160 and
Cys356, as schematically shown in Fig. 10 (boxed
structures). The branching of the polysulfur moiety
was also observed in Aq. aeolicus SQR, in which the
octasulfur ring is covalently attached toCys160 (Fig. 9).
The sulfur derivatives of At. ferrooxidans SQR

expressed in E. coli have been formed in the absence
of any added sulfide. The E. coli expression host has
been shown to produce sulfides endogenously in
reductive environments.23
The superposition of the active sites from At.

ferrooxidans and Aq. aeolicus SQRs is shown in Fig. 9.
Evidently, they represent different moments in the
catalytic cycle. The polysulfur product in the At.
ferrooxidans SQR structure is smaller than that in the
Aq. aeolicus SQR structure; consequently, Cys160-
Cys356 distances are significantly different for these
structures. It appears possible for Cys160 and
Cys356 in At. ferrooxidans to move slightly from
each other during stepwise polysulfide chain elon-
gation. The alternative could be formation of smaller
polysulfide chains that can rearrange into stable
octasulfur rings outside the protein.
The difference among the several proposed

mechanisms of electron transfer reaction from

sulfides to FAD lies in assigning the nucleophile
that attacks the flavin moiety. According to the
other proposed mechanisms, the thiol group of
Cys160 nucleophilically attacks the C4A atom of
flavin,6,17,18 or Cys128 indirectly attacks the C8M
atom of flavin via a persulfate species.17 Definitely,
more studies are needed to answer the remaining
questions and uncertainties.

Materials and Methods

Crystallization and data collection

At. ferrooxidans SQR was expressed, purified, and
crystallized in tetragonal form, as described elsewhere.20
Small changes in crystallization conditions were used to
grow crystals of the hexagonal crystal form. They were
grown in hanging drops from 30% polyethylene glycol
600, 0.1 M 2-[bis(2-hydroxyethyl)amino]-2-(hydroxy-
methyl)propane-1,3-diol (pH 5.5 or pH 6.5), 0.1 M
magnesium sulfate, and 0.05% DDM. Cocrystals with
DUQ were produced from the mixture of 10 mg/ml
protein and 2 mM DUQ under these same crystallization
conditions. Crystals for data collection were flash cooled
in liquid nitrogen. Data were collected on beamline 9-2 at
the Stanford Synchrotron Radiation Laboratory and on
beamline 08ID-1 at the Canadian Light Source (Saskatoon)
using a temperature of 100 K and MAR 325 or MAR 225
detectors. Raw data were processed with HKL-2000
suite24 and XDS/XSCALE.25

Structure determination and analysis

Molecular replacements were performedwithMOLREP26
and Phaser.27 Refinement of the coordinates and atomic
temperature factors was carried out using the Phenix
package and a maximum likelihood target.28 Model
rebuilding at various refinement stages was performed
using Coot.29 Protein stereochemistry was analyzed by
PROCHECK.30 TheprogramPyMOL31wasused to calculate
r.m.s.d. values between analogous structures and to make
figures. Calculations of the buried surface area (Å2) and the
thermodynamic parameters of the possible assemblies were
carried out with the European Molecular Biology Laborato-
ry–European Bioinformatics Institute Protein Interfaces,
Surfaces, and Assemblies server.32

Enzymatic activity assay

Reduction of DUQ

SQR activity was spectroscopically measured by the
decrease in absorbance at 275 nm due to the reduction of
DUQ, as described previously.33 The reaction mixture
contained 25 μg/ml (0.5 μM) protein in 50 mM 2-[bis(2-
hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol
(pH 6.5), 20 mM glucose, 50 μM DUQ, 1 U /ml glucose
oxidase, and 10 U/ml catalase. Anoxic conditions were
established by flashing with N2. The reaction was started
by the addition of 100 μM freshly prepared Na2S. One unit
of activity was defined as the amount of enzyme that
catalyzed the reduction of 1 μmol of DUQ per minute.34
Absorption spectra during the enzymatic reaction were
measured at 275 nm. The differential extinction coefficient
determined by the measurement of the difference spectra
of oxidized and reduced DUQs is 12.5 mM−1 cm−1.
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Reduction of FAD

FAD reduction assay was conducted by measuring
spectroscopically the decrease in absorbance at 375 nm
and 450 nm due to the reduction of FAD. The reaction
mixture contained 1 mg/ml protein in 50 mM Mops and
0.5 mM NaCl at pH 7.0. The mixture was titrated with
sodium sulfide to concentrations from 0.12 μM to 1.52 μM.
Absorbance was measured in the range from 300 nm to
600 nm.

Accession codes

The coordinates and structure factors have been
deposited in the PDB under accession codes 3kpi, 3kpg,
and 3kpk.
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