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Abstract
Sulfide:quinone oxidoreductases (SQRs) are ubiquitous enzymes which have multiple roles:
sulfide detoxification, energy generation by providing electrons to respiratory or photosynthetic
electron transfer chains, and sulfide homeostasis. A recent structure-based classification defines 6
groups of putative SQRs (I – VI), and representatives of all but group III have been confirmed to
have sulfide oxidase activity. In the current work, we report the first characterization of a
predicted group III SQR from Caldivirga maquilingensis, and confirm that this protein is a sulfide
oxidase. The gene encoding the enzyme was cloned, and the protein was expressed in E. coli and
purified. The enzyme oxidizes sulfide using decylubiquinone as an electron acceptor, and is
inhibited by aurachin C and iodoacetamide. Analysis of the amino acid sequence indicates that the
C. maquilingensis SQR has two amphiphilic helices at the C-terminus but lacks any
transmembrane helices. This suggests that C. maquilingensis SQR interacts with the membrane
surface and that the interactions are mediated by the C-terminal amphiphilic helices. Mutations
within the last C-terminal amphiphilic helix resulted in a water-soluble form of the enzyme which,
remarkably, retains full SQR activity using decylubiquinone as the electron acceptor. Mutations at
one position, L379, also located in the C-terminal amphiphilic helix, inactivated the enzyme by
preventing the interaction with decylubiquinone. It is concluded that the C-terminal amphiphilic
helix is important for membrane binding and for forming part of the pathway providing access of
the quinone substrate to the protein-bound flavin at the enzyme active site.
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1. Introduction
Sulfide (S2-, HS− and H2S) is found in marine and soil environments and is endogenously
produced by eukaryotic and prokaryotic cells as a product of cysteine catabolism. Although
highly toxic, particularly as an inhibitor of aerobic respiration (via the terminal oxidases),
sulfide is an important source of electrons in prokaryotes that can grow under phototrophic
or chemotrophic conditions [1–5], as well as in mitochondria [6, 7]. In addition, sulfide
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(H2S) has been shown to be important in some bacteria as a universal defense against
antibiotics [8] and as an endogenous gaseous signaling molecule [9, 10], and as a
neuromodulator [11] in mammals.

A key enzyme in the maintenance of sulfide homeostasis and bioenergetics is
sulfide:quinone oxidoreductase (SQR), which is present in many eubacteria, archaea and in
the mitochondria of eukaryotic cells. SQR catalyzes the two-electron oxidation of sulfide to
elemental sulfur and reduces quinone in the membrane. The sulfur is released either as a
highly insoluble octameric ring, S8, or as short chains of polysulfide (HS-(Sn)-SH), which
results from the reaction of elemental sulfur with H2S. The resulting sulfur is stored in
cytoplasmic or periplasmic globules [2, 12]. It is not unusual for archaea or bacteria to
encode more than one SQR in its genome, exemplified by Chlorobaculum tepidum, a green
sulfur bacterium, which encodes at least three SQRs or SQR-like proteins in its genome [13–
15].

SQR proteins are single-subunit flavoproteins with a molecular mass of about 50 kDa,
associated with the prokaryotic cytoplasmic membrane or the mitochondrial inner
membrane. It has been suggested that there is a single phylogenetic origin of all SQRs [16].
X-ray structures are available for SQRs from Aquifex aeolicus (a hyperthermophilic
bacterium) [13, 17, 18], Acidithiobacillus ferrooxidans (an acidophilic and
chemolithotrophic bacterium) [19, 20] and Acidianus ambivalens (a thermoacidophilic
archaeon of the order Sulfolobales) [21]. None of these enzymes contains a transmembrane
helical anchor and they are designated as monotopic membrane proteins, associated with one
leaflet of the membrane bilayer [17]. Monotopic membrane proteins are generally attached
to the surface of the membrane by interactions via basic residues with the phospholipid
headgroups along with hydrophobic interactions with the bilayer core [22]. The extent of
penetration into the membrane bilayer differs for different monotopic proteins though the
amount of experimental data is quite limited [22]. Generally, SQRs have two short
amphiphilic helices at their C-terminus and it is proposed that the membrane attachment is
via one or both of these helices [18].

A structure-based classification system of SQRs based on sequence fingerprints has been
proposed [13], which results in the definition of six groups within the SQR family (I, II, III,
IV, V and VI). These groups largely correspond to a phylogenetically defined nomenclature
that was recently suggested [5] : Type I = SqrA; Type II = SqrB; Type III = SqrC; Type IV
= SqrD plus SqrX; Type V = SqrE and Type VI = SqrF. The greatest amount of information
is available for the Type I SQRs (SqrA), which includes those from A. aeolicus and A.
ferrooxidans, for which structures are known. It also includes the SQR from R. capsulatus,
which has been characterized using site-directed mutagenesis [23]. The structure of a
truncated version of a Type V/SqrE SQR, from A. ambivalens, has also been determined
[21]. The least amount of information is available for the putative SQRs of Type III/SqrC.
Whereas representatives of each of the other five SQRs have been demonstrated to have
sulfide:quinone oxidoreductase activity, no Type III SQR has been shown to have this
enzymatic activity. Genes encoding Type III SQR genes are found in both archaea (e.g.,
Vulcanisaeta distribute and Pyrobaculum aerophilum) and in bacteria (e.g.,
Magnetospirillum magnetotaticum and Chlorobaculum tepidum).

Figure 1 compares the sequences of several Type I and Type III SQRs, along with the
sequence of the Type V SQR from A. ambivalens. Among the features [13] that distinguish
the Type III SQRs are 1) the absence of a cysteine residue which, in Type I SQRs is
implicated in flavin binding (C124 in the A. aeolicus SQR); 2) the absence of two “capping
loops” (designated loop 1 and loop 2), one of which (loop 2) is present in the Type I SQRs
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and the other in Type V SQRs; 3) absence of an elongated C-terminus, which characterizes
the Type I SQRs.

The primary goal of the current work was to obtain a protein designated as a type III SQR
and verify that the protein, in fact, has the predicted enzymatic sulfide:quinone
oxidoreductase activity. In order to address it, the Type III/SqrC SQR from Caldivirga
maquilingensis [24], a hyperthermophilic crenarchaeon, was characterized. This organism
grows either anaerobically or microaerophilically optimally at 85° C under acidic conditions
(pH 4). The chromosomal gene encoding this enzyme was cloned and expressed in E. coli.
The enzyme is associated with the bacterial membrane and purified following detergent
solubilization. The C. maquilingensis SQR oxidizes sulfide, using decylubiquinone as the
electron acceptor. Since relatively little is known about the details of how monotopic
membrane proteins bind to the membrane [22], a secondary goal was to define which
portion(s) of the polypeptide are required for membrane binding. For that, site-directed
mutagenesis was used to demonstrate that the C-terminal amphiphilic helix is both necessary
and sufficient for membrane binding.

2. Materials and Methods
2.1. Sequence analysis

Genes encoding SQRs were retrieved from the National Center for Biotechnology
Information (NCBI) and Department of Energy Joint Genome Initiative (JGI) databases. The
sequences were aligned using MUSCLE [25]. Conserved residues were identified with
BIOEDIT (Hall TA, 1999). Secondary structure was predicted by using PSIPRED v3.0
software [26].

2.2. Construction of expression plasmids and site-directed mutagenesis
The SQR from Caldivirga maquilingensis IC-167 [24] strain was cloned into pET22b (Apr,
Novagen). A Quick Change site-directed mutagenesis kit (Stratagene) was used to construct
the different point mutations. The His-tag (8 histidines) was introduced in the N-terminal
and the final plasmids were transformed into E. coli C43 (DE3) strain (Avidis, France)
containing pRARE (Cmr, Novagen).

2.3. Cell growth, enzyme expression and purification
E. coli C43 cells were grown in LB medium with 100 µg/ml ampicillin and 20 µg/ml
chloramphenicol at 37 °C. Gene expression was induced by addition of 1 mM IPTG
(isopropyl-D-thiogalactoside) when cells reached an OD600 ~ 0.7. All purification
procedures were carried out at 0–4° C. Cells were harvested and resuspended in buffer A (50
mM sodium phosphate, pH 7.5, 300 mM NaCl) with 5 mM MgSO4, DNase I and a protease
inhibitor cocktail (Sigma). The cells were then disrupted by passing twice through a
microfluidizer at a pressure of 80,000 psi. The cell extract was centrifuged at 14,000×g for
10 min to remove the unbroken cells. Membranes were obtained after centrifugation at
230,000×g for 4 h. Pellets were resuspended in buffer A plus the protease inhibitor cocktail,
and then solubilized by the addition of a stock solution of 20% DDM (dodecyl-β-D-
maltoside) dropwise to a final concentration of 1%. The suspension was incubated at 4° C
for 2 h with mild agitation and then cleared by centrifugation at 230,000×g for 1 h. The
supernatant was added to 5 ml Ni-NTA resin (Qiagen) pre-equilibrated with buffer A plus
0.05% DDM and 10 mM imidazole. The protein bound to the resin was washed with buffer
A plus 0.05% DDM and 50 mM imidazole and then eluted with buffer A with 0.05% DDM
and 200 mM imidazole. Fractions were concentrated by filtration, and the imidazole was
removed by dialysis against buffer A plus 0.05% DDM. The purified protein could be stored
frozen at −80°C after the addition of glycerol to a final concentration of 10%.
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2.4. Analytical methods
Protein concentration was determined using the BCA protein assay (Thermo Scientific,
Pierce Protein Research Products). The protein purity was evaluated by SDS-PAGE using a
4–20 % gradient gel (NuSep). The FAD content of the pure protein was determined
spectroscopically with an Agilent Technologies spectrophotometer (model 8453), using an
extinction coefficient of 10.8 cm−1 mM−1 for the oxidized flavin [27] after extraction from
the protein by treatment of the sample with 5 % trichloroacetic acid [28]. No flavin was
present in the precipitated protein pellet. Additionally, fluorescence emission and excitation
spectra of the supernatant and the resuspended pellet were recorded using a fluorescence
spectrophotometer (Cary Eclipse, Agilent Technologies). The samples were excited at 365
nm and the emission spectra were recorded from 480 to 630 nm. The redox state of the
flavin in the intact protein was monitored by the fluorescence excitation spectrum (emission
wavelength of 520 nm), recorded at room temperature before and after the addition of
different concentrations of sulfide (reductant) and quinone (oxidant).

2.5. Enzyme activity assays
SQR activity was measured at 60° C. The 200 µL reaction mixture contained 50 mM sodium
phosphate pH 7.5, 300 mM NaCl, 0.05% DDM, 10 µM to 200 µM decylubiquinone (Sigma),
and 5 µg (0.55 µM) of the purified enzyme. The reaction was started with the addition of 25
µM to 250 µM sodium sulfide, prepared fresh with N2-flushed 50 mM sodium phosphate,
pH 7.5. The reaction progress was monitored for 3 min by the decrease in absorption of
decylubiquinone at 275 nm using a Shimadzu spectrophotometer UV-2101PC, following a
procedure modified from Shahak et al [29]. An extinction coefficient of 12.4 cm−1 mM−1 at
275 nm was used to determine the extent of reduction of decylubiquinone [30].

2.6. Determination of kinetic constants
Kinetic parameters were determined using nonlinear least square analysis (Origin8.0) of the
data fitted to the Michaelis–Menten rate equation (v = Vmax (S) / (Km + S), where v is the
velocity, Vmax is the maximum velocity, S is the substrate concentration and Km is the
Michaelis-Menten. The enzyme rates are expressed as a turnover number (kcat) based on the
concentration of flavin, nmol quinone reduced s−1 nmol FAD−1.

3. Results
3.1. Protein expression and characterization

Recently Marcia et al [13] proposed a new classification of SQRs into six different groups.
Analysis of the amino acid sequence of the SQR from C. maquilingensis (Figure 1) reveals
that this enzyme belongs to Type III, or SqrC according to the nomenclature of Gregersen et
al [5]. The His-tagged protein was heterologously expressed in E. coli, solubilized from
membranes using the detergent DDM, and purified by affinity chromatography. The protein
yield was 2 mg from 1 liter of cell culture. SDS-PAGE analysis shows a single band with
apparent molecular weight of 45 kDa (Figure 2), similar to other SQRs [13, 20, 21, 31]. The
UV-visible spectrum shows the presence of FAD in the protein, and a shoulder at 465 nm
indicating the cofactor is in an apolar environment [32] (Figure 3A). Precipitation of the
protein with 5% tricholoracetic acid leaves the FAD cofactor in solution, demonstrating that
the FAD is not covalently bound to the protein (Figure 3B). Quantitation of the extracted
flavin shows about 50–60% of the expected value based on one equivalent of FAD per SQR
polypeptide. A low flavin content has been observed with other heterologously expressed
flavoproteins and is not unusual [23, 33]. Several methods were attempted to increase the
FAD content without success. Among the methods used were 1) addition of 0.5 mg/L
riboflavin to the growth medium; 2) decrease the growth rate after induction with IPTG, by
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reducing both the temperature (to 30° C) and agitation rate (to 100 rpm); 3) reduction of the
rate of protein expression by decreasing the IPTG concentration to 0.5 mM; 4) addition of
20 µM FAD to all of the the purification buffers; and 5) flavin reconstitution by a cycle of
deflavination-flavination of the purified protein [34]. These were all unsuccessful at
increasing the incorporation of FAD into the protein.

The sulfide oxidase activity of the purified SQR was examined with several different
quinones as oxidants: menadione, duroquinone, ubiquinone-1 and decylubiquinone. The
highest steady state activity was observed with decylubiquinone (Table 1), and all
subsequent characterizations were performed with decylubiquinone as the electron acceptor.
The steady state activity increased as a function of temperature between room temperature
and 60°C, the highest temperature examined, to a value of 0.60 nmol quinone reduced s−1

nmol FAD−1 (kcat = 0.6 s−1). The optimal growth temperature for C. maquilingensis is 85°C
[24], but measurements above 60°C were not feasible. The activity was not increased by the
addition of FAD (20 µM) to the assay buffer. At 60°C, the Km values for both sulfide and
decylubiquinone are in the micromolar range (Table 2). The enzyme activity is inhibited
completely in the presence of 250 nM aurachin C, a quinone analogue [35, 36], and by
iodoacetamide (300 µM), a sulfhydryl blocking agent, which is consistent with reports of
SQRs from other organisms [2].

3.2. Conversion of C. maquilingensis SQR from a membrane protein to a soluble protein
The amino acid sequence analysis of C. maquilingensis SQR shows no predicted
transmembrane helices. Therefore, like other SQRs [17], the C. maquilingensis SQR is a
monotopic membrane protein, using the classification of Blobel [37]. One experimental
manifestation of this is that treating the E. coli membranes containing C. maquilingensis
SQR with 1 M NaCl (or higher) results in quantitatively removing the protein from the
membrane. Although the salt-extracted enzyme has no sulfide:decylubiquione
oxidoreductase activity, subsequent dialysis to remove the salt in the presence of 0.05%
DDM fully restores the activity (not shown). This indicates no irreversible damage has been
done to the protein by this treatment.

Monotypic membrane proteins have one or more segments that enter and leave the
membrane bilayer from the same side. A computational study [22] of 11 different monotopic
membrane proteins showed that the interactions with the membrane were mediated primarily
through hydrophobic amino acid residues (particularly F, L, I and V, but also Y and W)
which insert into the non-polar portion of the bilayer, as well as basic residues (R and K, but
also H to a lesser extent). These residues may be distributed over the protein interface in
contact with the membrane, or may be localized within one or more amphiphilic helices.

The C. maquilingensis SQR has two amphiphilic helices near the C-terminus (Figure 4). The
hypothesis that these mediate membrane binding was tested by site-directed mutagenesis
both by removal of the helices and by point mutations (Table 2). The mutated residues were
chosen based on Heliquest software predictions [38]. The amino acids selected for mutation
were hydrophobic and proposed to be located on the hydrophobic side of the helix (Figure
4). Figure 5 shows the X-ray structure of the C-terminal region of the SQR from A.
ferrooxidans [19, 20] corresponding to that which was modified by mutagenesis in the C.
maquilingensis SQR. One evident feature is that residues in the C-terminal amphipathic
helices are also at or near the binding site for the substrate decylubiquinone (Figure 5).

A. Truncations: Two constructs were made. In SQRT1 a stop codon was introduced to
eliminate the last 21 amino acids from the C-terminus, removing one putative
amphiphilic helix. Figure 4B shows a helical wheel diagram of this helix. In
construct SQRT2, the last 45 amino acids are removed, thus eliminating both of the
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amphiphilic helices (Figure 4). Both SQRT1 and SQRT2 when expressed in E. coli
resulted in water-soluble proteins (Table 2). In each case the yield of protein was
nearly 5-fold higher than the wild type construct, in which the recombinant protein
is bound to the membrane. The FAD content of each of the truncated proteins, as
well as the characteristics of the absorption spectra, were identical to those of the
detergent-solubilized, wild type SQR. However, no sulfide:decylubiquinone
oxidoreductase activity was observed in either case. These results show that
minimally, the last C-terminal amphiphilic helix is both necessary and sufficient to
mediate the binding of C. maquilingensis SQR to the membrane bilayer.

B. Point mutations: Several combinations of multiple mutations as well as single
mutations in the C-terminal amphiphilic helix were examined.

a. Y383Q/F384K/L379D/M380N: Guided by the amphiphilic pattern of the
putative C-terminal helix shown in Figure 4, four point mutations were
introduced into the SQR, replacing hydrophobic residues by polar or
ionizable amino acids. The resulting protein is found entirely in the
cytoplasmic fraction but there is no catalytic activity (Table 2). This shows
that the complete deletion of the C-terminus is not required to free the
protein from the membrane.

b. Y383Q/F384K: This double mutant corresponds to two of the four
mutations shown above to eliminate membrane binding. This protein was
expressed in a yield similar to the wild type SQR, and was found equally
in the cytoplasmic and membrane fractions after cell disruption (Table 2),
i.e., half of the protein was found in a water-soluble form. The SQR was
isolated from each fraction, using DDM to solubilize the membrane-bound
fraction as with the wild type protein. The isolated proteins from each
fraction contained FAD to the same extent as the wild type SQR.
Remarkably, both the soluble and membrane-bound versions of this
double-mutant are catalytically active (sulfide:decylubiquinone
oxidoreductase activity). The comparison of the steady state kinetic
parameters of the enzymes isolated from the membrane and cytoplasmic
fractions is shown in Table 2. The membrane-bound mutant enzyme has a
specific activity about 30% higher than the wild type SQR and the Km for
sulfide is about half of the value found for the wild type (46 µM vs. 77
µM). The water-soluble version of this mutant SQR is twice as active as
the wild type SQR (1.20 vs. 0.60 nmol quinone reduced s−1 nmol FAD−1)
and the Km values for both sulfide and decylubiquinone are about the
same as the wild type, membrane-bound form. This double mutant does
not eliminate, but weakens the membrane association of the protein. The
soluble form is, however, functional with decylubiquinone as substrate.

c. L379D/M380N: This double mutant corresponds to the second pair of
mutations in the quadruple mutant, Y383Q/F384K/L379D/M380N, which
eliminates membrane binding. As with the Y383Q/F384K double mutant
(above), the expressed protein was found in both the cytoplasmic and
membrane fractions in equal proportions after disruption of the E. coli
cells (Table 2), and each fraction had the same FAD content as the
membrane-bound wild type SQR (about 50%). The total yield of this
recombinant protein was comparable to the wild type. However, both the
membrane-bound and soluble forms of this protein were inactive (Table
2). Hence, this double mutant, like the Y383Q/F384K mutant described
above, weakens the membrane affinity but does not eliminate membrane
binding of the protein. Furthermore, one or both of the mutations in the
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L379D/M380N double mutant must be responsible for the loss of catalytic
activity.

d. M380N: This is one of the two mutations in the L379D/M380N double
mutant. The M380N mutation by itself results in protein that is entirely
membrane-bound, but which has the same activity as wild type SQR.
Hence, this substitution by itself is not responsible for the loss of activity
of the L379D/M380N double mutant but is insufficient to result in any of
the recombinant protein being free of the membrane.

e. L379D: This single mutation is responsible for the loss of catalytic activity
of the Y383Q/F384K/L379D/M380N quadruple mutant of the C.
maquilingensis SQR. All of the expressed protein is membrane-bound.
Because of the likely proximity of this region of the protein to the binding
site for decylubiquinone (Figure 5), the function of this site was
investigated further. Figure 6 shows the fluorescence excitation spectrum
of the protein-bound flavin for the wild type as well as several mutant
SQRs. In each case the spectrum is shown: 1) in the absence of substrates;
2) after the addition of sulfide; and 3) after the subsequent addition of
decylubiquinone. For the wild type SQR as well as for each mutant
examined, the addition of sulfide results in reduction of the bound FAD,
and the lower intensity of the fluorescence. Subsequent addition of
decylubiquinone to the wild type SQR restores the FAD to the oxidized
state, with concomitant increase in the FAD fluorescence intensity. The
same result is obtained with the fully active M380N mutant. However, the
addition of decylubiquinone to the L379D mutant fails to reoxidize the
protein-bound FAD (Table 2 and Figure 6). It is concluded that this
mutant is inactive due to the selective perturbation of the interaction with
decylubiquinone.

f. L379N: This mutation places a polar but non-ionizable residue in place of
L379. The mutant behaves identically to L379D, described above, and is
inactive due to a perturbation of the decylubiquinone binding site (Figure
6). Hence, placing a potential negative charge at this site is not required to
inactivate the enzyme.

In summary, these data demonstrate that the affinity of recombinant C. maquilingensis SQR
for the E. coli membrane is substantially reduced by the substitution of two amino acids in
the C-terminal amphiphilic helix, resulting in half of the isolated protein being found in the
cytoplasm. Substitution of four non-polar residues in the amphiphilic helix with more polar
amino acids is sufficient to convert the monotypic membrane protein to a water-soluble
form. The role of the C-terminal amphiphilic helix in the binding of the quinone substrate is
also demonstrated by the L379 mutations. This is not surprising since in vivo the quinone
must access the enzyme-bound flavin through the membrane bilayer.

4. Discussion
4.1. Biochemical characteristics of the enzyme

The first significant aspect of this work is the demonstration that the gene from C.
maquilingensis predicted to encode a Type III/SqrC SQR [5, 13] does, indeed, encode an
enzyme with SQR activity. This is the first enzyme in this classification to be characterized
and shown to be an SQR. Furthermore, the C. maquilingensis SQR is only the second
representative of SQR from an archaeal source, the first being from A. ambivalens [21]. The
activity of C. maquilingensis SQR is comparable to the activity reported for A. ambivalens
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SQR (at 50 °C) [21]. This is 10-fold slower than the SQR from R. capsulatus [31], 60-fold
slower than the SQR from A. ferrooxidans [39] and 100-fold slower than the SQR from A.
aeolicus (at 80 °C) [17].

To date, all SQRs appear to contain FAD as a cofactor. The SQRs from A. ambivalens [21]
and from A. aeolicus [18] each have covalently-bound FAD linked to a cysteine residue.
Although the homologous cysteine is present in the SQR from A. ferrooxidans [20], the
FAD is non-covalently bound to this enzyme. The homologous cysteine is not present in the
sequence of C. maquilingensis SQR (Type III) or in Type II or bacterial Type V SQRs [13].
Also, it has been demonstrated in R. capsulatus SQR that mutation of this cysteine (C127S)
does not alter the FAD content of the mutated enzyme compared to the wild type, although
the sulfide-dependent reduction of the FAD is inhibited [23]. Certainly, when present, the
cysteine at this sequence position in SQRs is at the FAD binding site, but this cysteine is not
essential for all SQRs for either flavin binding or function.

4.2. Attachment of the SQR protein to the membrane
SQRs have no transmembrane segments and are classified as monotopic proteins [37]. Other
monotopic proteins include prostaglandin H2 synthase-1 [40], prostaglandin H2 synthase-2
[41], the electron transfer flavoprotein:ubiquinone oxidoreductase [42, 43], glycerol-3-
phosphate dehydrogenase [44] and oxidosqualene cyclase [45]. These proteins interact at the
surface of one side of the membrane bilayer, but the depth of penetration and extent of
perturbation of the membrane may differ substantially for different monotopic proteins [22].
There is no signature folding motif or sequence to identify the membrane-interacting
domain(s). In some cases, the primary mode of attachment is through an amphiphilic helix
which lies more-or-less parallel to the plane of the bilayer with hydrophobic residues
penetrating into the hydrophobic region of the membrane. Examples are fatty acid amide
hydrolase [46] and the electron transfer flavoprotein:ubiquinol oxidoreductase [42, 43].
Other monotopic membrane proteins interact through a hydrophobic patch consisting of
residues from different parts of the protein sequence, exemplified by apocarotenoid cleavage
oxygenase [47]. Computational [22] as well as bioinformatics surveys [48] indicate that the
stabilizing interactions are through hydrophobic residues and through basic residues which
interact with the phospholipid headgroups. It is noted that the membrane of C.
maquilingensis, contains large amounts of tetraether core lipids [24], which are very
different from the E. coli membrane lipids. Nevertheless, it is likely that the pattern of
affinities of mutant SQRs for the E. coli membrane will also apply qualitatively for the
natural membrane under physiological conditions.

The C. maquilingensis SQR has two predicted amphiphilic helices near the C-terminus. The
fact that the protein can be readily removed from the E. coli membrane by 1 M NaCl
suggests that the membrane-protein interaction is fairly weak, consistent with the main
interaction being through amphiphilic helices that do not penetrate deeply into the bilayer.
The essential functional requirement is that the membrane-bound quinone must be able to
access the FAD to facilitate electron transfer. The X-ray structures of the SQRs from A.
aeolicus [18] and from A. ferrooxidans [20] each contain a quinone, and each of these
proteins has been modeled to interact with the membrane through two C-terminal
amphiphilic helices, with an opening facing the hydrophobic core of the bilayer which leads
to an hydrophobic channel through which the quinone can access the reduced FADH2. This
is likely to also be true for the C. maquilingensis SQR.

In attempting to define residues critical for membrane association by site-directed
mutagenesis, the overlap between regions of the protein important for quinone interaction
and for membrane binding is a complication. This was encountered when the C-terminal
helix was removed by truncation of the final 21 amino acid residues. The resulting protein is
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water-soluble but has no catalytic function, presumably because the access of the
decylubiquinone substrate was perturbed in the mutant. The same is also true for the L379D/
M380N mutant SQR, half of which is isolated in a soluble form, but which has no catalytic
activity. The lack of activity was shown to be entirely due to mutation of L379, and the lack
of enzyme activity is due to the inability of the protein-bound FADH2 to be oxidized by
decylubiquinone (Table 2 and Figure 6). L379 corresponds to F410 in the structure of A.
ferrooxidans SQR (Figure 6), which interacts with the aliphatic tail of decylubiquinone.
Hence, this mutation likely either restricts access of the quinone to the active site flavin, or
destabilizes quinone binding.

Mutation of the pair of residues Y383Q/F384K also results in 50% of the protein being
water-soluble. However, in this case the soluble version of the C. maquilingensis SQR has
twice the sulfide:decylubiquinone activity as the detergent-solubilized wild type enzyme.
The decreased sulfide Km of the detergent-solubilized version of this mutant SQR could be
related to the introduction of a positive charge close to the flavin, possibly altering the redox
potential of the cofactor [49]. Alternatively, the positive charge of the lysine might increase
the attraction of the anionic substrate (sulfide).

There are relatively few experimental data on the interactions of monotopic membrane
proteins with the lipid bilayer [22]. The protein-membrane interaction of C. maquilingensis
is relatively weak and disrupted by just a pair of mutations in one amphiphilic helix. In order
to convert 100% of the C. maquilingensis SQR to a water-soluble form, we substituted 4
hydrophobic amino acids within the C-terminal amphiphilic helix with polar residues. The
data do not rule out favorable interactions between the membrane and the second putative
amphiphilic helix located near the C-terminus (Figure 4). However, the data do show that
membrane interactions with the C-terminal helix are necessary to maintain the C.
maquilingensis SQR bound to the membrane, and are also important for the access of the
quinone substrate to the protein-bound flavin at the enzyme active site.
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Highlights

• The sulfide:quinone oxidoreductase (SQR) from C. maquilingensis was
characterized.

• This is the first representative of a “Class III” SQR to be charcterized.

• Membrane binding is mediated by residues in the C-terminal amphiphilic helix.

• Mutations in this portion of the protein converts the enzyme to a soluble form.
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Figure 1. Amino acid sequence alignment of several SQRs, including that from C. maquilingensis
The residues and regions of the sequences that are used to distinguish the 6 classes of SQRs
are highlighted in gray. The “1st and 2nd capping loops” and the extended C-terminal are
also indicated. Asterisks mark the mutations made in the C. maquilingensis SQR. A.a.,
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Aquifex aeolicus Type I SQR; A.f., Acidithiobacillus ferrooxidans Type I SQR; R.c.,
Rhodobacter capsulatus Type I SQR; A.h. Anphotece halophytica Type I SQR; O.l.,
Oscillatoria limnetica Type I SQR; C.m., Caldivirga maquilingensis Type III SQR; V.d.,
Vulcanisaeta distributa Type III SQR; A.am., Acidianus ambivalens Type V SQR.
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Figure 2. Expression and purification of SQR, SQRT1 and SQRT2
SDS-PAGE gel showing the purified C. maquilingensis SQR (WT), along with the water-
soluble truncated forms of the enzyme. T1 has the last 21 amino acids removed, including
the C-terminal amphiphilic helix, and T2 lacks 45 amino acids and both amphiphilic helices.
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Figure 3. UV-visible and fluorescence spectra of the purified C. maquilingensis SQR
(A) The pure protein exhibits a typical UV-visible absorption spectrum of a flavoprotein,
with characteristic peaks at 375 and 440 nm for the oxidized FAD. (B) After a brief
incubation with 5% trichloroacetic acid at room temperature, the fluorescence emission
spectra of supernatant (dashed line) and resuspended protein (straight line) were recorded
between 470 nm and 650 nm (excitation at 365 nm). The data show that the FAD is not
covalently bound to the protein.
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Figure 4. The amphiphilic helices at the C-terminal region of the C. maquilingensis SQR
(A) Schematic showing the sequences and locations of the two amphipathic helices. The
sequence in red corresponds to the predicted amphiphilic helices, and the dashed lines
indicate the locations of the C-termini of the two truncations that result in water-soluble
protein. (B) A helical wheel depiction of the amphiphilic helix closest to the C-terminus
(Helix 2 in Panel A). The sequence is shown, with the two pairs of residues in red, which
were altered by mutagenesis.
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Figure 5. A portion of the C-terminal structure of the Acidithiobacillus ferrooxidans SQR (PDB
ID: 3T31) [19, 20] highlighting the homologous amino acids mutated in C. maquilingensis
F410 in the A. ferroxidans sequence corresponds to L379 residue in the C. maquilingensis
sequence.
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Figure 6. Fluorescence excitation spectra of purified wild type and mutant C. maquilingensis
SQR
Excitation spectra are shown for (A) wild type, (B) M380N, (C) L379D and (D) L379N
SQR proteins. Spectra were recorded prior to substrate addition, (black lines); 20 min after
addition of 150 µM sulfide (red lines); 20 min after addition of 100 µM decylubiquinone
(green lines). All experiments were performed at room temperature, resulting in slow
oxidation and reduction of the FAD. Reoxidation of the FAD upon addition of
decylubiquinone is not observed for the L379D and L379N mutants. The protein
concentration was 1 mg ml−1 (22 µM protein; ~11µM FAD). The emission was monitored at
520 nm. Data are representative of results of at least three separate experiments. AU,
arbitrary units.
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Table 1

Relative sulfide:quinone oxidoreductase activities of the C. maquilingensis SQR with different short chain
quinones.

Electron acceptor Activity (%)

Decylubiquinone 100a

Menadione 25

Duroquinone 23

Ubiquinol-1 15

a
Activity measured with decylubiquinone is 0.60 ± 0.07 nmol quinone reduced s−1 nmol FAD−1 (100%), and all activities are expressed as the

percent relative to this value. Measurements were performed at 60°C as described in the text.
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Table 2

Steady state kinetics parameters for wild type and mutant C. maquilingensis SQRs

Mutant SQR
Localization

(E. coli)
kcat

a

(s−1)
Km(Na2S)

(µM)
Km (decylubiquinone)

(µM)

WT membrane 0.60 ± 0.07 77 ± 8 30 ± 1

SQRT1 cytoplasm 0 ----- -----

SQRT2 cytoplasm 0 ----- -----

Y383Q/F384K membrane
(50%)

0.82 ± 0.04 46 ± 2 33 ± 3

cytoplasm
(50%)

1.20 ± 0.08 77 ± 5 36 ± 2

L379D/M380N membrane
(50%)

0 ---- ----

cytoplasm
(50%)

0 ---- ----

L379D membrane 0 ---- ----

L379N membrane 0 ---- ----

M380N membrane 0.62 ± 0.06 73 ± 6 32 ± 3

Y383Q/F389K
L379D/M380N

cytoplasm 0 ---- ----

a
Activity is expressed as nanomol of decylubiquinone reduced per second per nanomol of FAD, measured as described in the text at 60 °C. Data

are expressed as average ± SD of three independent experiments.
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