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Abstract Biological desulfurization (biodesulfurization)
of dibenzothiophene (DBT) by the 4S pathway is a model
system for an enviromentally benign way to lower the
sulfur content of petroleum. Despite a large amount of
effort the efficiency of the 4S pathway is still too low for a
commercial oil biodesulfurization process, but the 4S
pathway could potentially be used now for commercial
processes to produce surfactants, antibiotics, polythioesters
and other chemicals and for the detoxification of some
chemical warfare agents. Proteins containing disulfide
bonds are resistant to temperature, pH, and solvents, but the
production of disulfide-rich proteins in microbial hosts is
challenging. The study of the 4S pathway can provide
insights as to how to maximize the production of disulfide-
rich proteins. Engineering of the operon encoding the 4S
pathway to contain a greater content of methionine and
cysteine may be able to link use of DBT as a sole sulfur
source to increasing 4S pathway activity by increasing the
nutritional demand for sulfur. This strategy could result in
the development of biocatalysts suitable for use in an oil
biodesulfurization process, but the study of the 4S pathway
can also lead to a better understanding of microbial phys-
iology to optimize activity of a mult-step co-factor-re-
quiring pathway, as well as the production of highly
stable industrially relevant enzymes for numerous
applications.
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Introduction

Biodesulfurization is the enzymatic cleavage of carbon—
sulfur bonds in compounds such as dibenzothiophene. The
enzymes that accomplish carbon—sulfur bond cleavage, and
the genes encoding these enzymes, have been well char-
acterized in several bacterial cultures. The desulfurization
operon of Rhodococcus erythropolis contains three genes,
designated dszABC, that encode dibenzothiophene-5,5-
dioxide monooxygenase, 2-hydroxybiphenyl-2-sulfinate
sulfinolyase, and dibenzothiophene monooxygenase,
respectively. The metabolic pathway consisting of these
three enzymes, plus a NADH-FMN oxidoreductase, that
accomplishes the progressive conversion of dibenzothio-
phene (DBT) to dibenzothiophene sulfoxide (DBTSO),
dibenzothiophene sulfone (DBTSO,), 2-hydroxybiphenyl-
2-sulfinate (HBPSi), and ultimately to 2-hydroxybiphenyl
(2HBP) has been designated as the 4S pathway (Kilbane
2006). The 4S pathway is typically illustrated for the
desulfurization of DBT, but it is important to keep in mind
that the desulfurization enzymes can metabolize sulfides,
disulfides, mercaptans, sulfoxides, sulfones, sulfinates,
sulfonates, thiophenes, and benzothiophenes, so the
potential applications of biodesulfurization enzymes
extend to a wide range of chemicals.

The selective removal of sulfur from petroleum can
reduce air pollution resulting from the combustion of pet-
roleum, but despite extensive research, including several
genetic engineering strategies, it has not been possible to
construct a biocatalyst that expresses the desulfurization
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trait at the levels required for a commercial oil biodesul-
furization process (Debabov 2010; Alves et al. 2015;
Boniek et al. 2015). However, alternative applications of
biodesulfurization could support commercial processes
now, and the study of biodesulfurization could lead to
improved bioprocesses generally. Existing desulfurization
biocatalysts can potentially be used in a variety of appli-
cations including the detoxification of some chemical
warfare agents (Kilbane and Jackowski 1996), creating
higher value products from organosulfur compounds in
petroleum, making novel antibiotics, producing novel
biodegradable plastics derived from polythioesters, and
other products (Khairy et al. 2015, Kilbane 2016). How-
ever, these alternative applications for desulfurization
biocatalysts have barely begun to be explored. Figure 1
illustrates a simplified representation of the biodesulfur-
ization pathway that focuses on the sulfur atom and the
carbon—sulfur bonds in organosulfur compounds and is
intended to suggest the wide range of organosulfur com-
pounds that can be metabolized by biodesulfurization
enzymes and the variety of potential products that could be
produced using them. Figure 1 also provides a partial
listing of potential products that could be made with the
assistance of desulfurization enzymes. Also shown, in
some cases, are subsequent chemical (or biochemical)
reactions of products produced by Dsz enzymes that
introduce other functional groups such as alkyl, acyl,
halogens or nitrate, particularly at locations to replace
hydroxyl groups resulting from desulfurization.

If biotechnology is to ever to provide the widest range of
products at favorable prices, it will be necessary to improve
our understanding of microbial physiology and the com-
plex interactions in biological systems. If obtaining high
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levels of expression of products encoded by single genes is
challenging, then the efficient production of products
resulting from multi-step pathways is even more chal-
lenging. The study of the 4S pathway provides a model
system with unique advantages that can be used to improve
our understanding of microbial physiology, how to better
design microbial biocatalysts to make products resulting
from multi-step pathways (Zhang et al. 2016), and how the
over-expression of single genes/enzymes may be integrated
into the rest of metabolism (Aggarwal et al. 2012).
Because sulfur is an essential nutrient for microbial
growth, the desulfurization pathway can also be used in
natural selection experiments to obtain derivative cultures
with increased levels of expression of the desulfurization
trait and in the process, reveal insights into sulfur meta-
bolism. A synthetic gene encoding a high-sulfur-content-
polypeptide has been inserted into the desulfurization
operon and used in directed evolution experiments to
simultaneously increase the nutritional demand for sulfur
while selecting for cultures that utilize organically bound
sulfur more efficiently such that a 20-fold increase of
desulfurization activity was achieved (Pan et al. 2013).
Proteins that contain increased numbers of disulfide
bonds show increased resistance to temperature, pH, and
solvents, so this is relevant to industrial biotechnology
generally; in addition, many venoms (Klint et al. 2013) and
some therapeutic peptides contain high concentrations of
sulfur (Kaspar and Reichert 2013; Yacoub et al. 2016). The
expression of proteins that contain high concentrations of
cysteine/methionine in microbial hosts is challenging, but
the use of desulfurization-competent hosts to study the
expression of high-sulfur-content-polypeptides allows for a
novel approach to learn more about gene expression,
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protein folding, and protein secretion. It is these applica-
tions of biodesulfurization that hold the greatest promise
for increasing our fundamental knowledge in microbiol-
ogy, and eventually developing a commercially viable
biodesulfurization process for petroleum.

Use of desulfurization enzymes for production
of high value products from petroleum

Any process for the development of petroleum faces
extreme challenges because huge volumes of oil must be
treated inexpensively. The biotechnology industry gener-
ally is more focused on the production of low amounts of
high value products such as pharmaceuticals (Biotechnol-
ogy Market 2014). Despite several decades of research no
currently known biocatalyst is capable of desulfurizing
petroleum in an economically viable process (Kilbane
2006; Debabov 2010; Alves et al. 2015; Boniek et al.
2015). However, if the biodesulfurization pathway could be
used for different applications, to make lower volumes of
higher value products, then it may be possible to develop
an economically viable process today that will produce a
profit and support additional research to improve the
biodesulfurization pathway/process. This, in turn, may
eventually enable the development of a practical process
for the biodesulfurization of petroleum.

Possible alternative applications that could be consid-
ered using biodesulfurization biocatalysts or enzymes
include production of surfactants, and various specialty
chemicals derived from organosulfur compounds present in
petroleum. Potential processes for the desulfurization of
petroleum include oxidative desulfurization and reactive
adsorption (Stanislaus et al. 2010; Jiang et al. 2016). While
these processes result in the production of low sulfur fuels,
they decrease fuel yields because the organosulfur com-
pounds are physically removed by solvent extraction or
adsorption. Thus, the resulting waste streams contain
enriched concentrations of organosulfur compounds and
could subsequently be treated using biodesulfurization to
produce sulfoxides, sulfones, sulfonates, phenols, and
phenyl styrenes.

Sulfoxides and sulfones can be created in chemical
processes that oxidize organosulfur compounds using
ultrasound, peroxides, and other oxidizing techniques
(Stanislaus et al. 2010; Bhasarkar et al. 2015; Jiang et al.
2016). Petroleum desulfurization is required to comply
with environmental regulations for gasoline and diesel
fuels, but hydrodesulfurization, the current method used at
the industrial scale, is too expensive for high sulfur oils
(Kilbane 2006; Alves et al. 2015; Boniek et al. 2015). A
hybrid process that uses new chemical processes for the
desulfurization of oil combined with biodesulfurization to

make specialty chemicals from organosulfur waste prod-
ucts could simultaneously produce low sulfur fuels as well
as an assortment of higher value byproducts. Sulfoxide and
sulfone compounds have increased solubility in polar sol-
vents as compared with hydrocarbons, allowing them to be
removed by solvent extraction or adsorption (Stanislaus
et al. 2010). If adsorption is used, the sulfoxides and sul-
fones could be eluted using solvents.

The beneficial use of this organosulfur material has
hardly been examined, but especially with the low price of
petroleum the production of higher value products derived
from oil is worthy of investigation. The sulfoxide and
sulfone compounds could potentially be used directly as
surfactants, but subsequent treatment using biodesulfur-
ization creates possible additional product options. Mix-
tures of organosulfur compounds will contain compounds
that are more reactive and compounds that are somewhat
recalcitrant to biodesulfurization (Zhang et al. 2013). If a
biodesulfurization catalyst containing DszC and DszA, but
lacking DszB, is used, then the most reactive compounds
will be converted to sulfonates, yielding a mixture of sul-
foxide, sulfone, and sulfonate compounds that could be
fractionated by distillation or solvent extraction to yield
different product streams.

Similarly, if a biocatalyst containing the intact desul-
furization pathway is used, the most reactive organosulfur
compounds will be converted to phenol and phenyl styrene
compounds derived from dibenzothiophene-like and ben-
zothiophene-like precursors, respectively (Wang et al.
2013). Furthermore, the chemical products resulting from
the desulfurization of asymmetrically alkylated diben-
zothiophenes can yield products that have hydroxyl groups
added in specific locations with high yields (Onaka et al.
2001). The phenyl styrene compounds could be polymer-
ized to yield plastic material, while the phenolic com-
pounds, besides being polymerized, may be useful as
fungicides, disinfectants, preservatives, dyes and antioxi-
dants, and can be reacted to add nitrate, halogen, alkyl or
acyl groups to create a wide range of chemical derivatives
(Li and Chan 2007).

Possible uses of biodesulfurization enzymes
in neutralizing toxins, and in production of novel
antibiotics and polymers

Biodesulfurization can be used for the detoxification of
some chemical warfare agents and other toxic chemicals
(Kilbane and Jackowski 1996). The desulfurization-com-
petent culture Rhodococcus erythropolis IGTS8 has been
demonstrated to cleave carbon—sulfur bonds in the chemi-
cal warfare agent known as sulfur mustard or mustard gas
(2,2'-dichlorodiethyl sulfide) resulting in detoxification,
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and may also be capable of detoxifying the chemical
warfare nerve agent VX (o-ethyl S-[2-9diisopropylamino)
ethyl] methylphosphonothioate) (Kilbane and Jackowski
1996). Strong oxidizing agents or incineration are com-
monly used to decontaminate and destroy chemical warfare
agents, but harsh chemicals used in this way can be toxic
themselves, may create toxic byproducts, and are too
chemically reactive to safely decontaminate people, ani-
mals, and sensitive equipment (Prokop et al. 2006). How-
ever, enzymes and biocatalysts are non-toxic, non-
corrosive, and non-flammable so they can be safely used
for decontamination of skin and could be included in
advanced textiles to make self-decontaminating materials
and clothing to protect against chemical warfare agents and
other toxic chemicals (Prokop et al. 2006). Stockpiles of
VX and other chemical warfare agents are known to exist
in Russia and elsewhere, and chemical warfare agents were
allegedly used in Syria as recently as 2015 (Chivers 2015).

Biodesulfurization could also be used for the develop-
ment of new antibiotics. Excessive and irregular use of
antibiotics causes emergence of multiple drug resistance in
bacteria. Antibiotic resistant bacteria are increasingly
common and are becoming a global health crisis (Blair
et al. 2015). Therefore, there is an urgent need to exploit
alternative approaches for controlling such superbugs.
Antibiotics in clinical use today are commonly chemical
derivatives of parent antibiotic compounds. For example,
there are dozens of chemical derivatives of penicillin (Blair
et al. 2015). Chemical modification of antibiotics is often
employed to develop derivatives that overcome the resis-
tance of bacteria to the antibiotic compound originally
used. However, creating chemical modifications of antibi-
otics can be challenging, because the antibiotic activity of
the compound must be preserved. Introducing some new
functional groups at precise locations in molecules while
avoiding modifications to other regions of molecules may
not be possible or cost effective with traditional chemical
synthesis methods (Li and Chan 2007). Biochemical
reactions, however, can provide highly selective
modifications.

Penicillin, bacitracin, cephalothin, cephalexin and sul-
fanilamide are antibiotics that contain carbon—sulfur
bonds, so biodesulfurization enzymes could be used to
create novel chemical variants that may have the ability
to treat microbial infections that are resistant to current
antibiotics. The selective oxidation of sulfur and/or the
selective cleavage of carbon-sulfur bonds in antibiotic
molecules could provide a convenient means of creating
novel chemical derivatives of antibiotics. The hydroxyl
groups added to molecules as a consequence of desulfu-
rization can subsequently be reacted to introduce nitrate,
halogen, alkyl or acyl groups at specific locations (Li and
Chan 2007).

@ Springer

The microbial production of biodegradable plastics
includes biochemical production of triacylglycerols
(Kurosawa et al. 2010), poly-lactic acid (Liaud et al. 2015),
and sulfur-containing polythioesters (Khairy et al. 2015).
Polythioesters can be used as thermoplastics and to make
biodegradable polymer films. Thioesters are produced in
microbial fatty acid synthesis pathways. Microbial
enzymes are used now to metabolize organosulfur com-
pounds to make novel monomers that can be polymerized
to make polythioesters (Khairy et al. 2015), and desulfur-
ization enzymes could potentially also be used to modify
organosulfur compounds to produce novel compounds
suitable for polymerization, as well as to modify poly-
thioesters after polymerization to selectively oxidize sulfur
atoms or cleave carbon—sulfur bonds. This could aid in the
subsequent addition of various chemical functional groups
and the production of polythioester derivatives with a range
of novel properties.

Biodesulfurization competent hosts as model
systems for efficient production of proteins
with high sulfur content

General considerations

The introduction of cysteine residues and disulfide bonds
between two cysteine residues within a protein can greatly
stabilize a protein, making it better able to tolerate tem-
perature, pH, and exposure to solvents and other chemicals
(Northfield et al. 2014). The introduction of disulfide bonds
is not the only way to produce more stable proteins, but it is
a possible way to create more stable proteins. The isolation
of thermophiles capable of biodesulfurization has been
reported but this has not resulted in biocatalysts with high
biodesulfurization activity, and there is currently no
understanding of what structural features in desulfurization
enzymes from thermophiles contribute to improved ther-
mal stability (Kayser et al. 2002; Li et al. 2003; Kirimura
et al. 2004; Ohshiro et al. 2005; Wang et al. 2015; Yu et al.
2015). More robust/stable enzymes are better suited to
industrial processes as they can potentially support higher
catalytic rates and can operate at conditions where sub-
strates have higher solubility (Northfield et al. 2014).
Durable enzymes that allow bioprocesses to run for longer
times without enzyme replacement, and with the ability to
tolerate product recovery approaches all contribute to more
favorable economics (Klint et al. 2013). However, the
introduction of cysteine residues at many locations within a
protein can lead to decreased levels of enzymatic activity,
and the microbial production of enzymes containing high
concentrations of cysteine residues can be challenging
(Klint et al. 2013).
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The improved microbial production of sulfur-containing
compounds would benefit from a better understanding of
microbial physiology generally, and sulfur metabolism
specifically, and studies of desulfurization-competent
microorganisms can provide that information. Figure 2
illustrates how biodesulfurization can be used as a model
system to better understand microbial physiology, partic-
ularly as it relates to the optimum functioning of multi-step
cofactor requiring pathways, sulfur metabolism, production
of sulfur-rich proteins, disulfide bond formation, and the
secretion of sulfur containing proteins.

Biotechnology can produce high concentrations of many
proteins encoded by single genes, as effective gene
expression systems have been developed for several
microbial hosts such as Escherichia coli (Gopal and Kumar
2013). However, the cost effective production of proteins
still poses significant challenges in many cases, and yields
of some recombinant proteins in E. coli are just milligrams
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zymes, sulfur rich therapeutic proteins, defensins, antibiotics, ven-
oms, and other products

per liter. Gene stability, translational stability, codon usage
patterns, posttranslational processing, endogenous pro-
teases, transport and localization, growth rate control, and
co-expression of other genes are some of the factors
impacting gene expression (Liu et al. 2015; Zhou et al.
2016). For example, even when the same gene expression
system is used in three different E. coli strains, a range of
yields of recombinant proteins is obtained due to variations
in growth rate, plasmid stability, metabolic stress level,
protein degradation rates, and other factors (Marisch et al.
2013).

E. coli is the most widely used host for the production of
recombinant proteins and prokaryotic systems are less
expensive than mammalian cells or fungi, but the produc-
tion of sulfur-rich proteins in E. coli is problematic (Klint
et al. 2013). If prokaryotic hosts could be used for the
production and the correct folding and disulfide bond for-
mation of sulfur-rich proteins, it would greatly benefit
biotechnology. In this regard the study of the expression of
sulfur-rich proteins in a host in which sulfur is supplied by
the enzymes of the desulfurization pathway provides a
valuable tool to increase our understanding of microbial
cell physiology and thus lead to more efficient production
of such proteins.

Cysteine scanning mutagenesis

To identify amino acid residues that are important for
enzyme activity and to identify locations within a protein
where cysteine can be introduced without sacrificing
enzymatic activity, the process of cysteine scanning
mutagenesis can be employed (Frillingos et al. 1998;
Vecchiarelli and Funnell 2013; Ohnishi et al. 2014). Cys-
teine scanning mutagenesis is the systematic replacement
of amino acids in a protein with cysteine to subsequently
observe the effect on enzymatic activity and protein sta-
bility. Because of the difficulty of producing high con-
centrations of proteins containing high cysteine
concentrations in microbial hosts (Liu et al. 2015), cysteine
scanning mutagenesis is most commonly used to establish
structure—function relationships in proteins and to create
stable protein crystals that can be used to determine the
3-dimensional structure of proteins (Frillingos et al. 1998;
Ohnishi et al. 2014). However, if high yields of cysteine-
containing active, stable, enzymes could be produced in
microbial hosts, they could benefit multiple bioprocesses; a
combination of cysteine scanning mutagenesis and next-
generation desulfurizing hosts could accomplish this.
Cysteine scanning mutagenesis can be used to find the
best locations for the introduction of cysteine residues
while retaining enzymatic activity, and this is a well-de-
veloped available technology, but what is lacking are
microbial production hosts that can produce high yields of
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disulfide-rich proteins (Klint et al. 2013; Northfield et al.
2014). The study of the desulfurization operon provides a
way to develop such hosts. For example, the production of
a small, disulfide-rich protein from a synthetic gene
inserted within the desulfurization operon of a Rhodococ-
cus species growing with dibenzothiophene as the sole
source of sulfur has been investigated; when paired with
directed evolution, it resulted in 20-fold improvement in
the desulfurization activity of the host (Pan et al. 2013).

Improved, next generation biodesulfurization hosts

While conventional methods of genetic manipulation of the
4S pathway such as increased copy number, use of alter-
native promoters, and the use of alternative microbial hosts
all failed to yield biocatalysts with superior desulfurization
activity (Kilbane 2006; Debabov 2010; Alves et al. 2015;
Boniek et al. 2015), the novel use of a sulfur-rich protein
combined with directed evolution (as described above and
below) provides an example of a promising approach for
developing improved desulfurization biocatalysts; still,
even more improvements are needed. Biodesulfurization
research would benefit from a systems biology approach.
While a metabolic flux model of biodesulfurization has
been developed, genome-scale transcription, proteomics, or
metabolomics studies have not been reported. Some
microbial strains are reported to contain an extended 4S
pathway such that 2HBP is converted to 2-methyl biphenyl
(Yu et al. 2015) or biphenyl (Akhtar et al. 2009); however,
the genes/enzymes responsible for extended 4S pathways
have not been identified.

The sulfur-rich polypeptide (“S1”) inserted into the dsz
operon in prior directed evolution experiments had no
enzymatic activity, but contained a signal sequence to
promote the secretion of the protein, decreasing the ability
of the culture to break down the protein and recycle the
sulfur-containing amino acids (Pan et al. 2013). When the
microbial culture was grown with DBT as the sole source
of sulfur, it was dependent upon the production of the
desulfurization enzymes of the 4S pathway. Because the
sulfur-rich polypeptide gene was inserted within the
desulfurization operon, the increased production of desul-
furization enzymes also resulted in the increased produc-
tion of the sulfur-rich polypeptide, thereby increasing the
nutritional demand for sulfur. This created selective pres-
sure for the culture to create more enzymatically efficient
desulfurization enzymes and/or utilize sulfur more effi-
ciently (Pan et al. 2013).

The next generation improvement of this experimental
approach could be to introduce more cysteine (and
methionine) residues into the desulfurization proteins
themselves, at locations that preserve enzymatic activity
(Fig. 2). The desulfurization genes can’t be modified, like
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the sulfur-rich polypeptide S1, to include signal sequences
for the extracellular secretion of these enzymes, because
the enzymes require cofactors, so there is still value in
utilizing sulfur-rich polypeptides like S1 that can be engi-
neered to be secreted from the cell. This would provide a
useful model system to study how to produce high con-
centrations of sulfur-rich enzymatically active, stable en-
zymes, and the secretion of sulfur-rich polypeptides (Klint
et al. 2013) (see below). The use of desulfurization-com-
petent hosts to study the expression of high-sulfur-content-
polypeptides allows for a novel approach to learn more
about gene expression, protein folding, disulfide bond
formation, and protein secretion. The lessons learned from
such a system could be applied to enable the production
more generally of industrially useful enzymes that have
been modified using cysteine scanning mutagenesis to
produce more stable derivatives.

Biodesulfurization competent hosts as model
systems for efficient production of bioactive
polypeptides with high sulfur content

Venoms

Another relevant application of biodesulfurization is that
polypeptides that contain a high concentration of cysteine/
methionine include some of the most potent venoms (Klint
et al. 2013) and some therapeutic compounds such as
bacteriocins, defensins, host defense peptides, and various
synthetic peptides with anti-microbial, anti-fungal, anti-
viral, and anti-cancer properties (Yacoub et al. 2016;
Kaspar and Reichert 2013; Northfield et al. 2014). Venom
proteins contain from 17 to 76 amino acids and from 2 to 6
disulfide bonds, such that the percentage of cysteine in
venom proteins ranges from 10.5 to 23.5 % with most at
17-21 % (Klint et al. 2013). They are commonly secreted
by animal cells and are inherently soluble and stable to
temperature, pH, solvents, ionic strength, and detergents
(Klint et al. 2013).

Besides being used for the production of anti-venoms,
venom proteins can have therapeutic uses and some can be
used as bioinsecticides (Klint et al. 2013). It would be
much easier to obtain large quantities of venom proteins if
they could be produced by microbial hosts rather than
breeding and milking snakes, spiders, lizards, Komodo
dragons, snails and other venomous animals; however,
producing disulfide-rich proteins in microbial hosts can be
challenging (Klint et al. 2013). The formation of disulfide
bonds in E. coli occurs in the periplasm, so getting the
protein to the correct cellular location is required, plus the
challenge of formation of the correct disulfide bond com-
binations. A protein with 4 disulfide bonds could form up
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to 105 different isomers (Klint et al. 2013). A better
understanding of the production, translocation, and disul-
fide bond formation of sulfur rich proteins that could be
derived from the study of next generation biodesulfuriza-
tion cultures could enable better and cheaper production of
sulfur-rich venom proteins. Furthermore, desulfurization
enzymes can be used to create derivatives of venom pro-
teins that may have useful properties.

Bacteriocins

Bacteriocins are a diverse family of proteins produced by
various microorganisms that have anti-microbial activity
(Cascales et al. 2007). Moreover, bacteriocins are sulfur-
containing polypeptides, and a highly conserved N-termi-
nal sequence in bacteriocins contains a cysteine residue
(Cascales et al. 2007). While disulfide bonds are generally
not found in bacteriocins, some, such as nisin and subtilin,
include the uncommon sulfur-containing amino acid lan-
thionine, which is produced by post-translational modifi-
cation (Paul and van der Donk 2005). The study of the
production of bacteriocins in next generation biodesulfur-
ization cultures could provide insight into microbial
physiology, specifically an improved understanding of
sulfur metabolism in microbial cultures. Moreover, cys-
teine scanning mutagenesis can be helpful in discerning the
structure—function relationships of the regions of bacteri-
ocins responsible for antibiotic activity; this knowledge
could be helpful not only in the design of bacteriocin
molecules that may have clinical relevance, but may also
be useful in the development of novel sulfur-containing
therapeutics generally (Northfield et al. 2014).

Many therapeutic proteins are cysteine-rich/disulfide-
rich, but they don’t generally contain lanthionine. The
knowledge gained in the study of bacteriocins can assist in
the development of novel sulfur-rich therapeutic peptides
that also contain lanthionine, and similarly, the introduc-
tion of disulfide bonds in bacteriocins using insights gained
through the study of venoms and disulfide-rich therapeutic
proteins may allow the development of novel bacteriocins.
Furthermore, the use of desulfurization enzymes can
selectively modify bacteriocins and disulfide-rich thera-
peutic proteins, and these chemical derivatives can be
tested to identify proteins with novel properties.

Defensins

Defensins include a wide variety of small cysteine-rich
cationic proteins that protect both vertebrates and inverte-
brates from infections of bacteria, fungi and some viruses,
and some defensins are reported to have anti-cancer
properties (Yacoub et al. 2016). The interest in defensins
by the pharmaceutical industry is increasing, along with

increasing interest in host defense peptides (Kaspar and
Reichert 2013). The latter are synthetic peptides built to
mimic defensins and generally contain only 12-50 amino
acids and a high percentage of cysteine residues (Yacoub
et al. 2016). Many peptide therapeutics have received
Federal Drug Administration approval for use in the USA
(Kaspar and Reichert 2013), so learning from nature which
protein structures yield antibiotic or therapeutic properties,
as well as stability, and then using that knowledge to make
useful medicines has already begun. Desulfurization
enzymes can be used to make novel derivatives of defen-
sins and host defense peptides, and the study of desulfur-
ization competent cultures can lead to increased yields of
sulfur-rich proteins in bioprocesses using microbial
cultures.

Conclusion

Desulfurization biocatalysts have been trying to address
one of the most difficult challenges for any process, namely
to treat extremely large volumes at low cost. Desulfuriza-
tion biocatalysts can be used for applications besides the
desulfurization of petroleum, and while these alternative
applications hold great promise, they have been largely
ignored. Existing desulfurization biocatalysts could
potentially be used now for commercial processes to pro-
duce surfactants, antibiotics, polythioesters and other
chemicals, and for the detoxification of some chemical
warfare agents. These and other alternative uses for
desulfurization biocatalysts warrant further investigation.

The study of the 4S pathway provides a model system
with unique advantages that can be used to improve our
understanding of microbial physiology generally, sulfur
metabolism specifically, and how to better design microbial
biocatalysts to make products resulting from multi-step
pathways. There are numerous types of sulfur-rich and/or
disulfide-rich proteins with known medical or industrial
applications, but using microbial hosts to produce these
compounds needs improvement. The study of microbial
cultures containing the 4S pathway and growing with
organosulfur compounds as their sole source of sulfur
provides a useful approach to improving the production of
such proteins.

There is still much to learn from venoms, bacteriocins,
defensins, and host defense peptides as we seek to develop
improved antibiotics, anti-fungal, anti-virus, and anti-can-
cer compounds. The low cost production of these com-
pounds, many of which will be cysteine-rich and disulfide-
rich, is an additional challenge that can be met, at least in
part, with the use of microbial processes. However, pro-
ducing large quantities of peptides that are potentially toxic
to the host, and possess a variety of disulfide isomers in a
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microbial production system will not be easy. The same
can be said for the production of highly stable sulfur rich
enzymes. But the use of desulfurization-competent hosts to
study the expression of high-sulfur-content-polypeptides
allows for a novel approach to learn more about gene
expression, protein folding, disulfide bond formation and
protein secretion. It is these applications of biodesulfur-
ization that hold the greatest promise for increasing our
fundamental knowledge in microbiology, and perhaps
eventually developing a commercially viable biodesulfur-
ization process for petroleum.
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