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Methyl sulfur compounds are a rich source of environmental sulfur for microorganisms, but their use
requires redox systems. The bacterial sfn and msu operons contain two-component flavin-dependent
monooxygenases for dimethylsulfone (DMSO;) assimilation: SfnG converts DMSO; to methanesulfinate
(MSI™), and MsuD converts methanesulfonate (MS™) to sulfite. However, the enzymatic oxidation of MSI™
to MS™ has not been demonstrated, and the function of the last enzyme of the msu operon (MsuC) is
unresolved. We employed crystallographic and biochemical studies to identify the function of MsuC from
Pseudomonas fluorescens. The crystal structure of MsuC adopts the acyl-CoA dehydrogenase fold with
putative binding sites for flavin and MSI™, and functional assays of MsuC in the presence of its oxido-
reductase MsuE, FMN, and NADH confirm the enzymatic generation of MS™. These studies reveal that
MsuC converts MSI™ to MS™ in sulfite biosynthesis from DMSO,.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

Sulfur is an essential element for life that microorganisms must
assimilate from the environment, typically as sulfate [1]. In sulfate-
limited environments, however, assimilation proceeds from orga-
nosulfur compounds containing stable C—S bonds, making utiliza-
tion of environmental sulfur a chemical challenge [2—4].
Dimethylsulfone (DMSO;) is a prevalent organosulfur compound
that has two C—S bonds, the chemical precursor of which is
dimethylsulfide (DMS) [5—7]. In addition to serving as a microbial
source of sulfur, DMSO, can be metabolically transformed for car-
bon and electrons [8].

To catabolize organosulfur compounds, bacteria have evolved
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redox pathways including two-component flavin-dependent
monooxygenases [9—12]. These systems require FMNH™ and O,
and they are found with separately encoded NAD(P)H:flavin oxi-
doreductases that supply FMNH™ [13,14]. In the assimilation of
sulfur from DMSO,, methanesulfinate (MSI~, S*?) and meth-
anesulfonate (MS™, S*4) are sequential intermediates (Fig. 1). The
monooxygenase SfnG from Pseudomonas fluorescens PfO-1 was
shown to catalyze C—S bond cleavage of DMSO5 [12], and Kertesz
et al. determined that the final C—S bond in MS™ is broken by the
monooxygenase MsuD to yield SO3~ and formaldehyde [3]. How-
ever, in order to complete the in vivo pathway for conversion of
DMSO; to sulfite, the sulfur atom of MSI™ must be oxidized from
S to S™. The last gene of the msu operon, msuC, encodes a pu-
tative dehydrogenase with 42% sequence identity to the mono-
oxygenase DszC [9], and although MsuC was reported to have a
stimulating effect on the desulfonation of MS™, the function of the
enzyme remained unclear [3]. Here, we report the structure of
MsuC and show by 'H NMR spectroscopy that MsuC oxidizes MSI~
to MS™ in an FMNH™-dependent manner. Our results complete the
DMSO, degradation pathway of P. fluorescens, revealing that the
microorganism uses three separate reduced flavin-dependent
monooxygenases to extract sulfur from DMSO; as S0%~.
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Fig. 1. Biochemical routes to sulfite from dimethylsulfide (DMS) and dibenzo-
thiophene (DBT) in bacteria. Dimethylsulfone (DMSO;) is an oxidized form of DMS
that is converted to methanesulfinate (MSI”), methanesulfonate (MS™), and finally
sulfite. In DBT metabolism, DBT is oxidized to dibenzothiophene sulfoxide (DBTO),
followed by oxidation to dibenzothiophene sulfone (DBTO,). Two enzymatic C—S bond
cleavages convert DBTO, to sulfite. Two-component flavin-dependent mono-
oxygenases are denoted in blue, and their flavin reductases are omitted for clarity.
Transporters for DMSO, and DBT across the bacterial cell wall, represented in beige, are
not known. Sulfur is standardly assimilated from sulfate by enzymatic conversion to
adenosine-5'-phosphosulfate (APS), 3’-phosphoadenosine-5’-phosphosulfate (PAPS),
and subsequent reduction. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

2. Materials and methods
2.1. Construction of pPflo1_msuC

The gene Pfl01_3917 (MsuC) was amplified by PCR from
P. fluorescens Pf0-1 genomic DNA using Phusion high fidelity DNA
polymerase (New England Biolabs, NEB) and primers listed in
Table S1. The amplified DNA was purified, digested with Ndel and
Xhol (NEB), and ligated into similarly digested pET28a (EMD Mil-
lipore) with T4 DNA Ligase (Promega). The constructed plasmid
was confirmed by sequencing.

2.2. Expression and purification

BL21(DE3) cells harboring pPfl01_msuC were incubated at 37 °C
and 200 rpm to an ODggg of 0.5—0.6 and subsequently were cooled
on ice before adding isopropyl-p-D-thiogalactopyranoside to
50 uM. Cultures were grown overnight at 16 °C and 200 rpm and
harvested by centrifugation at 3000xg for 30 min at 4 °C. Cell pel-
lets were washed with 20 mM Tris-HCI (pH 8.0) and 100 mM Nacl,
frozen in liquid N, and stored at —80 °C.

Purification was carried out on ice or at 4 °C. The cell paste was
thawed and resuspended in lysis buffer (20 mM Tris-HCl (pH 7.9),

500mM NaCl, 5mM imidazole) supplemented with 5pgmL™"
lysozyme, 10 pg mL~! DNase I, and 10 pg mL~' RNase A. Cells were
lysed with a French press at 14,000 psi and clarified by centrifu-
gation at 10,000 x g for 30 min. The cell-free extract was loaded onto
a 6 mL Ni-nitrilotriacetic acid Sepharose column equilibrated in
lysis buffer. The column was washed with lysis buffer before eluting
with 20 mM Tris-HCI (pH 8.0), 500 mM Nacl, 250 mM imidazole,
and 10% (v/v) glycerol. Protein-containing fractions were analyzed
by SDS-PAGE, pooled, and exchanged into 20 mM Tris-HCI (pH 7.7),
500 mM NaCl, and 10% (v/v) glycerol prior to concentration using a
50 mL Amicon stirred cell fitted with a 30 kDa molecular weight
cut-off (MWCO) polyethersulfone filter (Millipore). MsuC was ali-
quoted, frozen in liquid N, and stored at —80°C for assays. For
crystallography, MsuC was thawed and dialyzed against 50 mM Tris
(pH 8.5), 10% (v/v) glycerol, and 1 mM DTT, prior to loading onto a
5 mL UnoSphereQ column (Bio-Rad) pre-equilibrated in the same
buffer. Protein was eluted over a linear gradient from 0 to 500 mM
NaCl, and protein-containing fractions were pooled, concentrated
in a Vivaspin 20 (10 kDa MWCO) centrifugal concentrator (GE
Healthcare), and loaded onto a HiLoad 16/600 Superdex 200 pg
column (GE Healthcare) pre-equilibrated in 50 mM Tris (pH 8.0),
200 mM Na(l, 10% (v/v) glycerol, and 1 mM DTT. The eluted protein
peak was concentrated, aliquoted, flash frozen in liquid N, and
stored at —80 °C. Protein concentration was determined via the
Bradford method [15].

2.3. Crystallography

MsuC crystallized at 18°C via sitting-drop vapor diffusion
against a reservoir of 0.1 M Tris (pH 8.5), 0.15 M CaCly, and 30% (w/
v) PEG 3350. Drops contained 1 pL MsuC (5mg mL~1), 1 uL reser-
voir, and 0.5 pL 100% (v/v) glycerol. Crystals were cryoprotected in
0.1 M Tris (pH 8.5), 0.15M CacCly, 30% (w/v) PEG 3350, 2 mM FMN,
and 15% (v/v) glycerol for 48 h and flash cooled in liquid Nj. X-ray
diffraction data were collected at beamline 24ID-E at the Advanced
Photon Source, Argonne National Laboratory. Data were processed
using XDS [16], and molecular replacement was performed in
PHASER [17,18] using PDB 5XB8 [19] as a search model. Two mol-
ecules were placed within the asymmetric unit and submitted to
PHENIX AutoBuild, which rebuilt 375 out of 395 residues per
monomer. The resulting model was subjected to iterations of
manual model building in COOT [20] with positional and B-factor
refinement and simulated annealing in PHENIX [17]. NCS restraints
were used and released in later rounds of refinement, and occu-
pancies of alternate protein side chain conformations were opti-
mized. The model was verified using composite omit electron
density maps and Ramachandran analysis in MolProbity [21]. Data
and model statistics are presented in Table S2. Model preparation
and docking calculations were performed in BioLuminate 3.5
(Schrodinger). MsuC with FMN positioned from TdsC (PDB 5XDE)
was completed by adding missing side chains using Prime [22,23]
and was preprocessed to assign bond orders, charges and proton-
ation states using the Protein Preparation Wizard [24]. Placed FMN
was energy minimized to reduce steric clashes. The substrate MSI™
was built and structurally optimized using DFT in Jaguar [25]
(B3LYP-D3 with Poisson Boltzmann finite element water solvation
and the 6—31g**++ basis). Rigid body docking was performed
using default settings in Glide [26,27]. Figures were generated us-
ing Chemdraw (PerkinElmer) and PyMOL (Schrodinger).

2.4. Detection of monooxygenase activity
Assay solutions (1 mL) contained 1 mM MSI™, 2 uM FMN, 20 uM

MsuC, 0.5uM MsuEpg,, prepared as previously reported [12],
catalase (bovine liver, 1000 U mL~!), 50mM KP; (pH 7.5), and
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100 mM NaCl. Reactions were initiated with a final concentration of
1 mM NADH and incubated at 30°C, 100 rpm for 1 h. Urea (1 mL,
1 M) was added to quench enzyme activity. Solutions were lyoph-
ilized and subsequently dissolved in 0.5 mL D50, filtered through a
0.2 um filter, and analyzed by 'H NMR spectroscopy at 400 MHz
using instrumentation maintained by the Department of Chemistry
Instrumentation Facility at Massachusetts Institute of Technology.

3. Results
3.1. MsuC adopts a dehydrogenase superfamily fold

The 1.69 A resolution crystal structure of MsuC adopts the acyl-
CoA dehydrogenase fold [28,29], with an N-terminal ¢-domain (L9
— F118) containing five a-helices, a central f-domain (W119 —
T222) comprised of two B-sheets, and a C-terminal a-domain (P223
—Y394) containing five a-helices (Fig. 2 and S1A,B). The final model
is missing only the N-terminal affinity tag and the first eight resi-
dues of the MsuC coding sequence (M1 — T8) due to poor electron
density. MsuC is most structurally similar to the dibenzothiophene
(DBT) monooxygenases TdsC (r.m.s. deviation of 1.4 A for 385 co
atoms) and DszC (r.m.s. deviation of 1.3 A for 386 ca atoms), with
43% and 42% amino acid sequence identity, respectively (Figs. S1C
and S2) [19,30—32]. TdsC and DszC are class D [13] sulfur assimi-
lation proteins that catalyze sequential oxidations of sulfur within
DBT (S~2) to dibenzothiophene sulfoxide (DBTO, S°) and dibenzo-
thiophene sulfone (DBTO,, S*2) (Fig. 1).

The MsuC asymmetric unit contains a dimer, and crystallo-
graphic symmetry defines a dimer of dimers configuration, or
homotetramer (Fig. 2), also observed in gel filtration (Fig. S1D). The
tetramer buries 13,340 A? of surface area [33], and contacts between
MsuC chains are primarily established by the C-terminal a-domain.
The quaternary structure of MsuC is consistent with DBT mono-
oxygenases [19,30—32] and other class D flavin-dependent mono-
oxygenases exhibiting the acyl-CoA dehydrogenase fold [34—37].

Fig. 2. Overall tetrameric structure of MsuC. Molecule A is colored with the N-ter-
minal o-domain in blue, the B-domain in yellow, and the C-terminal ¢-domain in red.
Remaining molecules are black, grey, and white. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

3.2. MsuC demonstrates monooxygenase activity

Because of the sequence and structural similarity between DBT
monooxygenases and MsuC, it was hypothesized that MsuC might
be functionally similar to TdsC/DszC and mediate the formation of a
S=0 bond, specifically the oxidation of MSI~ (5*2) to MS™ (5™%)
(Figs. 1 and 3). Furthermore, given the position of MsuC in the msu
operon and its putative assignment as a dehydrogenase or oxy-
genase [3], we speculated that there might be an in vivo pathway
for the synthesis of MS™ [38]. In order to test for the production of
MS™ by MsuC, an assay was designed employing the NADH:FMN
oxidoreductase MsuEpq, [12]. Nonenzymatic oxidation of MSI™ to
MS™ from futile coupling of FMNH™ and O, has been observed
in vitro, therefore, catalase was added to neutralize released H,0,
[39]. Finally, the flavin concentration was kept an order of magni-
tude lower than the monooxygenase to limit the formation of free
FMNH™ in solution.

The 'H NMR spectrum of the endpoint assay shows near com-
plete conversion of MSI™ to MS™ (Fig. 3 and Figs. S3 and S4). When
MsuE or both MsuC and MsuE were omitted from the reaction,
MSI™ was recovered, thus MsuC requires the FMN reductase MsuE,
consistent with the function of this enzyme as a two-component
flavin-dependent monooxygenase that catalyzes the 2 e~ oxida-
tion of sulfur. As expected, when the monooxygenase component
MsuC is omitted from the reaction, generated free FMNH™ from
MsuE and O in solution are able to mediate product formation
despite the presence of catalase, consistent with reported nonen-
zymatic oxidation of MSI™ [12]; importantly, near complete con-
version of MSI™ to MS™ is only observed when the monooxygenase
MsuC is included. It was speculated that DMSO might also be a
substrate for MsuC, as the oxidation of DMSO to DMSO, would
provide an in vivo pathway for the biochemical synthesis of the
substrate for SfnG. However, an endpoint assay with DMSO showed
no DMSO, formation, suggesting MsuC is specific for the $*2 oxy-
anion (Fig. S5).

3.3. MsuC contains a conserved flavin-binding site

The monooxygenase activity of MsuC suggests that MsuC con-
tains an active site where both reduced FMN and MSI™ bind.
Although crystals were soaked in cryoprotectant with FMN, no
electron density for FMN was observed. Structural superimposi-
tions of MsuC with the homologs TdsC and DszC (Fig. S6) [19,31]
reveal that loops surrounding the active site are in a “closed”
confirmation in the MsuC structure, suggesting why FMN soaking
experiments were unsuccessful. Therefore, structural superimpo-
sitions of MsuC with the FMN-bound homologs TdsC (Fig. 4A) and
DszC (Fig. S6) [19,31] were used to model FMN within the MsuC
active site.

The proposed flavin-binding site in MsuC is located between
both ¢-domains and the f-domain, and it shares several conserved
residues with TdsC (Fig. 4B) and DszC (Fig. S7A) capable of inter-
acting with the isoalloxazine ring. N5 of the modeled FMN is
positioned within hydrogen-bonding distance of S149 in MsuC, and
N121 is poised to interact with N3 and O4. F147 and W188 form van
der Waals contacts with the si-face of the isoalloxazine ring.
Interestingly, N124 in MsuC replaces a serine residue in TdsC and
DszC observed within hydrogen-bonding distance of the N1 posi-
tion, which could interact with either the protonated or deproto-
nated forms of reduced flavin. N124 is positioned away from the
modeled flavin in MsuC and would need to undergo a conforma-
tional change to interact.

Residues proposed to interact with the phosphoribityl portion of
FMN are primarily from the C-terminal o.—domains of two adjacent
protomers (Fig. 4A). The C-terminal carboxylate (S395) engages in a
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carbons are grey; TdsC carbons are purple; displayed hydrogen-bonding distances are colored black for MsuC and yellow for TdsC; and the FMN C4a—MSI™ sulfur distance is green.
Alignment with DszC is omitted for clarity but included in Fig. S7. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this

article.)

bidentate hydrogen-bonding interaction with R316 (Fig. S8), and H369 is located further away from the modeled FMN and is
the penultimate Y394 is placed near the FMN ribityl moiety observed in two alternate conformations, one of which corresponds
(Fig. 4B). However, higher B-factor values and residual negative more closely to the position of the analogous histidine in TdsC and
difference electron density for Y394 and S395 suggest these resi- DszC. Taken together, slight movements of residues within the C-
dues are not positioned fully in the absence of bound FMN. Lastly, terminal a-domain likely will accompany FMN binding.
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3.4. MsuC contains a methanesulfinate binding site

Studies docking MSI™ into the proposed MsuC active site place
MSI™ below the plane of the isoalloxazine ring (Fig. 4C and Fig. S7B),
as observed for DBT and DBTO binding in structures of TdsC [19].
This docked pose positions the MSI™ sulfur atom 5.6 A from the
flavin C4a position, consistent with sulfur oxidation by MsuC. The
two oxygen atoms of MSI™ are positioned near positively charged
R228, poised to stabilize the negative charge on MSI™. Two addi-
tional polar residues, N121 and N124, are located nearby and pro-
posed to interact with the flavin isoalloxazine ring, and the rest of
the binding site is of hydrophobic character. The protein C-terminal
residues constitute one face of the MSI™ binding site; therefore,
Y394 is positioned to interact with both MSI™ and the flavin, as
detailed above.

4. Discussion

Here, we report that MsuC is the enzyme responsible for the
conversion of MSI™ to MS™, a reaction previously attributed to non-
enzymatic chemical oxidation. MsuC is a two-component flavin-
dependent monooxygenase that functions as the second enzyme
required for the assimilation of DMSO, to sulfite, revealing a novel
step in bacterial metabolism of organosulfur compounds. DMSO; is
deposited from the chemical oxidation of atmospheric DMS, thus
the metabolic pathway from DMSO; to SO5~ is important to the
global cycling of sulfur. Indeed, it has been shown that the regu-
lation of sfnG and msuEDC by enhancer-binding protein SfnR2 is
directly correlated to DMS assimilation in P. aeruginosa PAO1 [40].
Endoh and coworkers first identified SfnR in 2003 as the last gene
in the sfnECR operon responsible for the regulation of DMS meta-
bolism in P. putida DS1 [41], but purified recombinant enzymes
shown to mediate the biochemical conversion of DMS to DMSO or
of DMSO to DMSO; in any species of Pseudomonads have not been
reported. Proteins connecting DMS to the in vivo synthesis of
DMSO; have been genetically characterized as two-component
flavin-dependent assimilatory DMS and DMSO S-mono-
oxygenases [42], and efforts to study the putative S-mono-
oxygenases in vitro are currently underway.

Our studies reveal similarities and intriguing differences be-
tween MsuC and the DBT monooxygenases DszC/TdsC and provide
additional information for the structure and function of class D
flavin-dependent monooxygenases [13]. Both DszC and TdsC are
capable of catalyzing successive oxygenation reactions (DBT —
DBTO — DBTO3), yet MsuC is unable to convert DMSO to DMSO,.
The MsuC structure suggests why. Although predicted FMN-
binding residues are highly similar in these homologous sulfur
assimilation proteins, residues involved in organosulfur substrate
binding are not. The proposed MSI™ site has evolved to stabilize the
binding of a negatively charged molecule, whereas DMSO is a
neutral molecule. Additional structural and biochemical studies are
currently under way to elucidate the mechanism and promiscuity
of this system.

Structure deposition

The MsuC coordinates and structure factors (PDB ID 6UUG) have
been deposited to the Protein Data Bank (http://wwpdb.org/).
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