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Abstract Metabolic pathways of aerobic bacteria able to
assimilate sulfur can provide biocatalysts for biodesulfur-
ization of petroleum and of other sulfur-containing pollu-
tants. Of major interest is the so-called “4S pathway,” in
that C—S bonds are specifically cleaved leaving the carbon
skeleton of substrates intact. This pathway is carried out by
four enzymes, named Dsz A, B, C, and D. In view of a
possible application of recombinant Dsz enzymes in
biodesulfurization treatments, we have investigated the
structural features of enzymes cloned from a Rhodococcus
strain isolated from polluted environmental samples and
their resistance to temperature (20-95 °C) and to organic
solvents (5, 10, and 20 % v/v methanol, acetonitrile, hex-
ane, and toluene). Changes in protein structures were
assessed by circular dichroism and intrinsic fluorescence
spectroscopy. We found that all Dsz proteins are unfolded
by temperatures in the range 45-60 °C and by all solvents
tested, with the most dramatic effect being produced by
toluene. These results suggest that stabilization of the
biocatalysts by protein engineering will be necessary for
developing biodesulfurization technologies based on Dsz
enzymes.
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Introduction

Biotechnology may take advantage of the metabolic abilities
of living beings that offer an astonishing repertoire of
enzymatic catalysts. Enzymes can be applied in reactions of
commercial and/or environmental relevance, either directly
or upon improvement by protein engineering techniques. In
this context, enzymes evolved by bacterial strains able to
assimilate sulfur are of interest for application in the trans-
formation of sulfur-containing chemical compounds, envi-
ronmental decontamination, and fossil fuels desulfurization
[1]. Major organosulfur contaminants of oils are aromatic
compounds, such as benzothiophene, dibenzothiophene
(DBT), and their alkylated derivates. Desulfurization of
crude and refined petroleum products is conventionally
carried out by high-pressure and high-temperature
hydrodesulfurization (HDS) [2, 3]. Increasingly strict envi-
ronmental regulations about sulfur emission from fossil fuels
and the fact that some organosulfur compounds are recalci-
trant to HDS are driving the development of alternate tech-
nologies, in particular microbial (or bio) desulfurization
(BDS). Sulfur-metabolizing bacteria such as Rhodococcus,
Nocardia, Paenibacillus, and others are able to desulfurize
aromatic heterocycles, including DBT, via the aerobic “4S
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pathway,” in which carbon—sulfur bonds are cleaved leaving
the carbon skeleton of substrates intact [1, 4]. Reactions of
this four-step pathway convert DBT into 2-hydroxybiphenyl
(2-HBP) and sulfate. Four enzymes are involved: two flavin-
dependent monooxygenases (DszA and DszC), a desulfinase
(DszB) and a FMN:NADH oxidoreductase (DszD), neces-
sary to recycle the monooxygenase coenzyme [4, 5].
Desulfurization occurs through sequential oxidation of the
sulfur moiety and cleavage of C—S bonds. DszC monooxy-
genase converts DBT first to DBT sulfoxide (DBTO) and
then to DBT sulfone (DBTO,). DszA attacks the C-S bond of
DBTO, and produces 2'-hydroxybiphenyl-2-sulfinate
(HBPS), which is then converted to 2-HBP and sulfate by the
DszB desulfinase. Finally, DszD recycles reduced flavins
through the oxidation of NADH. Genetic studies demon-
strated that dszA, dszC, and dszB genes are plasmid-encoded
and belong to the same operon [6—8], while dszD is located
on the bacterial chromosome [9]. Tough it was already
demonstrated that whole bacterial cells can desulfurize die-
sel fuels [10, 11], replacement of HDS by microbial desul-
furization is still hindered by major limitations [1], notably
the inhibition of the expression of dsz genes by end products
and sulfate [12], the costs of cultivation of desulfurizing
bacteria [13], and the sensitivity of bacterial cells to tem-
perature or to components of the reaction mixtures. Several
strategies are under study to alleviate these hurdles, for
example, the wuse of solvent-tolerant [14] or ther-
mostable [15] bacterial strains. A promising approach is the
production of recombinant enzymes to be used alone or as
additives in the biological treatments. Following this strat-
egy, Dsz genes have been overexpressed in heterologous
hosts [13], at high copy number or under the control of strong
promoters [16, 17]. Still poorly investigated is the issue of
maintaining biocatalysts activity over time and in the pres-
ence of challenging reaction conditions, a major prerequisite
to their industrial exploitation. As a first step towards this
goal, we have investigated the conformational stability of
three recombinant Dsz proteins, cloned from a novel
Rhodococcus strain. Enzymes were assayed towards sol-
vents commonly employed in biocatalysis and towards
temperature, another key factor in biotransformations. We
report that Dsz proteins are rather unstable to organic sol-
vents and heating and require to be stabilized before their use
in biotechnological processes.

Materials and Methods
Strains, Growth Media, and Materials
Escherichia coli strains DH5o ™ (Thermo Fisher Scien-

tific) and BL21 (DE3) (Novagen, Madison, USA) were
used as the host for DNA amplification and for
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heterologous expression, respectively. E. coli cells were
grown in low-salt Luria—Bertani (Is-LB) medium (10 g
peptone, 5 g yeast extract, 5 g NaCl in 1 L water) or in
auto-induction medium ZYM-5052 [18] containing glu-
cose as the carbon source and lactose as the inducer and
secondary carbon source. Transformants of both strains
were selected on agarized plates of 1s-LB supplemented
with 100 mg/L. ampicillin and, when appropriate, with
40 mg/L  5-Bromo-4-chloro-3-Indolyl-B-D-Galactopyra-
noside (X-Gal). Oligonucleotides were from FEurofin
MWG (Alabama, USA), and restriction enzymes and
DNA ligase from New England Biolabs (NEB, Ipswich,
USA). Dibenzothiophene (DBT), 2-hydroxybiphenyl (2-
HBP), and organic solvents were from Sigma Aldrich
(Germany). The Rhodococcus sp. AF21875 strain was
isolated from environmental samples and was a kind gift
of G. Bestetti and A. Tatangelo, University of Milano-
Bicocca. Rhodococcus cells were grown in minimal
medium (10 g glucose, 4.5 g K,HPO,, 1.5 g NaH,POy,,
2 g NH,CI1, 0.2 g MgCl,, 0.02 g CaCl,, 5 mg MnCl,,
0.5 mg H3BO;, 0.5 mg ZnCl,, 0.003 mg NaSeOs,
0.008 mg Na,WO, 149 mg FeCl,, 0.5 mg CoCl,,
0.46 mg NiCl,, 0.3 mg CuCl,, 1 mg NaMoOQOy,, and 1 mL
of vitamin solution in 1 L water) [19].

Amplification and Cloning of dsz Genes

Standard recombinant DNA techniques were applied
according to Sambrook et al. [20]. Genes dszA, dszB, dszC,
and dszD were amplified by PCR using 100 ng of total
DNA extracted from Rhodococcus sp. AF21875 as the
template and each primer 0.5 uM. Oligonucleotide primers
(Table SI) were designed based on available sequences of
the Rhodococcus dsz operon (gene bank accession number
L37363.1). Each oligonucleotide contained restriction sites
useful for cloning amplified genes: Ndel/Hindlll for dszA
and dszB, Ndel/Xhol for dszC and dszD. Before their use,
oligonucleotides were phosphorylated at 37 °C for 1 h by
polynucleotide kinase A (NEB, Ipswich, USA). PCR was
carried out in a volume of 50 pL with 1 pL of Q5 “high-
fidelity Pfull Ultra DNA polymerase (NEB, Ipswich,
USA), according to the manufacturer’s instructions and
applying the following temperature program: 30 s denatu-
ration at 98 °C, 30 cycles of 10 s at 98 °C, 30 s at 61 °C,
30 s at 72 °C, and a final extension step of 2 min at 72 °C.
Amplified blunt-end DNA was cloned into a Smal-lin-
earized pUC18 (Thermo Fisher Scientific) plasmid that, in
the presence of X-Gal (5-Bromo-4-chloro-3-Indolyl-B-D-
Galactopyranoside), allows for white-blue screening of
transformed colonies. Each gene was separately back-
cloned into pET22 (Novagen, Madison, USA) linearized
with the appropriate restriction enzymes (Ndel/Hindlll for
dszA and dszB, Ndel/Xhol for dszC and dszD). Constructs
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were checked by restriction pattern analysis and by DNA
sequencing (Primm, Milan, Italy).

Expression and Purification of Dsz Proteins

Transformed BL21 cells were grown over night in 50 mL
of auto-induction ZYM-5052 medium [18] at either 25 °C
or 30 °C by shaking (220 rpm) and harvested by cen-
trifugation at 1600 g at 4 °C. Cells were re-suspended in
Purification Buffer (PB—50 mM sodium phosphate pH
8.0, 300 mM NaCl, and 10 mM imidazole) and lysed using
a cell disruptor (Constant Systems Ltd) at 25,000 psi.
Insoluble proteins were pelleted by centrifugation (15 min
at 15,000x g, 4 °C). Recombinant, his-tagged proteins were
purified from the supernatant by immobilized-metal affin-
ity chromatography (IMAC) on Ni**/NTA beads. The
clear lysate was loaded on a hand-packed column con-
taining 1.5 mL of HIS-Select Nickel Affinity Gel (Sigma
Aldrich, Germany) equilibrated with 3 mL of PB. The
column was washed with 2 mL PB and 2 mL PB con-
taining 20 mM imidazole and proteins eluted with PB
containing 250 mM imidazole. Protein-containing frac-
tions were exchanged to the final buffer (10 mM sodium
phosphate, pH 7) by two consecutive gel filtrations on PD-
10 columns (GE Healthcare, Little Chalfont, United
Kingdom) according to the manufacturer’s instructions.
Protein concentration was determined by the Bradford
protein assay (Bio-Rad, California, USA), using bovine
serum albumin as a standard. SDS-PAGE was carried out
on 14 % acrylamide Laemmli gels [21] stained with Gel-
Code Blue (Pierce, Rockford, USA) after electrophoresis.
Broad-range, pre-stained molecular-weight markers (Gen-
eSpin, Milan, Italy) were used as standards.

Circular Dichroism Spectroscopy

CD spectra were recorded at room temperature by a
spectropolarimeter J-815 (JASCO Corporation, Easton,
USA) in a 1-mm path-length cuvette. Samples were in
10 mM sodium phosphate buffer, pH 7. Measurements
were performed at variable wavelength (190-260 nm) with
scanning velocity 20 nm/min and data pitch 0.2 nm.
Spectra were averaged over three acquisitions, and
smoothed by the Means-Movement algorithm [22].
Unfolding of 0.150 mg/mL protein solutions was moni-
tored recording consecutive spectra in the temperature
range 20-95 °C. Thermal ramps were acquired with the
same parameters as above, in the range 20-95 °C with
increments of 1 °C/min. The decrease in CD signal was
monitored at 195 nm. Deconvolution of CD spectra was
carried out by the CDPro software package [22] using the
reference protein sets 1, 3, 4, and 10. Secondary-structure
contents were expressed as percent content average over

the results obtained with the algorithms SELCON3,
CDSSTR, and CONTIN [22]. Buffer solutions without
protein were used as blank.

Fluorescence Spectroscopy

Protein samples were re-suspended in 10 mM sodium
phosphate buffer, pH 7, and fluorescence emission spectra
were measured on a Cary Eclipse Fluorescence Spec-
trophotometer (Varian), with excitation at 290 nm and
emission range 300—450 nm, employing a l-cm path-
length quartz cuvette. To detect structural changes induced
by organic solvents, DszA, DszC, and DszD were incu-
bated 3 h under continuous agitation at room temperature
with 5, 10, or 20 % methanol, acetonitrile, hexane, and
toluene. Fluorescence emission was measured at different
times. All measurements were made in triplicate.

Sequence Analysis and Structural Modeling

DNA sequence analysis was performed using BLAST-P
[23] and Psi-BLAST [24]. 3D models of DszA and DszD
were built using SWISS-MODEL [25, 26]. BLAST [23]
and HHBIits [27] template search were performed against
the SWISS-MODEL template library.

Results
Sequence Analysis

The Rhodococcus strain used in this work was isolated
from polluted environmental samples and classified as
Rhodococcus sp. AF21875 (G. Bestetti and V. Tatangelo,
personal communication). Genes encoding DszA, DszB,
DszC, and DszD were amplified by PCR from total DNA
using primers designed on the basis of corresponding
Rhodococcus sp. sequences available in databases. When
PSI-BLAST [24] was used to iteratively search profile
similarity for DszA-D, even at the convergence of the
search, no sequence was found outside the Phylum of
Eubacteria. The four deduced amino acid sequences were
analyzed by BLAST-P [23] against non-redundant protein
sequence databases. The most significant hits for each
sequence are reported in supplementary materials
(Tables S2-S5), while results are summarized in the fol-
lowing. Sequences closest to DszA were identified within
the superfamily of flavin-utilizing monooxygenases, a
distinct clade of the larger luciferase-like monooxygenases
family. Most retrieved sequences are annotated as diben-
zothiophene  desulfurizing proteins, DBT sulfone
monooxygenase, and nitriloacetate monooxygenase. DszB
search retrieved closest hits within the superfamily of
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periplasmic binding protein type 2 (PBP2). This includes
the subfamily of “domains binding the substrates of 2'-
hydroxybiphenyl-2-sulfinate desulfinase” to which also
DszB belongs. Most sequences are annotated as diben-
zothiophene desulfurization (enzyme) B, 2'-hydroxy-
biphenyl-2-sulfinate desulfinase, or simply as desulfurase
or desulfinase. Analysis of the putative DszC confirmed its
similarity to proteins of the superfamily of acyl-CoA
dehydrogenase (ACAD), domain 2 type. Most sequences
retrieved are annotated as dibenzothiophene desulfuriza-
tion (enzyme) C or as (dibenzothiophene) monooxyge-
nases. Analysis of putative DszD identified highly similar
sequences within the pyridoxine 5'-phosphate (PNP) oxi-
dase-like protein superfamily that includes flavin
mononucleotide (FMN) binding proteins, which catalyze
FMN-mediated redox reactions.

Comparison of the trees of sequence distances (SD)
provided by BLAST-P (Fig. S1) highlights at a glance
phylogenetic differences among Dsz enzymes. Overall,
closest sequences belong to Gram-positive bacteria, nota-
bly Rhodococcus species. Besides, DszA-C are closely
related to sequences from other Mycolata, for example,
Gordonia, Nocardia, and Mycobacterium, while DszD is
the most variable, even within the genus Rhodococcus

(Fig. S1).
Homologous sequences at given SDs (i.e., at SD 0.1;
0.2; 0.3, ..., 0.6) were selected within each SD tree and

used to build, for each Dsz enzyme, a “reference set”
containing seven sequences related by comparable degrees
of similarity/diversity (BLAST-P outputs and SDs values
are reported in supplementary Tables S2-S5). The high
frequency of Rhodococcus sp. in the reference set of DszD
(5 out of 7 reference species) is worth of note, and confirms
that intra-genus variability is higher than for other Dsz
proteins. The different degree of conservation of Dsz
sequences may be accounted for by different evolutionary
constrains. Differently than dszD, dszA-C genes are located
on plasmid DNA [28, 29] that can be more easily
exchanged among species. For this reason, it is reasonable
to hypothesize that they spread only recently among a
restricted group of Gram-positive microorganisms. It is
also worth to mention that DszD is the less specific out of
the four enzymes and that in microorganisms other than
Rhodococcus its activity could be provided by other
oxidoreductases.

Structural Features of Dsz Two-Component
Enzymes

The conversion of DBT to 2-hydroxybiphenyl-2-sulfinate
requires the activity of two monooxygenases, DszC and
DszA. Both of them rely on the same FMN reductase,
DszD, to regenerate FMNH?2 that is essential to activate
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molecular oxygen. The two FMN-dependent monooxyge-
nases (DszA and DszC) and the DszD FMN reductase build
therefore a two-component system in which the reductive
and oxidative half-reactions of FMN are carried out by
separate enzymes [30]. In such systems, flavoenzymes
utilize flavin as a reaction substrate rather than binding it
tightly as other flavoproteins do [30]. Indeed, the strength
of interactions with the cofactor and the mechanism of its
intermolecular transfer between the reductase and the
cognate monooxygenase are very relevant, and still debated
issues for the functional characterization of these enzymes
[31-35]. We appreciate that structural knowledge about the
members of this enzyme system may be helpful for
designing tailored processes that take advantage from the
combination of catalytic functions from different sources
and for implementing robust and productive catalytic sys-
tems [36-39]. In this perspective, we built by homology a
3D model of DszA, whose crystallographic structure has
not been solved yet and integrated this information with
data available on the other enzymes of the two-component
system.

BLAST search against the Protein Data Bank (PDB)
revealed that DszA shares the highest identity with a
nitrilotriacetate monooxygenase (PDB code 3SDO.1.A,
41 % identity) and with the alkane monooxygenase LadA
from Geobacillus thermodenitrificans Ng80-2 (PDB entry
3B90.1.A, 37 % identity). The prototypical structure of
these monooxygenases is that of bacterial luciferases (EC
1.14.14.3), able to emit light upon oxidation of long-chain
aliphatic aldehydes. The homology model of DszA
obtained by SWISS-MODEL [25, 26] was based on apo-
LadA and on the holo-enzyme in complex with the FMN
cofactor. As expected for class C flavoprotein monooxy-
genases [40], the structural core of DszA model conforms
to a TIM-barrel scaffold from which different extensions
protrude. The most remarkable is an unstructured region
(loop E, residues 176-218) that contains a short a-helix and
is probably involved in DszA dimerization, as it is in LadA
[41], and a large pocket (P) formed by a-helices ol 1-a14
(DszA numbering). This pocket is assumed to build the
substrate-binding region and the catalytic core of the
enzyme (Fig. 1a).

The structural alignment (Fig. 1b) highlighted a large
insertion in the region corresponding to the LadA sub-
strate-binding site (residues 320-360). This feature is
consistent with the activity of DszA on aromatic substrates
[42], bulkier than the long-chain, linear alkanes accepted
by LadA [43]. Analysis of sequence and structural align-
ments also showed that most LadA residues involved in
FMN binding are conserved in DszA (Asp59, Ser 138,
Tyr160, Ala 228, Ser 230, Phe 246- DszA numbering), and
suggested a similar binding mechanism. BLAST search
against PDB database allowed to retrieve DszC enzymes
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Fig. 1 Three-dimensional models of DszA and DszD. a Homology
model of DszA based on the LadA structure. In the ribbon diagram,
o-helices are cyan, P-sheets pink, FMN-binding residues are
highlighted in red. The E loop, represented in green, and P pocket,
in blue, are marked by “e” and “p” letters. b Alignment of amino
acid sequences of DszA from Rhodococcus sp. AF21875 (DszA) and
LadA from Geobacillus thermodenitrificans Ng80-2 (LadA). Symbols
below the alignment indicate the extent of residue conservation

from Rhodococcus sp. with known 3D structures (PDB
entries: 4DOY 4JEK, 4NXL, 3X0X) [44-47]. As the DszC
sequence determined in this work shares 100 % sequence
identity with them, its structural and biochemical features
were inferred from available information. A first outcome
of this analysis is the observation that although both DszA
and DszC are FMN-dependent monooxygenases, they
conform to different folds. DszC forms tetramers in solu-
tion [46, 48]. Each subunit contains a B-barrel domain (B1-
B8, residues 125-246) and two a-helical domains (ot1-a6,
residues 19-104; a7—a12, residues 257-417), with helices
a8—all nearly parallel, forming a bundle also parallel to
the longitudinal axis of the [B-barrel [46]. Between the
a-helix bundle and the B-barrel is located the substrate-
binding pocket that is composed of an inner and an outer
chamber [46]. The latter has been observed to host the

*
MTQQRQMHLAGF FSAGNVTHAHGAWRHTDAS -NDF LSGKYYQHIART LERGKFOLLFLPD 59
- -MTKKIHINAFEMNCVGHIAHGLWRHPENQRHRYTDLNYWTELQQLLEKGKFDALFLAD 58

R HANE WAR B

GLAVEDSYGDNLDTGVGLGGQGAVALEPASVVATMAAVT EHLGLGATISATYYPPYHVAR 119
VVGIYDVYRQSRUTAVREAVQIPVN DPLMLISMAYVI'KHLAFAVTFSTTZEHPYGHAR 117

% &2

* *
VFATLDQLSGGRVSWNVVTSLNDAEARNFGINQHL EHDARYDRADEFLEAVKKLWN-SWD 178
RMSTL[HLTKGRIAWNVVTSHLPSAU(NFGIKKILEHDERYDLADEYLEVCYKLWEGSWE 177

sy RRRE RA Ak,

* *
EDALVLDKAAGVFADPAKVHYVDHHGEWLNVRGPLQVPRSPQGEPVILQAGLSPRGRRFA 238

NAVIRDI ENNIYTDPSKVHEINHSGKYFEVPGPHLCEPSPQRTPVIYQAG‘ISERGREFA 237
: HA ahE RS WEW. # #'ﬂ‘ﬁ we

*
GKWAEAVFSLAPNL EVMQAT YQGIKAEVDAAGRDPDQTKIFTAVMPVLGESQAVAQERLE 298
AKHAECVFLGGKDVETLKFFVDDIRKRAKKYGRNPMIKMFAGICVIVGKTHDEAMEKLN 297

’** ” . -0 : e - H 0 HER A

YLNSLVHPEVGLSTLSSHTGINLAAYPLDTPIKDI LRDLQMNVP’TQLI'MFMATHSEEL 358
SFQKYWS LEGH LAHYGGGT GYDLSKYSSNDYIGSIS --------------------- E 336

TLAEMGRRYGTNVGFVPQWAGTGEQIADELIRHFEGGAADGFIISPAFLPGSYDEFVDQV 418
I INN:SKLD?K- - -WFKLSVSIPKKVQEEMQYLVEEAGIE:NLVQWSI:ST FVD:I EL¥ 393

VPVLQDRGYFRTEYQGNTLRDHLG - == =LRVPQLQGQP == ======= 452

\:PELQKRGLYRVDYEEGTYREKLFGKGNYRLPDDHIMRYRNISSNV 440
® %% A% .

MSDKPNAVSSHTTPDVPEVAATPELSTGICAGDYRAALRRHPAGYTVVTLDSGTGPVGFT 60
--------------------------- DLSPTSLREAFGHFPSGVIATAAEVDGTRVGLA 33

ATSFSSVSLEPPLVSFNIAETSSSINALKAAESLVIHLLGEHQQHLAQRFARSADQRFAD 120

ASTFVPVSLEPPLVAFAVQNSSTTWPKLKDLPSLG!SVLGEAHDTAARTLAAKTGDRFAG 93
R L : HH H L rREE

ESLWAVLDTGEPVLHGTPSWMRVKVDQLIPVGDHTLVIGLVTRVHAEEDDESAAAPLLYH 180

LETESR DSGAVFINGTSWLESAIEQLVPAGMIWLRVSDIVIN----EAVPPIVFH 148
sRE LR mRAw.R.

EGKYYRPTPLGQ 192
RSAFRKLGA--- 157

(asterisks for absolute, colons for strong, and periods for weak
conservation). Red stars above the alignment mark residues involved
in FMN binding. ¢ Structural alignment of the homology model of
DszD from Rhodococcus AF12875 (green) and the structure of M.
goodii DszD (PDB code: 3PFT; pink). d Alignment of amino acid
sequences of DszD from Rhodococcus sp. AF21875 (DszD) and from
M. goodii (3PFT) (Color figure online)

flavin cofactor, [47], suggesting that the inner chamber
accommodates DBT.

Finally, we focussed on DszD oxidoreductase. Irre-
spective of the enzymatic system they belong to, only a
few 3D structures of FMN reductases are reported, and the
one referred to as a DszD enzyme is from Mycobacterium
goodii (PDB entry: 3PFT, 33 % identity). This structure,
however, is different from the template selected by
SWISS-MODEL [25, 26] to build up the homology model
(Fig. 1c) that is instead an oxidoreductase from Sinorhi-
zobium meliloti (PDB entry: 3RH7, 35 % identity) [49,
50]. Hence, the model of Rhodococcus sp. AF21875 DszD
generated by SWISS-MODEL was compared with the
experimental structure of M. goodii DszD by performing a
pairwise 3D structural alignment with the Dali server [51].
The spatial difference between Co atoms is 1.9 13;,
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indicating a degree of structural conservation higher than
expected for two proteins sharing only 33 % sequence
similarity (Fig. lc, d).

Production of Recombinant Dsz Proteins
and Stability Analysis

Amplified gene sequences were cloned in the expression
vector pET22 and used to transform E. coli BL21 cells.
Production was in auto-induction ZYM-5052 medium [18]
at different temperatures. SDS-PAGE analysis revealed the
presence of proteins with the expected molecular mass of
50.7 kDa (DszA), 46,0 kDa (DszC); 40.1 kDa (DszB), and
21.6 kDa (DszD). M, were calculated including the his-
tidine tag. At 30 °C, DszA, DszC, and DszD were pro-
duced as soluble proteins, and were easily purified by
IMAC affinity chromatography (Fig.2). Obtaining
recombinant DszB was more difficult because of its low
production, aggregation propensity and for the presence of
contaminants in the purified samples. Similar results were
obtained with all production protocols applied, including
LB medium supplemented with IPTG, auto-induction broth
containing glucose and lactose [18], and cultivation at
different temperatures from 22 to 37 °C (data not shown).
For this reason, structural analysis was not performed. As
detailed in materials and methods, cells producing Dsz
enzymes were harvested by centrifugation, re-suspended in
PB, and lysed using a cell disruptor. Raw cell extracts thus
obtained were mixed together and their activity tested on
DBT, revealing that the four enzymes together produced
low but detectable amounts of 2-HBP (data not shown).
One of the major issues in biodesulfurization is the
biocatalysts stability over time. For this reason, we set up
to investigate the conformational stability of the enzymes

in our hands by exposing them to temperature and organic
solvents.

As a first step, purified enzymes were investigated by
circular dichroism spectroscopy. The model of DszA
described in this work and available 3D structures of DszC
[45] indicate in both cases a major contribution of alpha—
beta secondary structures. Accordingly, the far-UV CD
profiles of DszA and DszC show negative minima at 209
and 220 nm and a positive maximum at 195 nm, typical of
alpha—beta structures (Fig. 3a, b). Spectra deconvolution
with the CDPro software [22] confirms that DszA contains
20 % o-helix and 31 % [-sheets, while DszC is mainly
composed by a-helix structures (40 %) and only 10 % by
B-sheets. Deconvolution data further show that DszD
mainly contains beta structures (38 %) with a few o-helices
(11 %), as also indicated by the overall lower intensity of
the ellipticity signal (Fig. 3c). To cope with the variability
that can affect CD spectra deconvolution, we used four
different data sets (1, 3, 4, and 10) that provided compa-
rable results, in good agreement with the secondary
structure determined for DszC (PDB code: 4JEK) and with
our homology model of DszD. On the other hand, CD
deconvolution data poorly agree with the secondary-
structure content derived from the homology model of
DszA, where a-helices seem to be markedly over-estimated
(+23 %) and B-sheets under-estimated (—16.5 %). This
discrepancy might depend on the lower content of proline
residues in LadA (3.6 %) than in DszA (5.1 %), where the
role of proline as a a-helix breaker could have been not
accurately predicted by our model.

Thermal unfolding of DszA, DszC, and DszD was
induced by heating protein solutions from 20 to 95 °C and
monitored by circular dichroism in the far-UV (Fig. 3a—c),
while unfolding transitions were recorded at 195 nm fixed

DszA DszC DszD DszB
MWM CE SOL INS PUR CE SOL INS PUR MWM CE SOL INS PUR MWM CE SOL INS PUR
| — -
48 kDa— e PR——— - S
48 kDa—

25kDa— .

25kDa—

Fig. 2 SDS-PAGE analysis of recombinant DszA-D proteins. CE
crude extract, SOL soluble protein fraction, INS insoluble protein
fraction, PUR proteins purified by IMAC, MWM molecular-weight
markers. DszA and DszC correspond to the bands at ~50 and
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46 kDa, respectively; DszB corresponds to the band at ~40 kDa
highlighted with an arrow; DszD, to the band at ~22 kDa.
Production was at 30 °C for Dsz A, C, and D and at 25 °C for
DszB. Proteins were purified from soluble protein fractions
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Fig. 3 Heat denaturation of 1519
DszA, C, D proteins. a—c far- ~: —
UV spectra at 20 °C (bold g 10 =
lines), 30, 40, 50, 60, 70, 80, & g
95 °C (continuous lines), and § 5 g
20 °C after denaturation éo o
(dashed lines) of DszA (a), £ o4 3
DszC (b), and DszD (c). Arrows = &
point to changes of signal = PR s
intensity at increasing = %
temperatures. d Kinetics of 10 ‘ A ‘ ' =
thermal denaturation of DszA 190 210 230 250 190 210 230 250
(continuous line), DszC (dotted
line), and DszD (dashed line) Wavelength (nm) Wavelength (nm)
heated at temperatures ranging ¢
from 20 to 95 °C measured at 10 -
195 nm ~
=
E 5
5 E
g =
£ S
= €
=
-10 : : . 0 T T T T T T T T T
190 210 230 230 10 20 30 40 50 60 70 80 90 100
Wavelength (nm)

wavelength (Fig. 3d). All enzymes unfolded with growing
temperature, as highlighted by the loss of signal at 195 nm.
In the case of DszA and DszC, we also observed a decrease
of the peak at 220 nm (Fig. 3a, b). In DszC spectra, the
isodichroic point at ~207 nm (Fig. 3b) was consistent
with a two-state transition of o/p structures (Fig. 3d, dotted
line). This protein unfolded through a cooperative process,
with a melting temperature of 48 °C. DszA unfolding was a
multi-stage process characterized by two different melting
temperatures, at ~45 °C and ~ 87 °C (Fig. 3d, continuous
line). The denaturation profile of DszA (Fig. 3d, continu-
ous line) hints at the existence of at least one conforma-
tional intermediate induced by heating at 40-50 °C and
stable at 50-75 °C. This intermediate has still a very high
content of secondary structure (Fig. 3a, continuous line)
and is highly resistant to heating (Tm = 87 °C). This
particular behavior may suggest a two-step unfolding, the
first implying the loss of quaternary structure (DszA is a
dimer) [52, 53] and the second, the unfolding of monomers.
The reversibility of thermally induced denaturation pro-
ceeds apparently until the restoration of this unfolding
intermediate, as suggested by the good overlap of spectra
obtained at 50-60 °C and after refolding. The denaturation
of DszD did not show any isodichroic point and resulted in
a final spectrum with low ellipticity at 195 nm and intense
negative ellipticity at 202 nm, overall suggesting that at
95 °C the protein was almost fully unfolded (Fig. 3c).
DszD showed a low cooperative and Dbarely

Temperature (°C)

detectable multi-stage denaturation process (Fig. 3d,
dashed lines). At 60 °C, 50 % of the protein was unfolded.
For all enzymes, unfolding was (though at different extent)
reversible, since samples were able to partially recover
secondary structure when re-cooled to 20 °C (Fig. 3a—c,
dashed lines).

Not only stability to temperature but also the enzymes
robustness towards solvents is of relevance in processes
where the biocatalysts can be challenged by harsh reaction
conditions. Therefore, we investigated the structural sta-
bility of Dsz proteins towards solvents of common use.
Protein unfolding was monitored by fluorescence spec-
troscopy since, in this technique, the impact of the solvent
on the signal is lower than in CD spectroscopy. To this end,
proteins were incubated in the presence of methanol, ace-
tonitrile, hexane, and toluene at 5, 10, and 20 % v/v con-
centration and analyzed at different times through the
emission spectra of intrinsic tryptophan fluorescence.
Spectra were recorded after 5, 30, 60, and 180 min of
incubation for each concentration. In Fig. 4, we report
spectra obtained in the presence of 20 % v/v solvents, after
3 h of incubation. Lower concentrations of solvents and
shorter incubation times induced similar though milder
effects. Data are therefore not reported. Overall, solvents
caused a red shift of the maximum peak of tryptophan
fluorescence, reflecting the increased solvent accessibility
of these residues. Dsz proteins were differently affected by
each assayed solvent, e.g., the red shift was more evident
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Fig. 4 Chemical denaturation 1000
of DszA, C, D proteins. Spectra
of intrinsic fluorescence
emission of Dsz proteins were
recorded in the presence of

20 % vlv of organic solvents,
after 3 h of incubation:
acetonitrile (purple), toluene
(green), methanol (cyan), and
hexane (red). Control spectra, in
the absence of solvents (dark
blue), show a maximum of 0
fluorescence emission at

338 nm for DszA, at 343 nm for

DszC, and at 332 nm for DszD. 1000
Samples were excited at 290 nm
and emissions were collected
from 300 to 450 nm (Color
figure online)
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for DszD, more sensitive to all solvents, and almost
undetectable for DszC. Data on red shifts are summarized
in Table 1.

The intensity of tryptophan fluorescence increases or
decreases, depending on solvent features, concentration,
and duration of exposition. Overall, fluorescence intensity
increases when a protein expands in a more loose structure
and tryptophan residues become more exposed to the sol-
vent [54, 55], while loss of signal intensity is often due to
protein aggregation. We observed that hexane and toluene
induce an increase of fluorescence intensity in the case of
DszA, even upon short-time incubation (5 min, spectra not
shown). Prolonged expositions to acetonitrile and methanol
induced an intense increase of the tryptophan fluorescence
of DszD. Toluene caused a marked decrease of the signal

Table 1 DszA, DszC, and DszD redshifts of the maximum peak after
3-h incubation in 20 % v/v acetonitrile, methanol, toluene, and
hexane

Solvent Redshift (nm)

DszA DszC DszD
Acetonitrile 6 1 15
Methanol 5 1 5
Hexane 1 3 5
Toluene 3 2 6

Reported values are averages between three distinct measurements on
different proteins preparations

@ Springer

upon long incubation times, at whatever concentration.
Both intrinsic fluorescence and thermal stability profiles
support the conclusion that DszC is the most stable among
Dsz enzymes.

Discussion

Biodesulfurization is gaining interest because it is milder
than the HDS technology and acts on heterocyclic sulfur
compounds (i.e., DBT) that are recalcitrant to HDS.
However, major technical problems have still to be faced,
in particular, the issue of maintaining biocatalyst activity
for long time and in non-physiological conditions. Most
processes described to date use whole bacterial cells, and
therefore, most efforts have focused on the search for
strains resistant to temperature and to inhibition of their
growth and metabolism by chemical compounds present in
the oil [56-58]. An alternate and still poorly explored
strategy is the use of recombinant enzymes. This
approach does not require the use of living cells whose
growth and metabolism might be inhibited during the
process. Moreover, individual enzymes from different
sources and with different properties might be mixed in
enzyme cocktails to be used alone or as additives to whole-
cell biocatalysis. This work aims at contributing knowledge
about the conformational robustness of desulfurizing
enzymes. At the best of our knowledge, this issue was not
tackled yet. We found out that the two monooxygenases
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(DszA and DszC) and the oxidoreductase (DszD) under
study are only moderately resistant to temperature and to
organic solvents. In view of a rational mutagenesis
approach to stabilize these proteins, we collected infor-
mation on their sequences and structures. Very often,
homologous stable proteins offer information useful for
planning stabilizing changes in a protein structure. While
a few studies report about the isolation of bacterial cells
active in desulfurization and tolerant to temperature, for
example, Paenibacillus and Klebsiella species [56, 57],
information about properties of specific enzymes is still
very poor. At the present, protein engineering may rely on
the structures solved or obtained by modeling. DszC is the
best studied among desulfurizing enzymes, with 3 crys-
tallographic structures available and information on both
the apo- and FMN-bound enzyme [44—-47]. Typical points
of weakness in a protein are loops, cofactor binding sites,
and surface of interaction among subunits. DszC pos-
sesses flexible loops adjacent to the flavin binding site and
the substrate-binding site (between strands Bl and (2, b4
and b5 and helices a9 and a10). The loop between o-
helices (residues 280-295) acts as a lid at the entrance of
the active site. The lid, being by definition flexible, can
initiate protein unfolding as it was shown for other pro-
teins classes [59], and would be worth of stabilization.
Obviously, planning of mutants should take into consid-
eration that the lid participates in substrate recognition
and binding. Accordingly, Guan and colleagues [47]
suggested that the position of this loop influences the
binding affinity of FMN. Residues involved in FMN
binding and in the binding of DBT were also identified in
the crystallographic structure [44] and might be targeted
by mutagenesis. The same Authors report that mutations
introduced to test the binding site hypothesized by
molecular docking abolished enzyme activity. Though
mutagenesis was performed with other purposes, this
information is important and indicates that caution is
necessary because the position of flavin and substrate is
crucial for activity.

The DszA model localizes the position of the substrate-
binding pocket P, of the FMN-binding site and of an
unstructured region (loop E) that could be involved in
protein dimerization. As in the previous case, all these
regions might be targeted by site-directed mutagenesis.

Worth to be mentioned is the different pathway of
denaturation of the two monooxygenases DszC and DszA.
Both bind a flavin mononucleotide coenzyme and are
organized in a quaternary structure. Differences in heat-
induced denaturation pathway may reflect differences in
the tightness of quaternary interactions. Indeed, DszC is a
homotetramer formed by two dimers that tightly interact by
hydrophobic bonds and by exchanging their C-terminal
regions [46]. Its cooperative two-state transition during

thermal unfolding might affect the tertiary structure,
without causing a preliminary loss of quaternary structure.
On the contrary, thermal unfolding of the dimeric DszA
[41] seems to proceed through multiple stages, the first of
them could be an early loss of quaternary structure. This
information may be of some relevance in selecting the
strategies of stabilization, in particular, for the choice of
focussing either on the robustness of the tertiary structure
or on the strength of monomers association.

An accurate study of the denaturation of the two
monooxygenases to follow the first steps of unfolding
(subunits dissociation? Flavin release?) might be useful to
this end as well as molecular dynamics simulations to
evidence other regions of weakness.
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