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Abstract

Mammalian cysteine dioxygenase (CDO) is a mononuclear iron containing enzyme that
belongs to the cupin superfamily. CDO catalyzesthe oxidation of cysteine tocysteinesulfinic acid.
It containsan amino acid-derived cofactor formed between residues Cys93-Tyrl57. Reported
CDO homologs have been identified in several bacteria; however, all known bacterial thiol
dioxygenase enzymes lack the Cys-Tyr post-translational modification because of a highly
conserved Gly in place of Cys93.! Bacterial thiol dioxygenase enzymesare subdivided into the
Arg-type and GIn-type, based on the identity of a conserved active site residue involved in
substrate binding. The Arg-type has an alleged substrate specificity for L-cysteine and the GIn-
type has a putative specificity for 3-mercaptopropionate (3-MPA).2 T he GIn-type CDO enzyme
homologs convert 3-MPA to 3-sulfinopropionate (3-SPA). However, the metabolic role of either
3-MPA or 3-SPA is unclearin these bacteriasystems. T he GIn-type enzymesare currently referred
to as 3-mercaptopropionate dioxygenase (MDO). Substitutions of Cys93, GIn62, and Arg60 were
made to evaluate the functional role andsubstrate specificity amongthiol dioxygenases. The C93G
CDO variant was unable to form the crosslink, and only showed a slight reduction in the catalytic
efficiency with L-cysteine. T he results from the studies performed with R60Q and Q62R, suggest
that Arg60 plays a more defined role in substrate specificity in mammalian CDO than the
comparable glutamine residue does in bacterial MDO.

In bacteria that express “GIn-type” MDO, the gene ison the same operon as an annotated

sulfurtransferase, but the existence of the sulfurtransferase has not been recognized by groups



working with MDO. As both genes are located on the same operon, they likely catalyze reactions
in a common metabolic pathway. Both the MDO and sulfurtransferase genes are locatedin low-
sulfur islands, suggesting these genes are turned on when sulfur is limiting. The annotated
sulfurtransferase on the mdo operon hasan amino acid sequence similarity to mercaptopyruvate
sulfurtransferase enzymes, which suggest that mercaptopyruvate could be a potential substrate for
MDO or the sulfurtransferase. Kinetic studies were repeated for R60Q CDO and Q62R MDO
using 3-mercaptopyruvate asa substrate. T he increase of activity with wild-type MDO suggest
that 3-mercaptopyruvate is a viable substrate for bacterial thiol dioxygenase, which is further
justified by the decrease in catalytic activity for Q62R MDO.

Natural fusions between thiol dioxygenases and sulfurtransferases have also been
identified in certain bacteria. Existence of these fusions suggest that interactions among the
dioxygenase and the sulfurtransferase could occur. T herefore, protein-protein interaction studies
were performed with MDO and the sulfurtransferase. Our studies suggest that protein-protein
interactionsare occurring between MDO and the sulfurtransferase.

The mdo operon in Pseudomonas aeruginosa is located in the same gene cluster as sulfur
starvation enzymes. In order to determine if the mdo operonwas regulated under sulfur limitation,
growth and expression assays were performed on transposon insertions of each gene and analyzed
with various sulfur sources. However, based on the results of the studies, the mdo operon is not
involved in sulfur starvation. Instead, the mdo operon may be involved in hydrogen sulfide or

cyanide detoxification.



T he studies described herein evaluatedthe functional role and substrate specificity of MDO
and the sulfurtransferase in P. aeruginosa. GIn62 appearsto play a role in substrate specificity but
it does not seemto be as importantasthe role of Arg60 in mammalian CDO. Based on the evidence
provided, MDO and the sulfurtransferase are able to interact. However, based on the results the
mdo operon ismore likely to be involved in hydrogen sulfide or cyanide detoxification rather than
sulfur limitation. T hese studies also provided a foundation for future studies regarding the mdo

operon in P. aeruginosa.
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CHAPTER ONE

Literature Review

1.1 Sulfur Utilization Among Bacteria

Sulfur is one of the six most common essential elements found in life on Earth. It is
typically found around hot springs and volcanic regions. Sulfur can exist as dissolved sulfate or
dimethyl sulfide in the ocean, as well as a trace gas within the atmosphere.® Sulfur can also be
produced from sulfates, which are commonly found in sulfur reducing bacteria.®

Sulfur is a major component of two essential amino acids, cysteine and methionine.
Cysteine provides protein structure stabilization through the formation of disulfide bonds. Cysteine
is also able to mediate electron transfers within oxidoreductases (such as cytochromes,
thioredoxins, and Fe-S proteins).* Methionine is typically found in the interior hydrophobic core
of globular proteins, while in membrane-spanning protein domains it interacts with the lipid
bilayer.® In the synthesis of eukaryotic proteins, the initiating amino acid is methionine; however
in prokaryotic proteinsit is N-formyl methionine. After translation, the methionine residues may
be removed and no longer contributesto protein structure.®

Sulfur participatesin unique chemistry and comprises diverse metabolites. Sulfur can act
as a source of energy (sulfate reduction or sulfide oxidation) and energy storage in the form of
adenosine 5’-phosphosulfate (APS) and 3’-phosphoadenosine 5’-phosphosulfate (PAPS).° Sulfur
also playsa role in the formation of iron sulfur clusters and thionucleosides of transfer ribonucleic
acids (tRNA). T he formation of these iron sulfur clusters involvesthe transfer of sulfur from L-

cysteine, a reaction known to be catalyzed by cysteine desulfurases. "8



T he sulfur cycle is complex because sulfur can be transformed biologically and chemically, as
well as having a broad range of oxidation statesfrom -2 (completely reduced) to +6 (completely
oxidized).® Moreover, the sulfur cycle is very closely related to other elemental cycles, such as
nitrogen and carbon cycles.® In bacteria, sulfur is assimilated from organic and inorganic sources.
T he sulfur cycle consists of a group of sequential reactionsin which sulfur goes through different
oxidation states. T he main oxidation states of sulfur are 0 for elemental sulfur, -2 for thiolate and
thiols such as hydrogen sulfide and cysteine, and +6 for sulfate. Microorganisms are responsible
for a number of transformations of sulfur, such as mineralization, immobilization, oxidation of

inorganic compounds, and volatilization of inorganic and organic sulfur compounds. *°

1.2 Incorporation of Sulfur into Cofactors

The functional role of sulfur in cofactorsand biomolecules and their involvement in diverse
metabolic processes have been evaluated in numerous studies. It isnot fully understood howsulfur
is delivered for the synthesis of these cofactorsand nucleosides but it is proposed to be mediated
through a persulfide intermediate. T he limited studies on the delivery and incorporation of sulfur
into macromoleculesis due to several factors. First, the biological role of persulfides is a fairly
new discovery; second, persulfides are extremely unstable, making them difficult to investigate.
The persulfide group (R-S-SH) primarily serves as the sulfur donor for sulfur incorporation in
macromolecules.® T here are several possible products from the decomposition of persulfides, some
of which include thiol, disulfides, polysulfides, H.S, and elemental sulfur (Sg).*

The reactivity of persulfides with various nucleophiles have been studied over several years.
There are four possible pathways when RSSH is reacted with a nucleophile: (1) the sulfhydryl

group becomes deprotonated; (2) the outer sulfur atom is attacked by a nucleophile; (3) the inner



sulfur atom is attacked by a nucleophile; (4) the alpha-carbon becomes deprotonated.* Reaction
of different nucleophiles (hydroxide, sulfite, cyanide, and thiolate) with benzyl persulfide
(BnSSH) generates various products such as H,S, benzyl disulfide, benzyl polysulfide, and Sg
(Figure 1.1).112 Cyanide and thiolate (stronger nucleophilic reagents) attack both sulfur atoms,
while hydroxide and sulfite (less nucleophilic reagents) prefer the inner sulfur atom.® The
reactivity of persulfide substrates are often affected by steric hindrance. For example, a more
sterically hindered persulfide-Ph3CSSH could not undergo nucleophilic attackswith CN—, I, Br™,

AcO .2 However, these nucleophileswere able to deprotonate the persulfide to generate Ph3CSS,

which breaks down to Ph3SH and elemental sulfur (Figure 1.1).

S—SH  OH" SO

3 BnSSn, BnS(S),SBn, Sg, H,S, BnSH

CN" RS
Ph SH : Ph
/RS CN OAcC Ph /S
Ph%s i s ——> Ph SH + S
oH Cl Br I
Ph Ph

Figure 1.1. Reactions of persulfides with various nucleophiles (Adapted from®).

Persulfides (RSSH) tendto be more nucleophilic than thiols (RSH), however, there have
been limited studies evaluating the nucleophilicity of persulfides. Even though there is a large
number of known thiol blocking reagents that should be able to react with RSSH, very few
reactionshave been reported.™ Thusfar, only N-ethylmaleimide (NEM), 2,4-dinitrochlorobenzene

(DNCB), and iodoacetatehave shown to derivatize RSSH (Figure 1.2)° T he reaction between these

3



electrophilesand RSSH were relatively slow. T he addition of an ethyl group to the nitrogen of

NEM increases the reaction rate, but could lead to the breakdown of RSSH, decreasing product

yield.®
\ N-Ethylmaleimide (NEM) methyl-2-iodacetate
o N o 0-_N__0 PN
\V\j I CO,Me

~———— RSSH ——— @ SSR/\\COZMe

SSKR’ NO,
Cl 2.4-dinitrochlorobenene

NO,

NO,
SSR” ;

NO,

Figure 1.2. Reactions of persulfides with selected electrophiles (adapted from®).

In prokaryotes and eukaryotes, cysteine participates in the biosynthesis of most sulfur
containing cofactors. Enzymes referred to as cysteine desulfurases play a critical role in thiol
incorporation and transfer. Cysteine desulfurase is a pyridoxal 5’-phosphate (PLP) dependent
homodimeric enzyme that converts L-cysteine to L-alanine utilizing PLP to cleave the carbon

sulfur bond of cysteine after the formation of a persulfide enzyme intermediate (Figure 1.3).%



Cysteine X S Cysteine _ao_ Cysteine
Desulfurase SH /\/ Desulfurase S-SH / i\ Desulfurase -SH
O
® Q R-SH R-S-SH
w0 g e Lo

Figure 1.3. T he transfer of sulfur from free L-cysteine catalyzed by cysteine desulfurase. (Adapted

from ). Copyright 2014 Elsevier B.V. All rights reserved.

In E.coli there are four distinct cysteine desulfurases: CsdB, IscS, CsdA (CSD), and
SufS.!6-18 CsdB is a NifS homologue that is involved in the biosynthesis of nitrogenase Fe-S
clusters.’® IscS is also involved in the mobilization of sulfur for Fe-S cluster biosynthesis.
However, it also transports sulfur for the biosynthesis of thionucleosides and thiamin, and is
involved in the incorporation of selenium into selenoproteins and selenouridine residues in
tRNA.1%21 SufS generatesand repairs iron-sulfur clusters when ion deprivation or oxidative stress
cannot use the IscS-dependent system?®2%22 |n most organisms one cysteine desulfurase is denoted
as the central hub of sulfur mobilization for various pathways such as thionucleosides, thiamin,
biosynthesis of iron-sulfur clusters, molybdenum cofactor, biotin, and lipoic acid (Figure 1.4).®
However, under certain physiological orenvironmental conditionsadditional cysteine desulfurases

may be needed.®®
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Figure 1.4. Biosynthetic pathwaysin E. coli that recruit IscS for sulfur mobilization. (Adapted

from ). Copyright 2014 Elsevier B.V. All rights reserved.

1.3 Sulfur Limitation in Bacteria

Sulfur-containing biomolecules are involved in various chemical and structural functions.” In
general, most bacteria prefer inorganic sulfate asthe main sulfur source. However, inorganic sulfur
only makes up roughly 3-6% of total soil sulfur reserves.?® T he remainder is primarily made up of
carbon-bound sulfur and ester sulfates.?*?° % T herefore, bacteria within these environments must
have other mechanismsfor obtainingthiselement tomeettheir sulfur requirements. 2’ When sulfate
is limiting, sulfate starvation induced (Ssi) proteinsare expressed to provide bacteria with an
alternative means of obtaining sulfur.24% In E. coli, eight Ssi proteinswere identified using two
dimensional gel electrophoresisand comparing cells grown in the absence and presence of sulfate

or cysteine. It was determined that these genes are upregulated when E.coli is grown in media



containing sulfur sources other than cysteine or sulfate.*>3! T he proteins expressed during sulfur
limitation play a role in sulfur acquisition from organic compounds, organosulfur uptake, and
protection against reactive oxygen species. 3233

T he regulation of specific operonsin E. coli in response to sulfur limitation has primarily
focused on two operons (sSUEADCB and tauABCD) involved in the utilization of alkanesulfonate
and taurine as a sulfur source, respectively (Figure 1.5). The ssuABC genes encode for an ABC-
type transporter system responsible for the uptake of alkanesulfonatesinto the cell.*3¢ ssuD and
sSUE encode for an FMN reductase and monooxygenase involved in the desulfonation of diverse
alkanesulfonates. T he tauABC gene cluster also encodesan ABC-type transporter system, and a
taurine oxygenase enzyme, TauD, which is an a-ketoglutarate dependent, non-hemeFe (1) protein
that catalyzesthe release of sulfite from taurine.®” The mechanism in which the substrates are
transported across the external membrane through the periplasm and cytoplasm is not well
understood; however, the substrate transport order of enzymes has been identified (Figure 1.6).
TauA and SsuA are suggested to be the periplasmic sulfonate binding proteins, while TauC and
SsuC are involved in substrate transportation acrossthe membrane permease. T auB and SsuB are

enzymesthat directly hydrolyze ATP. Alkanesulfonates have the ability to be transported by both

operons, while taurine is only exclusively transported by tauABC.?



- S — )

substrate-binding protein - taurine dioxygenase

- ATP-binding protein - alkanesulfonate monooxygenase

membrane component ssuE | FMN-reductase

Figure 1.5. tau and ssu gene clusters responsible for synthesis of proteinsinvolved in the uptake

and utilization of taurine and alkanesulfonates in E. coli (Adapted from ).

alkanesulfonates taurine

Outer membrane
| H N

Periplasm -
| ssuc[ssuc] _[rauc|rauc
ssus [ssug]  [Tou)][raus)

Cytoplasm 1 l
R-C-SO4 R-C-SO;

Figure 1.6. Sulfonate uptake and desulfonation in E.coli (Adapted from ).



Theexpression of the genesthat encode proteinsin the sulfate reduction pathway are under
the control of the CysB protein, a LysR-type transcriptional regulator.®® CysB is conserved among
gram-negative bacteria and playsa key role in the expression of the cys genes (cysKJIHPTWAM)
and ssi genes (SSUEADCB and tauABCD) responsible for sulfate assimilation.® T ranscription of
the cbl gene is activated once CysB interacts with the co-inducer N-acetylserine. (Figure 1.7
A).23® T he expression of the ssu and tau genes is repressed when E.coli is grown in the presence
of sulfate. During sulfate starvation, the Chl protein binds upstream of the ssuEADCB and
tauABCD operonsto activate their transcription (Figure 1.7 C).3%4° CysB is also required for tau
activation, however ssu does not require it for transcription (Figure 1.7 D). CysB interaction with
N-acetylserine activatesthe transcription of the cys genes, however sulfide and thiosulfate act as
an anti-inducer (Figure 1.7 B).2° Cysgenesare involved in sulfur assimilation, while the ssi and
tau genes are involved in sulfur acquisition. The proteinsinduced by sulfate starvation in E. coli
appear to be “sulfur scavenging enzymes” involved in the utilization of non-preferred sulfur
sources.*! Ssi proteins have been identified in both Gram-positive and Gram-negative species,

including soil bacteria aswell as human pathogens.?
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Figure 1.7. Regulation of sulfur assimilation pathways in E.coli (Adapted from 2).

Pseudomonas spp. are able to utilize a variety of organosulfur compounds such as
alkanesulfonates, taurine, and/or alkanesulfate esters as sulfur sources. 34142 Similar to E.coli,
Ssi proteins are found among Pseudomonas spp. and enable proteinsto adapt to sulfur limiting
conditions because there are more diverse mechanisms for sulfur acquisition.?”*® However, the
regulation of ssi gene expression in the Pseudomonas spp. is understood to be different from that
of E.coli, because the pseudomonadgenome lacksthe cblgene.?® Although, there hasbeen specific
regulators reported to be involved in the regulation of the particular organosulfur assimilatory
genes, it is unclear how pseudomonads globally regulate genes under sulfur starvation conditions

28,44-46

and control the expression of organosulfur-assimilating pathways. In P. putida, sulfur
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utilization studies have proposed that CysB regulates the sulfate starvation response of the sfn
operons, which is similar to the role of CysB in the regulation of the E. coli sulfonate utilization
gene importantin dimethylsulfone metabolism (Figure 1.8). It containsthe transcriptional activator
SfnR, a o>*-dependent transcriptional activator.*® In the absence of downstream metabolites in the
sulfate assimilatory pathways, such as cysteine and sulfide, CysB binds to the upstream region of
sfnECR to directly activate expression. When sulfate isnot present, SfnRactivatesthe expression
of sfnFG, but also represses sfnECR transcription.?® T his negative autoregulation is proposed to
maintain appropriate levels of sfnR expression.?® The regulation of SfnR would ensure quick
switching of utilized sulfur sources from DMSO, to sulfate, when sulfate is supplied.?® SfnF is a
hypothetical NAD(P)H-dependent FMN-reductase, but activity assays have determined SfnF is
unable to reduce or transfer flavin.*’ SfnG is considered to be an FMNH,-dependent
monooxygenase, that catalyzes conversion of DMSO, to methanesulfonate (MSA) (Figure 1.9).%
SfnE is NADH-dependent FMN-reductase, and SfnC is a hypothetical monooxygenase, however
the role of SfnC is undetermined. Similar to P. putida, P. aeruginosa contains SfnR homologs

and CysB, however, the functional role has not been evaluated. ™
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Figure 1.8. sfn genesexpressed during sulfur limiting conditions in Pseudomonas putida.
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Figure 1.9. Conversion of DMSO, to MSA by SfnG, with reduced flavin supplied by SfnE as

proposed by T oshio Omori ',
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1.4 The Cupin Supe rfamily

Some enzymesexpressed during sulfur limitation are members of the cupin superfamily. The
cupin superfamily is very diverse and the enzymes found within this superfamily are found in both
prokaryotes and eukaryotes.*® T he cupin superfamily was first identified in the wheat protein,
germin. T hese germin proteins were characterized by a conserved nine amino acid sequence
(HI/THPRATEI), and are involved in protecting plants under different environmental stress
conditions.*® Overall, members of the cupin superfamily are able to catalyze an assorted range of
reactions and have a relatively low sequence similarity. However, the common trait among
members of the cupin superfamily is the p-barrel fold. This cupin domain consists of two
conserved motifs, each containing two [3-strands that are separated by a less conserved region that
contains two more B-strands.*® Originally, G(X)sHXH(X)34E(X)sG was defined as the conserved
sequence for Motif 1 and G(X)sPXG(X),H(X)sN for Motif 2, however, not allenzymeswithin this
superfamily contain these two motifs.*®4° T he two motifs together represent a 3-His/1 Glu motif
responsible for the coordination of the active site metal.

Most cupin superfamily proteinsare metalloproteinsand their active sites are located at the
center of the B-barrel (Figure 1.10). T he most common type of metal found within the active site
of cupins is iron; however, copper, nickel, manganese, cobalt, and zinc have also been
identified.*®*° Initial studies were focused on cupin enzymes with a 3 His/1 Glu motif, but

enzymatic cupinsare nowknown to contain diverse motifs (Figure 1.11).4
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Figure 1.10. CDO crystal structure depicting the cupin superfamily fold: beta sheets (blue), alpha

helices (dark grey), loops (light grey), iron metal center (brown). PDB: 4KWJ.*°

“r

o Glu134

His137

His88

o Prv - His90

e

Figure 1.11. Crystal structure of cupin oxalate oxidase depicting the traditional 3-His/1-Glu

coordination of the metal. Mn cation (yellow). PDB: 2ET 1°.
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1.4.1 Thiol Dioxygenases within the Cupin Supe rfamily

Thiol dioxygenase enzymes utilize a mononuclear ferrous iron active site to catalyze the
O,-dependent oxidation of sulfur containing thiol compounds to corresponding sulfinic acid
derivatives. Cysteine dioxygenase (CDO) and cysteamine dioxygenase (ADO) are the only known
mammalian thiol dioxygenase enzymes that belong to the cupin superfamily. Both enzymes
contain a 3-His coordinated iron center. ADO catalyzes the oxidation of cysteamine to
hypotaurine, which is then further oxidized to taurine. CDO catalyzesthe oxidation of L-cysteine
to L-cysteine sulfinic acid (CSA), and CSA is further metabolized to either taurine or pyruvate and
sulfite (Figure 1.12).%% It has been proposed that if cysteine regulation is disturbed, it will create
reactive oxygen speciesin the cell. T hisdysregulation createsan imbalance in cysteine metabolism
which is often associated with numerous neurodegenerative diseases. T herefore, CDO is a
potential drug target for diseases such as Parkinson’s, Alzheimer’s, and other motor neuron

diseases.”®
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Figure 1.12. CDO metabolic pathway: L-cysteine isoxidized to L-cysteine sulfinic acid, to further

go on to form pyruvate and sulfite, or taurine.

In CDO, the 3-His-1 carboxylate ligand binding motif found in many cupin enzymes is
replaced by a 3-His facial triad and the carboxylate residue is replaced by the amino acid cysteine
(Cys93). The Cys93 residue participatesin a thioether crosslink with a tyrosine (T yr157) clos to
theiron active site (Figure 1.13).>* T here are several proposed rolesfor the crosslink in mammalian
CDO. T he post translational modification has been proposed to aid in positioning the substrate to
coordinate the iron center by the amine and thiolate groups resulting in a five-fold increase in
catalytic activity compared to non-crosslinked CDO.>* Some studies suggest the crosslink
indirectly enhances activity by removing all potential side reactions that could occur with the free
thiol of Cys93.%° Other studies have proposedthe crosslink positions the hydroxyl group of T yr157
for acid/base catalysis in order to stabilize the iron superoxo species that is generated during

catalysis.®®>° T he crosslink has been reportedto be involvedin substrate specificity, given that the
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Tyr157 iswithin hydrogen-bonding distance from the carboxylate of the L-cysteine substrate.%%%
Crosslink formation occurs at elevated cysteine concentrations to enhance activity, and may act as
a in vivo regulatory mechanism to decrease elevated cysteine concentrations that could be

potentially toxic.

Figure 1.13. 3-Hisfacial triad found in the active site of mammalian cysteine dioxygenase. PDB:

41EV.5?

Mammalian CDO is specific for the L-cysteine. Substrate specificity studies have been
performed by utilizing cysteine analogs and measuring dioxygen consumption coupled with
product formation. Various L-cysteine analogswere tested, but the rates of oxygen utilization and
product formation were decreased by several orders of magnitude compared to the L-cysteine
substrate.®® Due to diminished activity and low product formation with the L-cysteine analogs, it

was determined that L-cysteine was the preferred substrate for CDO.%° T hree-dimensional
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structures of wild-type CDO show that L-cysteine binds bidentate by the amino and thiol groups
leaving the carboxylic group to be coordinated by a nearby arginine residue.®*®" T he bidentate
coordination of L-cysteine decreases the reduction potential of the mononuclear iron active site,
resulting in a higher reactivity of the substrate-bound CDO toward O,.>*

In mammalian CDO, there are several conserved residues that contribute to substrate
stabilization. In three-dimensional structural studies, the guanidinium group of a conserved Arg
(Arg60) is extended towards the iron center in the absence of L-cysteine substrate. When the L-
cysteine substrate is bound, the guanidinium group of Arg60 movesaway from the iron center and
is within 3 A away from the carboxylate group of the L-cysteine substrate (Figure 1.14).52 \When
Arg60 was substituted with glutamine and alanine, both variants displayed a ~50% decrease in
bound iron and a ~70% decrease in catalytic activity compared to that of wild-type CDO.% The
decrease in iron contentdid not fully account for the decrease in activity.®” The diminished activity
observed by the substitution of the Arg60 residue combined with the close proximity of the
guanidinium group to the carboxylate group of L-cysteine substrate, suggested that Arg60

contributesto the substrate specificity of mammalian CDO through electrostatic interactions. %6572

18



Tyr157

‘U ﬁ'.Cysgs

O~ =
5

’ / S
Arg60 ,

His86

Figure 1.14. T he guanidium of Arg60 is within 3 A away from the carboxylate group of the Cys

substrate. PDB: 4IEV.%?

1.4.2 3-Mercaptopropionic acid Dioxygenase (MDO)

Putative thiol dioxygenases have also been identified in several bacteria. T hese bacterial
thiol dioxygenase homologs have ~30-80% amino acid sequence identity to mammalian CDO.®
Bacterial thiol dioxygenase homologs also share a common cupin fold with mammalian CDO
(Figure 1.15). Similar to mammalian CDO, bacterial thiol dioxygenase homologs have an
octahedrally coordinated metal center coordinated by three histidine residuesand share a common
cupid fold with mammalian CDO (Figure 1.16). These enzymes lack the Cys-Tyr post-

translational modification because of a highly conserved Gly in the place of Cys93.%8
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Figure 1.15. Crystal structure of bacterial CDO PDB: 4QM8.%

His125

Gly78

Figure 1.16. Active site of Bacterial CDO PDB: 4QM8.%

Bacterial thiol dioxygenases are divided into two subgroups based on which amino acid
residue is located in a similar conformation as the Arg residue involved in substrate binding in

mammalian CDO. However, all bacterial thiol dioxygenases are unable to form the cross-link,
20



because the Cys93 equivalent isa glycine residue.%® One enzyme subgroup contains the conserved
arginine residue and has alleged substrate specificity for L-cysteine (Figure 1.17). Another
subgroup replaces the arginine with a glutamine residue and has been proposed to utilize 3-
mercaptopropionic acid (3-MPA) as a substrate.>®®% The GIn subgroup of thiol dioxygenas

enzymesare currently referred to as 3-mercaptopropionate dioxygenases (MDO).%

His88 His86

A. His75 B \l-zss
A
Q0 )
Hﬁ‘} o~ "N
N | oo ‘

His88 His88 His140

: His140 , .
His91 His142
HISTT  is125

Figure 1.17. Three-dimensional structure comparing conserved residues in mammalian and
bacterial CDO. A. Similar to CDO found in R. norvegicus (grey), CDO in B. subtilis (teal) contains
a 3-His coordinated iron and an Arg in a similar position as Arg60. PDB: 2B5H and 4QM9. B. A
3-His coordinatediron isfound in both R. norvegicus (grey) and P. aeruginosa (purple). However,

in P. aeruginosa the Arg60 is replaced with a GIn residue. PDB: 2B5H and 4QM9.253:¢7

As previously mentioned, the proposed substrate for the Arg subgroup of bacterial thiol
dioxygenasesis L-cysteine, which is oxidized to cysteine sulfinic acid similar to mammalian CDO

(Figure 1.18 A). Conversely, several substrates including 3-mercaptopropionate, have been
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proposed for the GIn subgroup of bacterial thiol dioxygenases. These GIn subgroup enzymes
convert 3-MPA to 3-sulfinopropionate (3-SPA); however, the metabolic role of either 3-MPA or
3-SPA is unclear (Figure 1.18 B). 3-MPA is an organic sulfur compound that has been identified
in coastal marine sediments and is a breakdown product of dimethylsulfoniopropionate
(DMSP).%8% DMSP is an organic sulfur compound produced by marine phytoplankton and
macroalgae, and functions as an organic osmolyte.®® In bacteria and algae, DMSP is broken
down to DMS, a volatile compound that isone of the most abundant natural sources of sulfur in
the atmosphere (Figure 1.19).8 DMS can further be oxidized to dimethy! sulfoxide (DMSO) and
dimethylsulfone (DMSO,) viathe cleavage pathway (Figure 1.20). Initially, 3-MPAwas proposed
to be a major breakdown product of DMSP; however, more recent studies suggest it is a minor
product of the DMSP demethylation pathway.®® T he demethylation pathway sequentially removes
methyl groups from DMSP, resulting in the formation of acetaldehyde, which can be further

oxidized to acetate and methanthiol.” "
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Figure 1.18. A. Arg subgroup oxidation reaction with cysteine to yield cysteine sulfinic acid. B.

GIn subgroup oxidation reaction with 3-mercaptopropionicacid to yield 3-sulfinopropionic acid.
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Figure 1.19. Organic sulfur compound degradation. The DMSP demethylation pathway is
catalyzed by DmdA (DMSP demethylase), DmdB (MMPA-CoA ligase), DmdC (MMPA-CoA
dehydrogenase, and either DmdD (MTA-CoA hydratase) or AcuH (acrylate utilization hydrotase).
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or the algal Almal), PrpE (acrylate-CoA ligase), and Acul(acryloyl-CoA reductase). AcuH

catalyzes a side reaction that forms 3-hydroxypropionyl-CoA in the cleavage pathway. (Adapted
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Figure 1.20. Non-enzymatic oxidation of DMSto DMSO,. (Adapted from ).

1.5 Sulfurtransferases and Proposed Physiological Roles

Sulfurtransferases are made up of a group of enzymes widely dispersed in nature. They are
found i plants, animals, bacteria, and archaea. Sulfurtransferases catalyze the transfer of a sulfane
sulfur atom from a donor molecule to athiophilic acceptor substrate, such as thiols, cyanide, sulfite
and sulfinates.” Structural modules within sulfurtransferases are well-defined. They exist as
tandem repeats, with the C-terminal domain containing the active site cysteine residue.’® They also
can be found as single-domain proteins or as members of multi-domain proteins.”®7” Results from
in vitro assays have shown sulfurtransferase activity to be associated with rhodanese-like domains,
however the specific role of these domains have yet to be identified. There are distinct members
within the sulfurtransferase family (rhodanese, thiosulfate sulfurtransferase, and 3-
mercaptopyruvate sulfurtransferase) that are closely related by their primary amino acid sequence
as well as the type of reaction they are able to catalyze.” The major differences between these
sulfurtransferases are conserved amino acids within the active site. The conserved motif found
within thiosulfate sulfurtransferase is CRXGX[R/T], while 3-mercaptopyruvate sulfutransferase
has a CG[S/T]GVT motif, respectively.”® There have been no conserved motifs identified for
rhodanese. The properties of these amino acids within the active site loop of the sulfurtransferases
correlates with the ionic charge of their in vitro substrates.’”.’® The thiosulfate sulfurtransferase

catalyzed reaction is similar to the rhodanese reaction in which the cleavage of the sulfur-sulfur
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bond of the sulfur-donor substrate with transfer or the sulfane sulfur to a sulfhydryl nucleophile.
However, the enzymes differ in both acceptor substrate specificity and mechanism. Unlike MST
and rhodanese, thiosulfate sulfurtransferase will use GSH or cysteine as an acceptor substrate, but
is not able to use cyanide There are many proposed physiological reactions for these enzymes,
including control over the cytotoxicity of reactive oxygen species in aerobic tissues, cyanide

detoxification, sulfur metabolism, Fe-S cluster biosynthesis and repair, and H,S.75.79-84

1.5.1 Rhodanese Enzymes (Thiosulfate :Cyanide Sulfurtransferase)

Rhodanese is the most well-characterized type of sulfurtransferase and is properly named
thiosulfate:cyanide sulfurtransferase based on the reaction it catalyzes. In the overall reaction, a
persulfide intermediate is formed by transferring the sulfur atom of the thiosulfate to an active site
cysteine. T he persulfide intermediate is then attacked by the cyanide ion to produce thiocyanate
(Figure 1.21). Cyanide is produced by bacteria for defense purposes and is highly toxic in mog
living organisms because of its ability to form stable complexeswith transition metals. Rhodanese
enzymesare very promiscuous with respect to sulfur donors and acceptors. 8 For example, both
thiosulfonates and persulfides are able to function as sulfur donors. For the sulfur acceptors,

cyanide may be substituted by various dithiol compounds, sulfinates, or sulfite, 88
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Figure 1.21. The active site cysteine receives sulfane sulfur from thiosulfate and releases it to

cyanide. (Adapted from 1°).

Rhodanese is a ubiquitous enzyme that has been purified and characterized from several
prokaryotesand eukaryotes. In mammals, rhodanese is found in the mitochondrial membrane and
matrix of liver and kidney tissues®® Recombinant rhodaneses from different animal tissues have
been expressed in E. coli. T he first three-dimensional structure of a rhodanese was determined for
bovine liver rhodanese.?”% The enzyme is approximately 32 kDa and is comprised of two
comparable structural domains. These two structural domains have been considered to be
generated by gene duplication from a common ancestral protein. T he conformational similarity
was maintained under selective pressure, but the sequence conservation was lost. Even though
these two domains are similar in conformation, only the C-terminal domain contains the catalytic
cysteine in its active site. This cysteine is replaced by Asp in the N-terminal domain. The C-
terminal domain isreferred to asthe catalytic domain, while the N-terminal domain isconsidered
a pseudorhodanese domain. The Cys247 thiolate anion is the essential nucleophile, while the
positive chargesof a nearby Arg and Lys may play a role in binding the thiosulfate in the correct
orientation (Figure 1.22).3%7°8%-%1 gingle catalytic rhodanese domains have also been identified in
some sulfurtransferases. These single domain rhodanese have been connected with proteins

involved in stress responses. %2
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Figure 1.22. Structure of bovine rhodanese domain with thiosulfate forming a persulfide at
Cys247. Active site containing the cysteine responsible for activity and Arg and Lys residues

responsible for substrate binding. PDB: 1RHD.*

1.5.2 3-Mercaptopyruvate Sulfurtransferase (MST)
3-Mercaptopyruvate sulfurtransferase is evolutionarily related to rhodanese and functions
in the detoxification of cyanide and mediatesthe transfer of a sulfur ion to cyanide or other thiol

compounds, as shown in the reactionsbelow (Figure 1.23).
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Figure 1.23. Two types of MST s reactions, in which 3-mercaptopyruvate is used as the sulfur
donor and catalyzesthe transfer of sulfur from various thiophiles such as sulfite, cyanide, and low

molecular weight thiols.

MST is found among prokaryotes and eukaryotes. MST and cysteine aminotransferase
contributesto the catabolism of cysteine, andthe generation of hydrogen sulfide in the brain, retina,
and vascular endothelial cells.*® Thisenzyme isalso involved in the maintenance of cellular redox
homeostasis and defense against oxidative stress.** Similarly to rhodanese, MST contains a
catalytic cysteine which contributes to redox-dependent regulation as well as the conserved
arginine residue. However, the active site residues Arg and Lys found among rhodaneses, are
replaced by Gly and Ser in MST (Figure 1.24). A decrease in rhodanese activity was observed
with a concurrent increase in MST activity after substituting the Arg and Lys residues of

rhodaneses with Gly and Ser.** T he same group was also able to successfully convert MST from
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Leishmania major, to a rhodanese by replacing the Gly and Ser with the Arg and Lys found within

the active site of rhodanese.®®

Cys253

Figure 1.24. Crystal structure of 3-mercaptopyruvate sulfurtransferase from Leishmania major
soaked with 3-mercaptopyruvate forming a persulfide at Cys253. Active site containing the
cysteine responsible for activity and Ser and Gly residues responsible for substrate binding. PDB:

10KG.%

MSTs have also been identified in plants. Two complementary DNA clones were
successfully isolated and characterized from Arabidopsis thaliana. Both proteins showed a
substrate preference for 3-mercaptopyruvate instead of thiosulfate as the sulfur donor, but were

differentially expressed in the mitochondria or cytosol. %%
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Recently, agene (sseA) from E. coli was identified and shown to have MST activity.* This
is the first prokaryotic gene to be identifiedandcharacterizedamongthe MST enzymes. T heactive
site motifin SseA is similar to eukaryotic MST s, which further suggests these enzymes prefer 3-
mercaptopyruvate as a substrate over thiosulfate.*® Moreover, several studies have shown that
SseA is unable to form an active site cysteine persulfide with thiosulfate as a substrate as is

commonly observed for sulfurtransferases.

1.5.3 Thiosulfate: Thiol Sulfurtransferase (TST)
T hiosulfate:thiol sulfurtransferases (thiosulfate reductase) are widespread in nature.®
These enzymes use electronsfrom glutathione (GSH) in vivo in order to reduce the sulfane sulfur

atoms of inorganic thiosulfate and organic thiosulfonate anions to sulfide (Figure 1.25).%° Several

studies suggest that T STsare used in the formation of iron sulfur cluster proteins. °+1%
e i
O—ﬁ—S + GSH S + GSSH
- N T
0 (0 (0
Thiosulfate Sulfite

Figure 1.25. T hiosulfate sulfurtransferase reaction.

Thiosulfate sulfurtransferase (TST) is found in the heart, liver, brain, and kidney of
eukaryotes, similar to that of MST s. T he yeast enzyme has been purified and characterized, and is
a monomer with an apparent molecular weight of 17,000 Da. T he donor substrates of yeast were

determined to be S,03% and RS(0,)S, and the acceptor substrateswere GSH, homocysteine and

31



cysteine.’®  The sulfhydryl group of thiosulfate sulfurtransferase contains only one cysteine
residue, but it does not form a persulfide intermediate. The enzyme uses the sulfhydryl group of
the acceptor substrate to cleave the sulfur-sulfur bond of the donor substrate. Moreover, this
enzyme requires a thiol substrate for persulfide production.® However, when cyanide is available,

the sulfur from the persulfide can transfer to cyanide and produce thiocyanate nonenzymatically.*®

1.5.4 Uncharacterized Sulfurtransferase Proposed Functions

Although there are several different organisms that have characterized sulfurtransferases,
their detailed physiological functions often remain unknown. Sulfurtransferases have many
functions such as the biosynthesis of sulfur containing cofactors, cyanide detoxification,
biosynthesis of thionucleosides, utilization of sulfur for biosynthetic repair of iron sulfur clusters,
selenium metabolism, and several aspects of sulfur metabolism in general. Sulfurtransferases are

a diverse group of enzymesand play a critical role in the transfer of sulfur in diverse metabolic

processes.

1.6 Dioxygenase and Sulfurtransferase Coupled Reactions

In various bacteria, the MDO gene ison the same operon asan annotated sulfurtransferase,
but the presence of the sulfurtransferase gene has not been recognized. T he sulfurtransferase
contains multi-rhodanese domains with the C-terminal domain containing the CGSSLL motif,
which is similar to the 3-mercaptopyruvate sulfurtransferase motif CG(T/S)GV(T/S). Recently,
natural fusions between a non-heme iron containing dioxygenase and rhodanese have been
identified in some bacterial systems. However, the metabolic role of these dioxygenase-rhodanes

fusions has yet to be identified.%
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In several bacteria, cystathionine 3-synthase (CBS), cystathionine A-lyase (CSE), and 3-
mercaptopyruvate sulfurtransferase (MST ), are three major H,S generating enzymes that enhance
resistance to oxidative stress.’®! Staphylococcusaureus relieson CBS and CSE for the synthesis
of endogenous H,S. ' Endogenous production of H,S by pathogenic bacteria enhances their
pathogenicity and survival, however a high cellular bisulfide level is toxic.'® Therefore,
regulation of intracellular H,S concentrationsis required. In S. aereus, the cst (copper-sensing
operon repressor-like sulfur transferase) operon hasbeen suggested to play a crucial role in sulfide
detoxification.’®® The cst operon encodes cstA, cstB, and sqr to alleviate the effects of cellular
hydrogen sulfide toxicity.1°%1% SQR encodes a sulfide:quinone oxidoreductase and is responsible
for mitigating the effects of cellular sulfide toxicity.?1% CstA is characterized asa multidomain
sulfurtransferase that reactswith a persulfide formedon SufS.*°41%7 CstB consists of three domains
containing an N-terminal metallo-B-lactamase-like (MBL), non-heme Fe(ll)-containing PDO
(persulfide dioxygenase) domain, a pseudo-rhodanese homology (RHD) domain, and a C-terminal
rhodanese (Rhod) domain (Figure1.26).2%Y In S. aureus, H,S is converted to bisulfide (HS) in the
cytoplasm, in which the bisulfide is bound to sulfide:quinone oxidoreductase (SQR) to form SQR-
bound persulfide (Figure 1.27).1°1 T he bisulfide is transferredto the reduced cellular low molecular
weight thiol (LMW-SH) by a reaction that eventually forms a LMW persulfide (LMW -SSH).
However, a LMW-SSH can also be formed directly by HS™ when molecular oxygen (Oy) is
available.’* CstB"P is able to oxidize LMW persulfides to LMW -S-sulfonate or CstB-S-sulfonate
(R-S-SO37). The thiosulfate (T'S) is produced by CstBR™ (or other cellular rhodanese proteins)
through persulfide transferase activity, or directly by the LMW persulfide reacting with CstB-S-
sulfonate or LWW-S-sulfonate (Figure 1.27).2%' T he thiosulfate iscatalyzed by CstBR"*d, CstARMd,

or similar thiosulfate sulfurtransferases, to SOs*~ and sulfane sulfur (S°). Finally, the sulfite is
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exported from the cell by T auE and sulfane sulfur is proposed to be transferred to a cellular sulfur

acceptor for further assimilation.'®® Similar rhodanese systems have been identified in human

pathogenic bacteria and proposed to regulate intracellular bisulfide concentrations.**

CstB
e T ——
1 256 257 346 347 444
poo  H RHD m

i K J

CstB PDO-RHD CSthhad

Figure 1.26. Domain organization of S. aureus CstB, with N-terminal persulfide dioxygenase
(PDO) domain, middle rhodanese homology domain (RHD), and C-terminal rhodanese domain

(Rhod). (Adapted with permission from %), Copyright (2015) American Chemical Society.
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Figure 1.27. Proposed model for cellular H,S detoxification by cst operon enzymes in
Staphylococcus aureus. (Adaptedwith permission from 1°%). Copyright (2015) American Chemical

Society.

Biogenesis of H,S in mammalian systems involves transulfuration pathway enzymes
cystathionine B-synthase (CBS) and cystathionase (CSE). CBS and CSE are primarily responsible
for production of H,S, while the mitochondrial sulfide oxidation pathway is responsible for
catabolism of H,S. Catabolism of H,S takes place in the mitochondria and connects sulfur
metabolism to the electron transport chain, therefore providing a link to sulfide oxidation with
ATP and reactive oxygen species production. Sulfite oxidase, rhodanese, sulfide quinone
oxidoreductase and persulfide dioxygenase (ETHEL) control low levels of H,S by oxygen-
dependent catabolism.®® Recombinant human ETHE1 was expressed in E. coli and exhibited
sulfur-dependent oxygenase activity, in the presence of glutathione persulfide (GSSH).% ETHE1

is a proposed sulfur dioxygenase that catalyzes the second step in the mitochondrial sulfide
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oxidation pathway downstream of a sulfide quinone oxidoreductase by converting persulfide to
sulfite.®® Sulfide quinone oxidoreductase uses a quinone to oxidize H,Sto a persulfide, which is
bound to an active site cysteine (SQR-SSH) and transfers the electronsto the electron transport
chain. (Figure 1.28)'%. Transfer of the persulfide from sulfide quinone oxidoreductase to
glutathione or a similar acceptor provides ETHEL with a persulfide substrate that is further
oxidized to sulfite. 1 Finally, rhodanese catalyzesthe conversion of sulfite to thiosulfate or sulfite

is further oxidized to sulfate by sulfite oxidase to prevent toxicity. *%®

cytoplasm / Persulfide Sulfite mitochond%

dioxygenase . it o matrix
Homocysteine 0.2=—>S0,2
r 3 4
R-SSH ~\_ _
Cysteine @hodanese™>s,0,*

{ Homocysteine —>H,S SQR-SSH

Transsulfuration pathway

\ Cysteine SQR
[ 1] I; | ‘Comp

Figure 1.28. Pathway for H,S biogenesis and degradation. (Adapted with permission from %),

Copyright. (2012). The Journal of Biological Chemistry.

In bacteria, ETHE1-like sequences are on the same operon or are fused with orthologs of
thiosulfate sulfurtransferases, which suggests they could interact. Natural fusions between other
PDO and rhodanese have also been recently identified in bacterial proteins.2?1% T hese fusion
proteinsare referred to asPRF (PDO rhodanese fusion). T he existence of PRFsin nature suggest
that their mitochondrial homologs, which exist as stand-alone proteins, might interact.’** However,

interaction studies over these PRFs have not been performed. CstB and Alicyclobacillus
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acidocaldarius PRF are the only two available structures of PRFs, however, CstB is the only PRF
that has been biochemically characterized. T herefore, the role of these bacterial PRFs in sulfur
metabolism and how they may interact is still unknown. However, fusion of the PDO and
rhodanese domain in bacteria could increase their effective local concentration and promote

transfer of substrate between them.

1.7 Summary

Sulfur is essential for all organisms as a component of amino acids and enzyme cofactors. In
many bacterial organisms, sulfur is acquired through sulfate assimilation pathways leading to the
production of sulfide, which is then incorporated into sulfur-containing organic molecules.?
Often, bacteria reside in environments with low sulfate availability and therefore, can utilize
organosulfonates as an alternative source of sulfur through desulfonation. Desulfonation of
organosulfonates requires cleavage of the carbon-sulfur bond by either alkanesulfonate
monooxygenase or taurine dioxygenase thus releasing sulfite. In aerobic bacteria,
organosulfonates serve as a sulfur source when desulfonation enzymes are induced by sulfate -
starvation-induced (ssi) stimulon.® Ssi proteinsplay an important role in sulfur acquisition from
organic compounds, organosulfur uptake, and protection against ROS.

In prokaryotes and eukaryotes, cysteine is utilized in many metabolic processes including
redox signaling, biosynthesis of thiol containing cofactors, protein synthesis, and catabolic
reactions. Cysteine is involved in diverse metabolic pathways, including the oxidation of L-
cysteine to L-cysteine sulfinic acid which is catalyzed by cysteine dioxygenase. Cysteine sulfinic

acid is an imperative branch point in sulfur metabolism because of its ability to form pyruvate and

sulfite or taurine. T hese metabolites formed are essential for many metabolic processes, therefore,
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the absence of cysteine dioxygenase can lead to an increase in cysteine concentrations, which in
mammals often leadsto many neurodegenerative diseases.

Mammalian CDO contains a ferrous iron center that is coordinated by 3-His residues and
containsa Cys residue in place of the Glu residue, which is typically found in many members of
the cupin superfamily. There is a key Tyr157 residue adjacent to the iron center that participates
in a thioether crosslink with Cys93. A conserved active site Arg residue is located in mammalian
CDO that isresponsible for substrate specificity. Putative CDO enzymes have also been identified
in several different bacterial organisms.

“GIn-type” bacterial enzymes typically have less than a 30% amino acid sequence identity
with mammalian CDO and has a cupin fold comparable to mammalian CDO. However, all
knowns bacterial thiol dioxygenase enzymes lack the Cys-Tyr crosslink. T he bacterial CDO
homologsare often divided into two subclasses based on the presence of a conserved Arg or GIn
residue within the active site. T hese residues have been proposed to confer substrate specificity
similar to the Argresidue in mammalian CDO. Several substrates including 3-mercaptopropionate,
have been proposed for bacterial MDO. Although, 3-mercaptopropionate is the most commonly
proposed substrate, the physiological relevance of 3-MPA isunclear. In various bacteria, the mdo
gene is on the same operon as an annotated sulfurtransferase, but the presence of the
sulfurtransferase gene has not yet been recognized. Sulfurtransferases and dioxygenases have been
found on the same operon in other systems, and there are three proposed mechanisms in which
dioxygenases utilize the product of the reaction catalyzed by sulfurtransferases. T herefore, MDO
and the sulfurtransferase could be metabolically linked.

T he focus of thisdissertation isto determine howsubstrate specificity isdefined by CDO and

MDO. Additional studies are focused on identifyingthe physiological substrate for MDO and how
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MDO and the sulfurtransferase are metabolically linked. Studies presented in this dissertation will
focus on structural, kinetic, and spectroscopy studies of MDO. Coupling of MDO with the
sulfurtransferase to determine potential protein-protein interaction aswell as understanding the
function role of the two enzymesin bacteria. Lastly, these studies of the MDO/sulfurtransferase
system represents an additional pathway for bacteria to adapt to sulfur limiting conditions that

have not been previously identified.

CHAPTER TWO

Bacterial Thiol Dioxygenase Metabolic Pathway and Substrate Identification

2.1 Introduction
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CDO isa mononuclear iron enzyme that catalyzesthe oxidation of L-cysteine to L-cysteine
sulfinic acid.'®!! The CDO metal center is coordinated by 3-His residues and deviates from the
typical 3-His/1-Glu metal coordination motif found in many members of the cupin superfamily.
The Glu is replaced by Cys in CDO resulting in a thioether crosslink formed between residues
Cys93-Tyr157.55-°"112 A heterogeneous mixture of crosslinked and noncrosslinked isoforms are
present in the purified recombinant mammalian CDO. Previous studies have shown that the
crosslink stabilizes the iron center and increases activity.®° Putative CDO enzymes have also been
identified in several bacteria; however, all known bacterial CDO enzyme homologs lack the Cys-
Tyramino acid derived cofactor due to the Cysresidue (Cys93) being replaced by Gly.%®

Bacterial thiol dioxygenases also belong to the cupin superfamily in which they contain an
active site mononuclear iron center for thiol oxidation. T here are two thiol dioxygenases found
among bacteria that have been suggested to catalyze two different reactions. Thiol dioxygenases
containing the conserved Arg residue catalyze the oxidation of L-cysteine to cysteine sulfinic
acid.®® In some thiol dioxygenasesthe conserved Arg is replaced with a GIn. (Figure 2.1)%11314
These enzymes, referred to as 3-mercaptopropionate dioxygenases (MDO), catalyze the oxidation

of 3-mercaptopropionate (3-MPA) to sulfinopropionic acid.
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Figure 2.1. Three-dimensional structure comparing conserved residues in mammalian and
bacterial CDO. A. Similar to CDO found in R. norvegicus (grey), CDO in B. subtilis (teal) contains
a 3-His coordinated iron and an Argin a similar position as Arg60. PDB: 2B5H and 4QM9. B. A
3-His coordinatediron isfound in both R. norvegicus (grey) and P. aeruginosa (purple). However,

in P. aeruginosa the Arg60 isreplaced with a GIn residue. PDB: 2B5H and 4QM9. 26367

In orderto determine the functional importance of the conservedactive site arginine, single
point mutationsin CDO were made. Arg60 in CDO was substituted with an alanine and glutamine
residue and the activity was evaluated with L-cysteine.®’ Both variants displayed a ~50% decrease
in iron contentand a ~70% decrease in catalytic activity compared to wild-type CDO.*’ It was
suggested that the diminished activity was due to the lack of iron coordination; however, the
decrease in iron content did not fully account for the decrease in activity.®’ Based on the three-
dimensional structure, the guanidinium group of Arg60 is extended towards the iron center in the
absence of the Cys substrate. When the Cys substrate is bound, the guanidinium group of Arg60
moves away from the iron center and is within 3 A away from the carboxylate group of the Cys
substrate (Figure 2.2).%° These combined studies suggest that Arg60 participatesin the substrate

specificity of mammalian CDO by coordinating the Cys substrate. %6764

41



Tyr1 Sﬁ l
|

-‘( §’-Cy593

~ His140

Figure 2.2. The guanidium of Arg60 is within 3 A away from the carboxylate group of the Cys

substrate. PDB: 4IEV.%?

For the studies described herein, the Cys involved in thioether crosslink formation in
mammalian CDO was substituted with Gly to mimic bacterial CDO. T he role of GIn62 in MDO
was also evaluated to determine if it is involved in substrate specificity similar to Arg60 in
mammalian CDO. Previous studies have investigated the catalytic role of Arg60 in mammalian
systems based on several mutations, however, there have been no studies performed on GIn62
MDO. By constructingthese variants, the functional role of Cys93, GIn62, and Arg60 were probed
by both kinetic and spectroscopic studies to examine the substrate specificity among thiol
dioxygenases. These results from these studies further define how conserved amino acids in thiol
dioxygenases contribute to catalytic function.

2.2 Materials and Methods

2.2.1 Materials
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4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic  acid (HEPES),  L-cysteine, 3-
mercaptopropionate, sodium mercaptopyruvate, L-ascorbate, ampicillin, streptomycin sulfate,
lysozyme, potassium chloride, ferrous ammonium sulfate, (3-(2-Pyridyl)-5,6-diphenyl-1,2,4-
triazine-p,p’-disulfonic acid monosodium salt hydrate) ferrozine, and brilliant blue R were
purchased from Sigma (St. Louis, MO). Isopropyl-p-d-thiogalactoside (IPT G) was purchased
from Gold Biotechnology (St. Louis, MO). Glycerol and sodium chloride were purchased from
Macron Fine Chemicals (Center Valley, PA). Difco-brand Luria-Bertani (LB) medium was
purchased from Becton, Dickinson and Company (Sparks, MD). Oligonucleotide primers were
purchased from Invitrogen (Carlsbad, CA). Pfu Turbo DNA polymerase was purchased from
Agilent (La Jolla, CA). Herculase polymerase was purchased from Agilent (La Jolla, CA). Macro-
prep® High Q Support was purchased from Bio-Rad Laboratories (Herculase, CA), SDS-PAGE
resolving and stacking buffers, 30% acrylamide, and Blue Laemmli was purchased from Bio-Rad
Laboratories (Herculase, CA). Amicon Ultra-4 Centrifugal Filter Devices (10 kDa MW CO) were

purchased from Millipore (Billerica, MA).

2.2.2 Protein Expression and Purification of C93G and R60Q CDO

The cDNA gene for rat cdo was cloned into the pET 21aexpression vector as previously
described.'*® The pET 21avector containing the rat cdo gene was used to construct the rat CDO
variants(C93G and R60Q CDO) by site-directed mutagenesis. T he primersfor these variants were
designed as 27 base oligonucleotides. In order to generate these variants, the Cys93 codon (TGC)
in wild-type CDO was replacedwith GGT (Gly), and the Arg60 codon (CGT) in wild-type CDO
was replaced with CAG (GIn). T hese substitutions were confirmed by DNA sequence analysis
(Eurofins MWG Operon). Both CDO variantswere transformedinto BL21(DE3) E.coli competent

cells and stored as glycerol stocks at -80°C for further analysis.
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T o obtain purified CDO variants, the cells containing the CDO plasmid were isolated on
LB-agar platescontaining 0.1 mg/mL ampicillin (LB-amp). A single colony was selected from the
plates and inoculated into 5 mL LB-amp medium and incubated at 37 °C for ~8 hours. A 1%
inoculum from the overnight 5 mL culture was used to inoculate a 100 mL LB-amp and grown
overnight at 37 °C. 20 mL of the overnight culture was used to inoculate 4 separate 1 L LB-amp
flasks and grown at 37 °C until the cultures reached an Agy value of 0.4-0.6. T he cells were
induced with 0.4 mM IPT Gand grown at 25 °C for an additional 6 hours. Cells were harvested by
centrifugation at 5000 rpm for 20 minutes at 4 °C, and the pellets were resuspended in 25 mM
HEPES (pH 7.5) and 10% glycerol supplemented with 2 mg/mL of lysozyme. Resuspended cells
were lysed by sonication, followed by centrifugation at 20000 rpm for 15 minutesat 4 °C. Lysate
was treated with 1.5% (w/v) streptomycin sulfate and stirred at 4 °C for 1 hour. T he solution was
centrifuged at 10000 rpm at 4°C for 20 minutes. Following centrifugation, the supernatant was
then loaded on to a Macro-Prep® High Q support column. Protein was eluted from the column
using a linear gradient from 0-150 mM sodium chloride in 25 mM HEPES (pH7.5) and 10%
glycerol. Fractions were evaluated by SDS-PAGE, and fractions with the highest purity were
pooled and iron loaded with a molar ratio of 1:1 ferrousammonium sulfate:protein. Sampleswere
dialyzed twice against one liter 25 mM HEPES (pH 7.5) containing 100 mM sodium chloride and
10% glycerol at 4 °C to remove excessiron. Aliquots of the protein were flash frozen and stored
at -80°C.

Ferrozine was used to determine the amount of iron present in the purified protein as
previously described with slight modifications.** CDO samples (10 pM) were incubated at 95 °C
for 5 minutes with ferrozine (250 uM) and ascorbate (18 mM). After 5 mins, sodium acetate (1.5

M) was added andthe sampleswere measured at 562 nm. Astandard curve (0-15 uM) was created
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using iron ICP standards and the standardswere treated the same asthe CDO samples. A standard
curve is needed to determine the actual concentration on Fe* in the samples, and 25 mM HEPES
(pH 7.5) was used as a negative control. T he results were based on the average of three separate

experiments.

2.2.3 Protein Expression and Purification of Wild-Type MDO and Q62R MDO

The DNA gene for P. aeruginosa mdo was cloned into the pET 21a expression vector and
synthesized by Eurofins Genomics. The mdo clone was confirmed by DNA sequence analysis
(Eurofins MWG Operon). The MDO variant (Q62R MDO) was constructed by site-directed
mutagenesis. Primers for Q62R MDO were designed as 27 base oligonucleotidesand the GIn62
codon (CAG) in wild-type MDO was replaced with CGT (GIn). Successful mutations were
confirmed by DNA sequence analysis (Eurofins MWG Operon). Both wild-type and Q62R MDO
were transformed into BL21(DE3) E. coli competent cellsand stored as glycerol stocks at -80°C.

Expression and purification of wild-type MDO and the variants were carried out as
previously described with minor modifications.**® Protein was eluted from the column using a
linear gradient from 0 — 300 mM NacCl in 25 mM HEPES (pH 7.5) and 10% glycerol. Fraction
purity was determined by SDS-PAGE (5% stacking with 12% resolving), and fractionswith the
highest purity were pooled and dialyzed twice against two liters of 25 mM HEPES (pH 7.5), 10%
glyceroland 100 mM sodium chloride at4 °C. Aliquots were flash frozen and stored at -80°C. The
amount of iron present within the protein was determined by a ferrozine colorimetric assay as

previously described.*

2.2.4 Circular Dichroism
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Protein sampleswere buffer exchanged with 10 mM potassium phosphate (pH 7.5) using
a 10 000 kDa MW CO Amicon Ultra Centrifugal Filters (Millipore) at 5000 RPM at 4°C. Far-UV
circular dichroism spectra were obtained on a JASCO J-810 spectropolarimeter. Spectra of all
enzymes (10 uM) were taken in 0.1 nm increments in continuous scanning mode from 300 to 185
nm in a 0.1 cm cuvette with a bandwidth of 1 nm and a scanning speed of 20 nm/min. Each
spectrum is an average of eight scans. Background subtraction andsmoothingofeach data set were
performed using the software provided. Final data were plotted using KaleidaGraph™ software

(Synergy Software, Reading, PA).

2.2.5 Steady-State Kinetic Analyses of Wild-type MDO, Variants, and CDO Variants
Steady-state kinetic parameters were determined using a Clark-type oxygen electrode
(Hansatech, Inc., Norfolk, United Kingdom) to monitor the rate of dioxygen utilization by each
enzyme in the presence of substrate. Each reaction contained a final concentration of 2 UM protein
and 1 mM ascorbate in 25 mM HEPES (pH 7.5) at 37 °C. T he assays for wild-type CDO were
initiated by the addition of L-cysteine (0.2 uM to 5 mM) or 3-MPA (1-50 mM), and the initial
velocities were recorded from the linear portion of the trace. The assays for the CDO variants
were initiated by the addition of L-cysteine (1-25 mM) or 3-MPA (1-25 mM), and the initial
velocitieswere recorded from the linear portion of the trace. The assays for wild-type MDO were
initiated by the addition of L-cysteine (1-25 mM) or 3-MPA (0.1-1 mM), and the initial velocities
were recorded from the linear portion of thetrace. T he assays for the MDO variant was initiated
by the addition of L-cysteine (1-25 mM) or 3-MPA (1-25 mM), and the initial velocities were
recorded from the linear portion of the trace. T he average initial velocitiesfrom three separate
experimentswere plottedagainst the substrate concentration andthe datawere fit to the Michaelis-

Menten equation using KaleidaGraph™ software.
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2.2.6 Crosslink Formation Studies of Wild-type and R60Q CDO

Crosslink formation was analyzed by varying L-cysteine concentrations. Each reaction
contained 5 uM wild-type or R60Q CDO and incubated with 1mM ascorbate and 100 mM L-
cysteine in 25 mM HEPES (pH 7.5) at 37 °C with gentle shaking over a 2-hour period. After
incubation, each sample was quenched with 5 pL sample buffer (Blue Laemmli with 20% (v/v) 2-
mercaptoethanol), heat denatured for 3 minutes, and analyzed by SDS (5% stacking, 12%

resolving) following staining with Brilliant Blue.

2.2.7 EPR Analysis of Wild-type CDO, C93G CDO, and Wild-type MDO

T he oxidation state of the iron center in wild-type CDO, C93G CDO, and wild-type MDO
was analyzed by electron paramagnetic resonance spectroscopy (EPR). Sampleswere prepared by
diluting the enzymesto 90 uM in 25 mM HEPES (pH 7.5), 100 mM NacCl, and 10% glycerol in a
final volume of 300 pL. When L-cysteine was added to wild-type and C93G CDO, the samples
were brought to a final concentration of 10 mM in a final volume of 300 pL. When 3-
mercaptopropionate was added to wild-type MDO, the sample was brought to a final concentration
of 10 mM in a final volume of 300 pL. EPR studies were performed on a Bruker EMX
spectrometer at X-band frequency. Temperature was maintained at 4 K using an Oxford
Instruments ESR 900 flow cryostat and an IT C4 temperature controller. All EPR spectra were
obtained using the following settings: 9.39 GHz microwave frequency, 0.199 mW microwave
power, 2 x 10* receiver gain, 100 kHz modulation frequency, 6 G modulation amplitude, with a

time constant of 163.84 ms, and a sweep time of 167.77 seconds.

2.3 Results
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2.3.1 Characterization and Steady-State Kinetic analysis of wild-type and C93G CDO

Mammalian CDO contains a conserved Cys (Cys93) residue that forms a thioether
crosslink with a nearby Tyr residue (Tyrl57). However, in bacteriathere isa Gly residue in place
of the conserved Cys residue. In this study, the conserved Cys residue in mammalian CDO was
altered to Gly in efforts to resemble bacterial thiol dioxygenases. The C93G CDO variant was
evaluated by steady-state kinetic analysesto determine the effect of the substitution on catalysis
and substrate specificity. T he purified C93G CDO variant was annotated asa homogeneously non
crosslinked species (Figure 2.3). Wild-type CDO exists as a heterogeneous mixture of both non
crosslinked and crosslinked isoforms. Since C93G CDO is unable to form the thioether crosslink,
the mutation existed solely asthe noncrosslinked isoform. T he % iron bound to each enzyme was
determined to be 60% for wild-type CDO and 80% for the C93G CDO variant. Far-UV circular
dichroism spectraof wild-type CDO andC93G CDO was obtainedto ensure there were no changes
to the overall gross secondary structure (Figure 2.4) The C93G CDO variant had a similar CD

spectrum as wild-type CDO.
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Figure 2.3. Analysis of wild-type, non-crosslinked and C93G CDO by SDS-PAGE. (1) Molecular
weight marker, (2) purified wild-type CDO containinga heterogeneousmixture of non-crosslinked

and crosslinked isoforms, (3) purified non-crosslinked CDO and (4) purified C93G CDO existing

only as the non-crosslinked isoform.
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Figure 2.4. Circular dichroism spectra of wild-type and C93G CDO. Wild-type CDO (black line)
and C93G CDO (blue line) spectra were taken with 10 uM protein in 10 mM potassium phosphate,

pH 7.5.
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Kinetic properties of wild-type and C93G CDO with L-cysteine were determined by
measuring the rate of dioxygen consumption using a Clark-type oxygen electrode. The Kcx/Kn
value for C93G CDO resulted in a ~3-fold decrease in catalytic efficiency compared to wild-type
CDO (Table 2.1). To evaluate the substitution with substrate coordination, three analogs of L-
cysteine were used: D-cysteine, cysteamine, and3-MPA (Figure 2.5). None ofthe cysteine analogs

displayed measurable activity with C93G CDO.

Table 2.1 Steady-state kinetic parameters of wild-type CDO and C93G CDO

Kcat Km K cat! Kim % Fe

(min) (mM) (mM? min?)
Wild-type CDO 1284 0.06+0.01 2133 + 362 602
C93G CDO 56+3 0.07+£0.01 756 £177 803

T he concentration of L-cysteine was varied from 0.2-5 mM for wild-type CDO and 10-200

mM for C93G.

) O

HS OH
H, NH2 s

D-cysteine cysteamine 3-mercaptopropionic acid

Zinee.

Figure 2.5. Structural analogs of L-cysteine: D-cysteine, cysteamine, and 3-mercaptopropionic

acid (3-MPA).
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2.3.2 EPR Analysis of C93G CDO

EPR analyses were performed to determine the oxidation state of the iron in the substrate
bound and resting state of C93G CDO. Studies showed that C93G CDO existed in a high spin iron
(1) oxidation state with an EPR signal of g= 4.3 (Figure 2.6). In order to determine substrate
binding in the active site, C93Gwas incubated with L-cysteine. T he addition of L-cysteine resulted
in an increase in the relative signal intensity compared to the resting state of C93G CDO (Figure
2.6). T he addition of L-cysteine substrate to wild-type CDO also resulted in a sharper Fe3* signal
compared to the ferric signal seen with wild-type CDO in the absence of L-cysteine. It was
previously proposed that the sharper signal was attributed to the coordination of the L-cysteine

substrate to the iron center or formation of the crosslink. **>110
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Figure 2.6. X-band EPR spectra of C93G CDO with L-cysteine (black trace) and without L-
cysteine (red trace). All spectra were measured with 90 uM protein in 25 mM HEPES buffer (pH
7.5) 100 mM NacCl, and 10% glycerol. All spectra were recorded at 9.38 GHz, with a field
modulation frequency of 100 kHz and modulation amplitude of 6 G. All spectra were recorded at

4 K.

2.3.3 Characterization and Steady-State Kinetic Analysis of Wild-type CDO and MDO

A conserved Arg (Arg60) plays a role in substrate specificity in mammalian CDO.
However, in some bacterial CDO there is a GIn residue in place of the Arg residue that has a
proposedrole in substrate specificity amongbacteria. T he preferred substrate for mammalian CDO

IS L-cysteine, while the preferred substrate for the “GIn-type” bacterial thiol dioxygenase is 3-
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MPA. In this study, wild-type MDO was clonedand purified and compared to wild-type CDO.
The iron content for wild-type CDO was determined to be ~60%, while the iron content for wild-
type MDO was ~55%. Kinetic properties of wild-type CDO and wild-type MDO were determined
by measuring oxygen consumption using a Clark-type oxygen electrode. The ke/Km value for
wild-type CDO with L-cysteinewas 35000 M*s? (T able 2.2). However, wild-type CDO displayed
no activity with 3-MPA. The Kea/Krn value for wild-type MDO was 72500 Ms? with 3-MPA.
However, the catalytic activity of wild-type MDO with L-cysteine resulted in a ~500-fold decrease
in oxygen consumption with 3-MPA (T able 2.3).

GIn62 in “Gln-type” bacterial thiol dioxygenase is proposed to play a role in substrate
specificity similar to Arg60 in mammalian CDO. In thisstudy, GIn62 MDO was replaced with an
arginine and Arg60 CDO was replaced with a glutamine. Both the MDO and CDO variants were
analyzed to determine if these residues had an effect on substrate specificity. The iron content was
~65% for Q62R MDO, and ~65% for R60Q CDO. Kinetic propertiesof R60Q CDO and Q62R
MDO were determined by measuring oxygen consumption using a Clark-type oxygen electrode.
The ke/Kmy Value for R60Q resulted in a ~400-fold decrease in oxygen consumption compared to
wild-type CDO. (Table 2.2) T he cysteine substrate analog 3-MPA had no detectable activity with
R60Q CDO. For Q62R MDO, the catalytic activity with 3-MPA was ~1000 fold lower compared
to wild-type MDO. However, the catalytic activity increased ~4 fold with L-cysteine compared to

wild-type MDO (Tabe 2.4).
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Table 2.2 Steady-state kinetic parameters of wild-type CDO and R60Q CDO

(sec?) (M x10% (M? sect)
Wild-type CDO 2.1+0.2 0.6+0.1 35000 +£5800 60+2
R60Q CDO 0.63+0.05 80+ 20 80+ 20 65+ 3

T he concentration of L-cysteine was varied from 0.2-5 mM for wild-type CDO and 10-200
mM for R60Q.

Table 2.3 Steady-state kinetic analysis on wild-type MDO with 3-MPA and L-cysteine

Substrate K cat Km K cat/Km
(sec?) (M x10% (M1 sec?)
3-MPA 2.9+0.40 04+0.1 72500 £ 6000
L-cysteine 0.25+0.02 205 125+33

Table 2.4 Steady-state kinetic analysison Q62R MDO with 3-MPA and L-cysteine

Substrate K cat Km K cat/Km
(sec?) (M x10% (M?sec?)
3-MPA 0.45+0.02 70+ 20 65+ 20
L-cysteine 2.1+0.10 401 5250 +1350

2.3.4 Analysis of Crosslink Formation with Wild-type and R60Q CDO

Arg60 hasbeen proposedto play a role in substrate specificity. Substrate specificity affects
catalytic activity and crosslink formation. In order to evaluate crosslink formation, wild-type and

R60Q CDO were incubated in the presence of L-cysteine at varioustime points over the course of
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two hours. Purified wild-type CDO exists as a heterogenous mixture of non-crosslinked and
crosslinked isoforms, however, the fully crosslinked species can be generated by incubating the
enzyme with L-cysteine. The R60Q variant was unable to form the crosslink in the presence of 100
mM L-cysteine (Figure 2.7).
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Figure 2.7. Crosslink formation analysesforthe wild-type CDO and R60Q CDO. Wild-type CDO
and R60Q CDO was incubatedat 37 °C with 100 mM L-cysteine and 1 mM ascorbate in 25 mM
HEPES (pH 7.5) with gentle shaking for 2 hours. Each sample was treated with 2% 2-

mercaptoethanol and 5% SDS and analyzed on 12% SDS-PAGE.

2.3.5 Effects of 3-Mercaptopropionic Acid on The Iron Center in MDO

EPR measurementswere performedto determine the oxidation state of the iron center in
the resting and substrate bound state of wild-type MDO (Figure 2.8). As previously mentioned,
the addition of L-cysteine substrate to wild-type CDO resulted in a sharper ferric signal compared
to wild-type CDO in the absence of L-cysteine. The sharp ferric signal observed upon the addition

of L-cysteine with wild-type CDO was associated with L-cysteine coordination or crosslink
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formation.'®1® This study revealed that wild-type MDO and substrate (3-MPA) resulted in a

sharper ferric signal compared to the ferric signal of wild-type MDO without 3-MPA (Figure 2.8).
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Figure 2.8. X-band EPR spectra of wild-type MDO with 3-MPA(black trace) and without 3-MPA
(red trace). All spectra were measured with 90 uM protein in 25 mM HEPES buffer (pH 7.5) 100
mM NaCl, and 10% glycerol. All spectra were recorded at 9.38 GHz, with a field modulation

frequency of 100 kHz and modulation amplitude of 6 G. All spectra were recorded at 4 K.
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2.4 Discussion

Mammalian CDO is an iron dependent enzyme that oxidizes cysteine to cysteine sulfinic
acid. CDO containsa thioether crosslink (between a Tyr residue (Tyrl157) anda cysteine residue
(Cys93) that is responsible for increasing catalytic activity ~5-fold. Following purification, wild-
type CDO exists as a heterogeneous mixture of the non-crosslinked and crosslinked isoforms.
Crosslink formation can be inhibited when recombinant wild-type CDO is expressed in the
presence of the iron chelator 1, 10-phenanthroline, yielding only the non-crosslinked isoform.*®
However, the fully crosslinked isoform can be generated at increased L-cysteine
concentrations.®®+% Fully crosslinked CDO demonstrated enhanced catalytic activity compared
to non-crosslinked CDO; therefore, it is proposed that the crosslink is formed in response to
increase catalytic activity when cysteine levels are elevated.®® Recent studies concluded that the
crosslink isoform Tyrl57 enables proper cysteine coordination and dioxygen stabilization, both
essential for optimal active site chemistry.!*® Some thiol dioxygenases in bacteria are structurally
similar to mammalian CDO; however, the bacterial systems do not contain the thioether crosslink.
Instead, bacterial thiol dioxygenases contain a Gly residue in place of the C93 residue. In this
study, a C93G variant was constructed to resemble bacterial CDO and determine if it contributed
to substrate specificity. SDS-PAGE analysis confirmed that the crosslink was abolished and only
a single homogenous species was observed (Figure 2.3). C93G CDO had a ~3-fold decrease in
catalytic activity compared to wild-type. It is suggested that the decrease in catalytic activity is

because the crosslink can no longer be formed.
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The percentage of iron bound to wild-type CDO varies among all groups studying
mammalian CDO. (10-68%).°"'" The iron content of C93G CDO was increased by ~20%
compared to wild-type. The resting form of wild-type CDO has a high spin iron (I11) oxidation
state with a g-value of 4.3.13116 Moreover, the addition of L-cysteine results in an increase in the
relative signal intensity.>**'8 T he signal increase is due to L-cysteine coordination of the active site
or increased iron coordination. The overall shape of the signal for C93G CDO was similar to wild-
type. However, upon the addition of L-cysteine, the signal became sharper. T he sharper ferric
signal observed upon the addition of L-cysteine with wild-type and C93G CDO suggest that the
increase in signal is due to L-cysteine coordination.

Previous studies have suggested that the substrate for the “Gln-type” bacterial thiol
dioxygenase is 3-mercaptopropionic acid.>!9%1%120 |n order to further evaluate if these amino
acids are involvedin substrate specificity, constructed variantsof R60Q CDO and Q62R MDO
were generated and tested with various cysteine analogs to determine if these residues would
confer altered substrate specificity. Results from Kinetic studies showed that the catalytic activity
of the R60Q CDO variant was ~400-fold lower with L-cysteine, compared to wild-type CDO. The
R60Q CDO variant had no detectable activity with 3-MPA or 3-mercaptopyruvate. However,
when compared to wild-type MDO the catalytic efficiency of the Q62R MDO variant diminished
by ~1000-fold with 3-MPA but increased by ~4-fold with L-cysteine. T hese results suggest that
the Arg residue andthe GIn residue in mammalian and bacterial systems do play important roles
in substrate specificity but are not interchangeable. However, based on the results, Arg60 seems
to be more vital in mammalian CDO than GIn62 is in bacterial MDO, suggesting that other amino

acids play arole in substrate specificity among bacterial MDO.
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Moreover, previous studies have suggested that cysteine binds bidentate within the
mammalian CDO active site as well as the “Arg-type” bacterial CDO active site; implying that all
potential substrates must contain both thiol and amine functional groups.>*®%2! These studies
further suggest that substrate binding at the MDO iron site occurs exclusively by thiolate
coordination rather thanbidentate, because 3-MPA has no amine group to bind to the metal center.
The 4-fold increase of the Q62R MDO variant with L-cysteine compared to wild-type MDO also
suggests that the arginine residue in mammalian CDO playsa crucial role in the bidentate binding
of the substrate further suggesting there are other amino acids that assist in substrate binding and
reactivity among bacterial MDO.??

Wild-type CDO is able to fully form the crosslinked species over a time course of 2 hours
with 100 mM L-cysteine. Conversely, the R60Q CDO variant was not able to form the crosslinked
species with 100 mM of L-cysteine present. T he replacement of the arginine with the glutamine
may have disrupted binding of the L-cysteine resulting in a lack of crosslink formation as well as
a reduction in enzyme activity. Consistent with previous studies, Arg60 in CDO appears to also
play a role in substrate coordination.>”?2 The percent iron bound in wild-type MDO is similar to
that of wild-type CDO, and varies among different research groups (20-65%).%%12%12 Both Q62R
MDO and R60Q CDO displayed a 10% increase in percent iron bound compared to wild-type. In
EPR studies, wild-type MDO displayed a ferric signal at g=4.5. A sharper signal was observed
once 3-mercaptopropionate was added, indicating substrate coordination or increased iron
coordination. However, other studies have found that the ferric signal is not as sharp with other
thiol substrates such as cysteine or cysteamine, demonstrating that 3-MPA is preferred over L-

cysteine.'?!

59



Overall, these studies were able to effectively compare mammalianthiol dioxygenaseswith
bacterial thiol dioxygenases. Results from sequence alignment studies revealed only Tyrl57 is
conserved among CDO in bacterial systems; however, C93 is replaced with a glycine. Indicating
the crosslink is not essential for bacterial CDO.®* The C93G variant successfully resembled
bacterial CDO and the crosslink was no longer able to form. Not only do bacterial thiol
dioxygenases not have a crosslink, but some also lack the conserved Arg residue reportedto play
aroleinsubstrate specificity amongmammalianCDO. T hese results from studies with R60Q CDO
and Q62R MDO, support a more defined role for Arg60 in mammalian CDO in substrate
specificity than the comparable glutamine residue in bacterial MDO. There are sequence
alignments, mutagenesis, and sequence comparison of thiol dioxygenasesbased on an Arg or Gln
at position 60. There are also key structural features that could define substrate specificity.'?
Amongthese are (1) the presence or absence of a cis-peptide bond between a serine and proline
residue, (2) an Arg or GIn at position 60, and (3) a Cysor Arg at position 164.22 However, further
studies needto be performed on the other key active site residues in bacterial MDO to determine

substrate specificity among these organisms.
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CHAPTER THREE

Bacterial Thiol Dioxygenase Substrate Specificityand Protein-Protein
Interactions

3.1 Introduction

Recently, it has been proposed that bacterial thiol dioxygenases that contain a GIn in the
active site are mercaptopropionate dioxygenases (MDO). MDO oxidizes 3-MPA to 3-
sulfinopropionate (3-SPA) (Figure 3.1). Although, 3-MPA has been proposed to be a central

metabolite in both catabolic and assimilatory sulfur metabolism, the metabolic role of 3-SPA is
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unclear.***#! In many “Gln-type” bacteria, the MDO gene is on the same operon as an annotated
sulfurtransferase, but the existence of the sulfurtransferase has not been recognized by groups
working with MDO. Both the MDO and sulfurtransferase genes are located in low-sulfur islands
(LSIs). LSIs are defined as runs of at least eight out of ten genes encoding proteins with low-sulfur
content.!? The predicted proteins encoded by LSls strongly suggest that LSIs have a role in
acquiring sulfur from organic sulfur sources during sulfur starvation.'?* Thesulfurtransferase gene
product is also thought to function in sulfur assimilation using organosulfate/sulfonates as

substrates.*?*
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Figure 3.1. Oxidation of 3-MPA to 3-SPA by MDO.

There are two motifs found among sulfurtransferase. T hiosulfate sulfurtransferases have a
CRKGX[R/T] motif, while mercaptopyruvate sulfurtransferases have a CGSGVT motif. In
thiolsulfate sulfurtransferase, the positive chargeson conserved lysine and arginine residues in the
CRKGX[R/T] motif are predictedto form electrostatic interactionswith the negative charges on
the substrate.’® The uncharged serine residue in the MST motif, CGSGVT, participatesin a
hydrogen-bonding network with two nearby arginines and the carboxyl groupsof pyruvate, %4125
MST catalyzes the trans-sulfuration reaction from mercaptopyruvate to thiol containing

compounds (Figure 3.2). T he annotated sulfurtransferase on the MDO operon has an amino acid

sequence similar to mercaptopyruvate sulfurtransferase enzymes. T herefore, mercaptopyruvate
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could be a potential substrate for MDO or the sulfurtransferase. Natural fusions between the non-
heme iron containing dioxygenase and rhodanese (sulfurtransferase) have recently been identified
in some bacteria.}** However, the role of thisfusion is not yet known. Existence of a fusion suggest
that the independently expressed dioxygenase and sulfurtransferase enzymes may interact to
facilitate catalysis.1® In this study, we wanted to evaluate a potential metabolic link between the
sulfurtransferase and MDO by determining the substrate specificity of CDO and MDO variants
with 3-mercaptopyruvate. In addition, protein-protein interaction studies were examined to

determine the metabolic role of these enzymes.

N @) @)
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3-Mercaptopyruvate Cyanide Pyruvate Thiocyanate

Figure 3.2. 3-Mercatopyruvate sulfurtransferase reaction.

3.2 Material and Methods

3.2.1 Materials

4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic  acid (HEPES),  L-cysteine, 3-
mercaptopropionate, sodium mercaptopyruvate, L-ascorbate, ampicillin, streptomycin sulfate,
ammonium sulfate, lysoszyme, potassium chloride, 5,5’-dithiobis(2-nitrobenzoic acid) (DT NB),
monopotassium phosphate, and brilliant blue R were purchased form Sigma (St. Louis, MO).

Isopropyl-B-d-thiogalactopyranoside (IPTG) was purchased from Gold Biotechnology (St. Louis,
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MO). Glycerol and sodium chloride were purchased from Macron Fine Chemicals (Center Valley,
PA). Difco-brand Luria-Bertani (LB) medium was purchased from Becton, Dickinson and
Company (Sparks, MD). Oligonucleotide primers were purchased from Invitrogen (Carlsbad,
CA). Pfu Turbo DNA polymerase was purchased from Agilent (La Jolla, CA). Herculase
polymerase was purchased from Agilent (La Jolla, CA). Phenyl Sepharose 6 Fast Flow was
purchased from GE Healthcare Life Sciences (Pittsburg, PA). Macro-prep® High Q Support was
purchased from Bio-Rad Laboratories (Herculase, CA). Ni-nitrilotriacetic acid (NT A) Superflow
resin was purchased from QIAGEN (Valencia, CA). SDS-PAGE resolving and stacking buffers,
30% acrylamide, and Blue Laemmliwas purchased from Bio-Rad Laboratories (Herculase, CA).
Amicon Ultra-4 Centrifugal Filter Devices (10 kDa MWCO) were purchased from Millipore

(Billerica, MA).

3.2.2 Steady-State Kinetic Analyses of Wild-type MDO, Variants, and CDO Variants
Steady-state kinetic parameters were determined using a Clark-type oxygen electrode
(Hansatech, Inc., Norfolk, United Kingdom) to monitor the rate of dioxygen utilization by each
enzyme in the presence of 3-mercaptopyruvate. T he concentration range implemented for wild-
type CDO and R60Q CDO with 3-mercaptopyruvate was 1-50 mM. T he concentration range used
for wild-type MDO with 3-mercaptopyruvate was 0.1-1 mM and 1-25 mM for Q62R MDO. Each
reaction withwild-type and R60Q CDO containeda final concentration of 2 pM protein and I mM
ascorbate in 25 mM HEPES (pH 7.5) at 37 °C. Each reaction with wild-type MDO and Q62R
MDO contained a final concentration of 2 uM protein and 1 mM ascorbate in 25 mM HEPES (pH
7.5)at 37 °C. Theassays were initiated by the addition of the specific substrate and the initial

velocitieswere recorded from the linear portion of the trace. T he average initial velocities from
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three separate experimentswere plotted against the substrate concentrationand the data were fit

to the Michaelis-Menten equation using KaleidaGraph™ software.

3.2.3 Cloning and expression of the Pseudomonas aeruginosa sulfurtransferase gene

The sulfurtransferase gene was obtained from genomic DNA prepared directly from
Pseudomonas aeruginosa. The Zero Blunt® PCR Cloning Kit was used to clone the blunt PCR
fragmentsinto the PCR®-Blunt vector. T he sulfurtransferase was PCR-amplified with Herculase
Il Fusion DNA polymerase using primers that included Ndel and Xhol restriction sites: 5° GAT
CAT ATG AGC CAG ATCGCC 3" and 5" GAT CTC GAG TCA GAT CAC GAA GAA 3.
Ligation into the PCR®-Blunt expression vector was performed with T4 DNA ligase at a 5:1
insert:vector molar ratio, and the ligation was incubated overnight at 16 °C. T he vector was then
transformed into E. coli One Shot® TOP10 expression cells. Representative clones were
confirmed by DNA sequence analysis (Eurofins MWG Operon). Once confirmed, digestion using
Ndel and Xhol restriction enzymeswas performed on the blunt end clone as well as the pET21a
vector. T4 DNA ligase was used to ligate a 3:1 insert:vector molarratio intothe pET 21a expression
vector. The vector was then transformed into E. coli XL-1 and BL21(DE3) expression cells.
Representative cloneswere confirmed by DNA sequence analysis (Eurofins MWG Operon). Cell

cultures were stored as glycerol stocksat -80 °C.

3.2.4 Protein synthesis and purification of ST
T he cells containing the sulfurtransferase gene in the pET 21a vector were isolated on LB-
agar medium containing 0.1 mg/mL ampicillin (LB-amp). A single colony was selected from the

plate and grown in 5 mL LB-amp medium at 37 °C for ~8 hours. A 1% inoculum was transferred
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from the 5 mL culture to a 100 mL culture and grown overnight at 37 °C. A 2% inoculum from
the overnight culture was transferred to four 1 L flasks and grown at 37 °C until the cultures
reachedan Ao value of 0.6-0.8. Cellswere harvestedby centrifugation at 5000 rpm for 15 minutes
at 4 °C. Cell pelletswere resuspended with 100 mL 25 mM HEPES (pH 7.5), 10% glycerol, and
0.2 mg/mL of lysozyme. Cellswere lysed by sonication followed by centrifugation at 10,000 rpm,
for 15 minutes at 4 °C. 1.5% streptomycin sulfate (w/v) was added to the supernatant and the
solution was slowy stirred at 4 °C for 1 hour. Precipitated nucleic acids were pelleted via
centrifugation at 10,000 rpm at 4 °C for 20 minutes. Ammonium sulfate precipitation was
performed from 20-60%. T he pelleted protein from the 60% salt cut was resuspended in 200 mL
25 mM HEPES (pH 7.5), 10% glycerol, and 20% ammonium sulfate and loaded on a phenyl
sepharose column. After washing the column with 100 mL of 25 mM HEPES (pH 7.5), 10%
glycerol, and 20% ammonium sulfate, the protein was eluted with a linear gradient from 20 — 0%
ammonium sulfate in 25 mM HEPES (pH 7.5) and 10% glycerol. Fraction purity was determined
by Asg values and SDS-PAGE (5% stacking and 12% resolving). Fractions determinedto be of
highest purity were pooledand loaded onto a Macro-Prep High Q Support anion exchange column.
After washing the column with 25 mM HEPES (pH 7.5) and 10% glycerol, the protein was eluted
from the column using a linear gradient from 0-300 mM NaCl in 25 mM HEPES (pH 7.5) and
10% glycerol. Fraction purity was determined as described above and pooled protein was dialyzed
twice against 25 MM HEPES (pH 7.5), 10%glycerol,and 100 mM sodium chloride. After dialysis,
the protein was centrifuged at 10,000 rpm at 4 °C for 15 minutes to remove any precipitated

protein. Protein aliquotswere flash frozen with liquid nitrogen and stored at -80 °C.

3.2.5 Construction of recombinant His-tagged mdo gene
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The pET21a (Novagen, Madison, W1) vector containing the C-terminally His-tagged mdo
gene was constructed by substitution of the native mdo stop codon with an Ala codon (GCG) as
previously described.?” T he native construct was PCR amplified using the primers 5° GAG AAC
CCC GCA GCG CTCGAG CAC CAC 3 and5" GTGGTG CTCGAG CGC TGC GGG GI'T
CT C 3". The mutationswere generated by site directed mutagenesis. T he generated variant was

verified by DNA sequence analysis (Eurofins MWG Operon).

3.2.6 Expression of His-tagged mdo gene and affinity chromatography binding assays

T he native sulfurtransferase and His-tagged MDO protein were expressed as previously
described with the following exceptions. T he native sulfurtransferase and His-tagged MDO cell
cultures were grown separately in LB medium containing 100 pg/mL ampicillin (LB-Amp). A
single colony of E. coli BL21(DE3) containing the appropriate expression plasmid was used to
inoculate 5 mL LB medium containing 100 mg/mL ampicillin (LB-Amp) with overnight
incubation at 37 °C. A 1% inoculum of the 5 mL cell culture was transferredto 100 mL LB-Amp
and incubated at 37 °C until the Agg reached 0.4. T he cellswere induced with 0.4 mM IPT Gand
grown for an additional 6 hours at 25 °C. Cells were harvested by centrifugation at 5000 rpm for
15 minutes at 4 °C and stored at -80 °C. Cells from the 100 mL growth were resuspended in 50
mL 25 mM HEPES (pH 7.5), 10% glycerol, and 0.2 mg/mL of lysozyme. Cell were lysed by
sonication, followed by the addition of 1.5%streptomycinsulfate to precipitate nucleic acids. Each
protein was purified according to the previously described protocols. The same protocol was
performed for both His-tagged sulfurtransferase and native MDO.

The 50 mL cell lysate containing the expressed His-tagged MDO protein was loaded onto

a column containing Ni-nitrolotriacetic acid (NT A) Superflow resin (QIAGEN, Valencia, CA).
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The column was washed with 100 mL 25 mM HEPES (pH 7.5) and 10% glycerol to remove
unbound protein prior to loading the cell lysate containing native sulfurtransferase. T he column
was washed again with 100 mL of 25 mM HEPES (pH 7.5), 10% glycerol, and 50 mM imidazole,
followed by elution of the His-tagged MDO protein with 100 mL 25 mM HEPES (pH 7.5), 10%
glycerol, and 75 mM imidazole. The eluted proteins from both buffer concentrations were
collected and analyzed by SDS-PAGE. The same protocol was performed with His-tagged

sulfurtransferase and native MDO.

3.2.7 Thiol quantification

5,5 dithiobis-(2-nitrobenzoic acid) (DT NB) was used to quantify free thiols in the native
and denatured sulfurtransferase enzyme. In each reaction, 10 uM protein and 100 uM DT NB were
incubated at 25 °C for 15 minutes in 25 mM HEPES (pH 7.5). In reactionswhere the samples
were denatured, 6 M guanidinium chloride (GUHCI) was incubated with 10 M protein at 25 °C
for 1 hour prior to the addition of DT NB. Each reaction was monitored at 412 nm and quantified
using the molar absorption coefficient value (g41,=14,150M™cm™). In the reactions using GUHCI,
£412=13,700 M cm™ was used for thiol quantification. T he results obtained were the average of

three separate experiments.

3.2.8 Analysis of thiocyanate formation

The cyanide detoxification activity of sulfurtransferase was measured in a colorimetric
assay as previously described.®” The reaction contained a 1:1 ratio of thiosulfate or
mercaptopyruvate to potassium cyanide (50 mM thiosulfate or mercaptopyruvate, 50 mM

potassium cyanide) and 1 pM protein in 100 mM HEPES (pH 7.5) (300 pL total volume). The
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reaction was initiated by the addition of enzyme. Following a 30-minute incubation at 25 °C the
reaction was quenched with 100 pL of 15% (w/v) formaldehyde. T hiocyanate formation was
measured by the addition of 500 pL ferric nitrate (165 mM ferric nitrate nonahydrate and 13.3%
(v/v) nitric acid). T he absorbance of the ferric thiocyanate complex was measured at 460 nm. A
standard curve was used to determine the concentration of thiocyanate formed. T he concentrations
of thiosulfate or mercaptopyruvate and cyanide were varied from 0.5-50 mM in order to determine

the dependence of enzyme activity on substrate concentration.

3.2.9 Persulfide Trapping

In order to trap the catalytic cysteine of IscS or the sulfurtransferase in its persulfide form,
a persulfide trapping assay was performed. IscS (10 pM) was added to a solution (150 pL) of L-
cysteine (400 uM) and pyridoxal phosphate (PLP) (160 uM) in 50 mM T risHCI buffer, pH 8.5.
After a one-hour incubation at 37 °C, an aliquot (100 pL) was removed and washed three times
using a desalting column of Sephadex G-25 to remove any freed cysteine. Five equivalents (50
puM) of iodoacetamide was added to the eluate. After a 30 min incubation at 25 °C, reactionswere
washed once and analyzed by mass spectrometry. Mass analysis was performed on an Ultra
Performance LC System (ACQUITY, Waters Corp., Milford, MA, USA) in conjunction with a
quadrupole time of-flight mass spectrometer (Q-Tof Premier, Waters) with electrospray ionization
(ESI-MS) in positive mode. The persulfide trapping procedure was also performed with the
sulfurtransferase with minor modifications. Sulfurtransferase (10 pM) was added to a solution
(150 pL) of L-cysteine (400 uM), pyridoxal phosphate (PLP) (160 M) in 50 mM T risHCI buffer,
pH 8.5. After a one hour incubation at 37 °C, an aliquot (100 pL) was removed and washed three

times using a desalting column of Sephadex G-25 to remove any free cysteine. Five equivalents
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(50 uM) of iodoacetamide was added to the eluate. After a 30 min incubation at 25 °C, reactions
were washed once and analyzed by mass spectrometry. T he same technique was also used with
both sulfurtransferase (10 uM) and IscS (10 uM) combined and added to a solution (150 pL) of L-
cysteine (400 uM), pyridoxal phosphate (PLP) (160 M) in 50 mM TrisHCI, pH 8.5. T he same
technique was also used with ST (10 uM) alone and added to a solution (150 pL) of L-cysteine, 3-
MPA, mercaptopyruvate, or thiosulfate (400 uM), in 50 mM HEPES buffer, pH 7.5. IscSwas used
as a control to determine if the sulfurtransferase needed a sulfur-donating enzyme to help transfer
the sulfur to form a persulfide. Various cysteine analogs were used to verify which one was the

preferred sulfur source.

3.2.10 Verification of persulfide formation

In order to determine the concentration and identify the formation of a persulfide, a cold
cyanolysisassay was performed. 400 uL of 1 M ammonium hydroxide, 3.6 mL of water and 500
pL of 0.5 M potassium cyanide were added to a 500 pL persulfide sample. After a 45 minute
incubation at 25 °C, 100 pL of 38% formaldehyde and 1 mL of Goldstein’s reagent (50 grams of
ferric nitrate nonahydrate dissolved in 50 mL of water, 525 mL of nitric acid, diluted to 2 L) were
added tothe sample. T he absorbance was determinedat 335 nm and quantified using the persulfide
molar extinction coefficient of 310 M cm™. A blank was prepared excluding the persulfide

sample.

3.2.11 Size exclusion chromatography binding assay
T he oligomeric states of wild-type MDO and sulfurtransferase were determined using a

protocol previously described with minor modifications.’?® Analytical size-exclusion
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chromatography of the MDO and sulfurtransferase enzymeswere evaluated on an Agilent 1260
Infinity GPC/SEC chromatograph. The molecular weights of each enzyme (50 pM) were
determined using a Waters Biosuite HR SEC, 7.8 mm x 300 mm, 250 A column. T he enzymes
were eluted from the column with 150 mM sodium phosphate (pH 7.0) and 100 mM NaCl with a
flow rate of 0.2 mL/min monitored at 280 nm. A Bio-Rad gel filtration standard with a molecular
weight range from 1.35 to 670 kDawas used to generate a curve to fit the molecular weights based
on retentiontimes. T he standard curve (log of the molecular weight versus retention time) was
generated on the basis of the elution time monitored at 280 nm. In experiments where MDO and
sulfurtranferase were coupled, a 1:1, 4:1, and 8:1 molar ratio of Sulfurtransferase:MDO were run

with and without the addition of 100 UM substrate (3-MPA, 3-mercaptopyruvate, or L-cysteine).

3.2.12 Hydrogen-Deuterium Exchange Mass Spectrometry (HDX-MS)

HDX-MS was performed to determine protein-protein interaction sites. An online pepsin
column was applied to produce sulfurtransferase and MDO peptides, which were then analyzed by
tandem mass spectrometry. 1 yL of each MDO and sulfurtransferase sample (15 pM) were mixed
with 49 pL of assay buffer (25mM HEPES (pH 7.5)) and 50 pL of quench buffer (0.2 M KH,PO,
(pH 2.5) at 0 °C). T he solution was injected into the HDX Manager Acquity UPLC, equipped with
an online pepsin column. Digested proteinswere trapped and desalted on a trapping column at a
flow rate of 200 pL/min and desalted for 1 minute. After desalting, the flow path was changed to
elution mode with the trapping column in line with the C-18 reversed phase analytical column.
Peptideswere eluted with a gradient of 5-85% acetonitrile (ACN) with a 5-minute flow rate of 30
pL/min and monitored by mass spectrometry. Mass spectrometry data were acquired in positive

ion mode with a mass to charge (m/z) range of 100-1500. T he peaksin the raw data files were
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collected using the software ProteinLynx Global SERVER (PLGS) with 30 low energy and 150
high energy cutoffs. T he files generated by PLGS were then imported into DynamX to obtain a
sequence map of each enzyme.

Once protein mapswere determined, HDX-MS was utilized to determine specific sites of
interaction. 1 pL of sulfurtransferase (15 uM) was incubated in 49 pL of 95% D,0 in 25 mM
HEPES (pH 7.5) at 25 °C for 15 seconds to 1 hour. The HDX reaction was quenched by the
addition of 50 pL quench buffer on ice. T he quenched sample was injected into the UPLC, where
the protein was first digested into peptidesby the pepsin column. T he peptideswere then loaded
ontothe C-18reversedphase UPLC columnandeluted with a gradient concentration of ACN from
5% to 85% over 5 minutes. The HDX-MS data was analyzed using DynamX (Waters Corporator).
Thissame process was repeated for MDO. In order to determine the specific sites of interaction a
similar process was performed, but with minor alterations. 1 yL. of ST (15 puM) and 1 pL of MDO
(15uM) were incubated together in 48 L of 95% D,0 25 mM HEPES (pH 7.5) at 25 °C for 15
seconds to 1 hour. The HDX reaction was quenched by the addition of 50 L. quench buffer on
ice. The quenched sample was injected into the UPLC, where the protein was first digested into
peptidesby the pepsin column. T he peptideswere then loadedonto the C-18 reversedphase UPLC
column and eluted with a gradient concentrationof ACN from 5% to 85% over 5 minutes. The
HDX-MS datawas analyzed using DynamX (Waters Corporator). Prior to incubation with 95%
D,0 25 mM HEPES (pH 7.5), proteinswere incubated together in 25 mM HEPES (pH 7.5) at 25
°C for 30 minutes at a 1:1 molar ratio as well as a 4:1 molar ratio sulfurtransferase:MDO. After
incubation with 25 mM HEPES (pH 7.5), 1 yL of the protein mix was incubated with 49 pL of

D,0 25 mM HEPES (pH 7.5) at 25 °C for 15 minutes. The HDX reaction was quenched by the

72



addition of 50 yL quench buffer on ice. The quenched sample was injected into the UPLC,

following the same procedure as previously stated.

3.2.13 Analysis of the sulfurtransferase:MDO complex by Native PAGE gels.

Protein complex formation was analyzed by native PAGE gels. Both MDO and
sulfurtransferase were mixed in variousmolar ratios (1:1, 4:1, and 8:1). Each reaction contained a
final volume of 15 pL and the enzymeswere incubated at 25 °C for 20 minutes. After incubation,
each sample was quenched with 2 pL of sample buffer (Blue Laemmli). Protein samples were
loaded onto a 4% stacking/12% resolving gel and the proteins separated at 70 Vfor 16 hours at 4
°C. Cels were stained with Brilliant Blue and analyzed by mass spectrometry. Individual protein
samples (2.5 pg) were treated the same asthe complex sample and separated on native PAGE.

Preparation of protein for mass spectrometry analysis was performed using an in-gel
protein digestion protocol from Promega: Protease Max™ Surfactant. Proteins were resolved by
gel electrophoresisand then stained in Coomassie Blue. T he gel was destained for 1 hour at room
temperature with gentle agitation. A clean razor blade was used to cut the protein bands of interest
from the gel and gel slices were placed in a 0.5 mL microcentrifuge tube. The gel slices were
destained with 0.2 mL of 100 mM NH4HCO3; 50% ACN for 45 minutes at 37 °C. T he gel slices
were dehydrated for 5 minutesat 25 °Cin 100 pL of 100% ACN. Gel slices were dried in a Speed
Vac® concentrator for 15 minutesat 25 °C and were rehydrated in 100 pL of freshly prepared 25
mM DTT in 50 mM NH4HCO3 and incubated for 20 minutes at 56 °C. T he supernatant was
discarded, 100 pL of 55 mM iodoacetamide in 50 mM NH4HCO3; was added to the gel slices and
incubated in the dark for 20 minutes at 25 °C. Supernatant was discarded and each sample was

washed twice with 400 pL of H,O. T he sample was dehydratedwith 200 yL ACN:NH4HCO3 (1:1)
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for 5 minutes, with intermittent vortex mixing (10 seconds on, 10 seconds off). T he supernatant
was discarded and 200 pL of 100% ACN was added to the sample and incubated for 30 seconds.
Following incubation, the supernatant was discarded and dried in a Speed Vac® concentrator for
15 minutes at 25°C. T he sample was rehydrated in 20 pL of 12 ng/pL trypsin in 0.01% Protease
Max™ Surfactant: 50 mM NH4HCO3 for 10 minsat 25 °C. T he sample was then overlaid with 30
uL 0of 0.01% Protease Max™ Surfactant: 50 mM NH4HCO3and gently mixed for 10 seconds The
sample was incubated for 3 hours at 37 °C. The condensate was collected by centrifugation at
12,000 rpm for 10 seconds. T he sample was extracted into a new tube and 0.5% T FA was added
to inactivate trypsin. The solution was frozen and then lyophilized with a Labconco 4.5 liter freeze
dry system. Mass analysis was performed on an Ultra Performance LC System (ACQUITY,
Waters Corp., Milford, MA, USA) in conjunction with a quadrupole time-of-flight mass

spectrometer (Q-Tof Premier, Waters) with electrospray ionization (ESI-MS) in positive mode.

3.2.14 Surface Plasmon Resonance Spectroscopy

Surface Plasmon Resonance (SPR) data were obtained on an Open SPR system (Nicoya
Life-sciences). For all experiments, 25 mM HEPES (pH 7.51), and 0.005% Tween-20 was used as
the running buffer. MDO was diluted to 31 pg/mL in activation buffer and immobilized on a gold-
plated carboxyl-functionalized nanosensor chip according to the manufacturer’s instructions using
carbodiimide cross-link chemistry (Nicoya Life-sciences). After immobilization and blocking (10
min), sulfurtransferase at varying concentrations (600 nM — 9 uM) was injected and allowed to
interact with the protein-modified sensor for 10 minutesat a pump speed of 40 uL/min. Interactions
were determined in triplicate using three different chipsto eliminate the possibility of chip-to-chip

variability.
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3.3 Results

3.3.1 Steady-State Kinetic Analyses of Wild-type and Q62R MDO with Mercaptopyruvate and L-
cysteine

Once the sulfurtransferase was identified on the MDO operon, the functional role of MDO
was evaluated by determining the steady-state kinetic activity of wild-type and Q62R MDO with
3-mercaptopyruvate. Kinetic parameters of wild-type and Q62R MDO were determined by
measuring oxygen consumption using a Clark-type oxygen electrode. The ke/Kr, value for wild-
type MDO was (9.3 + 3.2) x 10* M? st with 3-mercaptopyruvate similar to the ke/Kn value
obtained with 3-MPA (7.3 £ 0.6) x 10* M 51, Table 3.1). Moreover, the catalytic efficiency of
Q62R MDO with 3-mercaptopyruvate was 300 + 40 M? st and 65 + 25 M st with 3-MPA (T able
3.2). The kea/Kn value for wild-type MDO with L-cysteine was 125 +33 M? s, while the catalytic
efficiency of Q62R MDO with L- cysteine resulted in a ~40 fold increase compared to wild-type

MDO (T able 3.2).

Table 3.1 Steady-state kinetic parameters on wild-type MDO with 3-MPA, 3-
mercaptopyruvate, and L-cysteine

Substrate K cat K Keat/Km
(sec™) (M) (M* sec™)
3-MPA 29+0.4 4.0+1.0 (x10%) 7.3+0.6 (x10%
3-mercaptopyruvate 2.8+0.3 3.0+1.0(x10%) 9.3+3.2 (x10%
L-cysteine 0.25+0.02 2.0+0.5 (x107%) 125+33
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Table 3.2 Steady-state kinetic parameterson Q62R MDO with 3-MPA, 3-mercaptopyruvate,
and L-cysteine

Substrate K cat Km Kcat/Km
(sec?) (M) (M?sec?)
3-MPA 0.45+0.02 7.0x10°%+2.0x10° 65 + 20
3-mercaptopyruvate 0.30£0.02 1.0x10°+0.1x10* 300 +40
L-cysteine 2.1+0.10 4.0x10%+1.0x10* 5250+ 1350

3.3.2 Thiol Quantification and Sulfurtransferase Activity Analysis

The active site cysteine of a sulfurtransferase is generally redox active and essential for
forming a persulfide intermediate, which is an important mechanistic step. The putative
sulfurtransferase expressed on the same operon as MDO containstwo cysteine residues. One of
which hasbeen identified asa putative active site cysteine (Cys485) based on sequence alignments
with other sulfurtransferases. Cys485 is solvent accessible in the three-dimensional structure of
the sulfurtransferase (Figure 3.3). We propose Cys241 doesnot play arole in catalysis because it
is not conserved among the sulfurtransferase motifs and it is not solvent accessible. T o evaluate
the ability of the Cys residues to form a persulfide intermediate, the accessibility of each cysteine

free thiolswas quantified.
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Figure 3.3 T hree-dimensional structure depicting the cysteine residues in sulfurtransferase where

Cys485 is at the surface of the active site and Cys241 is buried.

Results obtained from the DTNB assays revealed one free thiol. Given the accessibility of
Cys485, it is likely the solvent accessible cysteine in the native state (T able 3.3). T he thiol of
Cys241would likely be unreactive in the native state because it is not solvent accessible. In the
denatured state, two free thiolswere quantified indicating that both free thiols are accessible when

the protein iscompletely unfolded (T able 3.3).

Table 3.3 Free thiolspresent in the folded and denatured states of the sulfurtransferase
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Free Thiols

Enzyme Folded Denatured

Sulfurtransferase 1.00+0.03 2.00+£0.05

3.3.3 Sulfurtransferase Activity Assays

Once results were obtained from the DTNB assay, conversion of cyanide to thiocyanate in
the presence of thiosulfate or mercaptopyruvate was used to monitor the sulfurtransferase activity.
However, there was no thiocyanate detected with either thiosulfate or mercaptopyruvate as the
sulfur donor.

T he predictedsulfurtransferase reaction involvesthe formation of a persulfide intermediate
on the active site Cys. Assays were performedto trap the persulfide intermediate, where IscS was
used as a control to determine if the sulfurtransferase needed a sulfur-donating enzyme to aid in
the transfer of sulfur to formapersulfide. IscS is a PLP-dependentdesulfurase, that uses L-cysteine
as a substrate to generate a persulfide on its active site cysteine.?1?° The activated sulfane sulfur
is transferred to the second central component of the Isc system, IscU, where Fe-S clusters are
formed. Mass spectrometry was performedto identify the persulfide formed by IscS, resulting in
a mass to charge ratio of 47,298. There was no persulfide intermediate detected on the
sulfurtransferase with IscS, PLP, and cysteine. Additional studies without IscS were performed
with the sulfurtransferase and 3-MPA, sulfurtransferase with thiosulfate, or sulfurtransferase with
cysteine. However, no persulfide was identified under any of the conditionsdescribed. Next, we
attempted to monitor persulfide formation via a cold cyanolysis assay at 335 nm using the same
reactions described in the persulfide trap. However, the persulfide intermediate was not detected

in the cyanolysisassay.
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Coupled assays monitoring oxygen utilization were performed with MDO and
sulfurtransferase to determine if the addition of the sulfurtransferase enhancedthe activity of MDO
(Figure 3.7). Assays were performed using a Clark-type oxygen electrode to monitor activity of
MDO by adding sulfurtransferase (4 uM), thiosulfate or mercaptopyruvate (10 mM), MDO (2
pM), and ascorbate (1 mM) into the reaction chamber. However, no change in MDO activity was

observed with the addition of sulfurtransferase and/or substrate.

3.3.4 Affinity Chromatography Binding Assay and Size Exclusion Chromatography, and HDX
Affinity chromatography experimentswith individually expressed His-tagged MDO and
native sulfurtransferase were performed to identify static protein-protein interactions. Initial
studies tested the elution of His-tagged MDO to determine the concentration of imidazole. His-
tagged MDO eluted from the column at 60 mM. His-tagged MDO in a cell lysate was loaded onto
a Ni-NT A column. Following a HEPES buffer wash to remove unbound protein, native MDO in
a cell lysate was loaded onto the Ni-NT A column containing bound His-tagged MDO. T he column
was first washed with 50 mM imidazole buffer to remove any unbound protein, followed by a
second wash with 75 mM imidazole buffer to remove bound His-tagged MDO. Fractions from
both the 50 mM and 75 mM imidazole buffer wash were collected from the column and analyzed
by SDS PAGE (Figure 3.4 A and Figure 3.4 B). Native sulfurtransferase and MDO were also
separated on the gel (Figure 3.4 A lane 1 and 2), and a protein marker with the corresponding
molecular masses was also included for molecular weight estimates (Figure 3.4 A lane 1). The
native sulfurtransferase was eluted off the column with 50 mM imidazole buffer (Figure 3.4 A,
lanes 3-10). However, most of the His-tagged MDO eluted off at 75 mM (Figure 3.4 B lanes 4-

10). The results showed that His-tagged MDO and native sulfurtransferase did not coelute from
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the column with 50 mM imidazole buffer (Figure 3.4 A and Figure 3.4 B). His-tagged
sulfurtransferase and native MDO were also evaluated to ensure that the His-tag was not blocking
the potential interaction sites on MDO. However, His-tagged sulfurtransferase and MDO did not

elute off together with elution buffer.

A. 1 2 4 5§ 6 7 8 9 10 11 12 13 14

== == - & B

-
B S - e s e HistagMDO

1 2 3 4 S5 6 7 8 9 10 11

T‘#

His-tag MDO

Figure 3.4 A. SDS-PAGE of fractions from the 50 mM imidazole elution of sulfurtransferase and
His-tagged MDO from the Ni-NT A column. B. SDS-PAGE of fractionsfromthe 75 mMimidazole

elution from the Ni-NTA column.
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High performance liquid chromatography coupled with size exclusion chromatography
(HPLC-SEC) was also performed to evaluate oligomeric statesand identify static protein-protein
interactions. The molecular weight for MDO was determined by gel filtration to be 22.5 kDa,
which is the monomeric molecular weight. Sulfurtransferase was also determined to exist as a
monomer with a calculated molecular weight of 57.3 kDa. Various molar ratios of
sulfurtransferase:MDO (1:1,4:1, 8:1) were incubatedfor 20 minutespriorto injection to determine
if there was potential static protein-protein interactions; however, MDO and sulfurtransferase

eluted at similar retention timesasthe individual proteins.

3.3.5 Hydrogen-deuterium Isotope Exchange Mass Spectrometry

Hydrogen deuterium exchange mass spectrometry was performed to identify potential
protein-protein interaction sites. Independent pepsin digestion of MDO and sulfurtransferase was
initially performed to identify peptide fragments through collision-induced dissociation (Figure
3.5 A & B). MDO displayed 95% coverage while sulfurtransferase displayed 98% coverage. The
amount of deuterium exchanged for each individual protein was compared to that of the
corresponding sulfurtransferase:MDO complex. For MDO, regions 79-90 (WNGPGQITPVHD),
112-132 (DAGGRPHOSGARRRLEPGEVE), 163-171 (IGAVRRAVF), and 184-194
(YSNSRLPNIWD) showed decreases in deuterium incorporation following incubation of MDO
and sulfurtransferase. (Figure 3.6). Sulfurtransferase regions 222-245
(GWTLAGQQLEHGQTRRFGAISQDT), 358-378 (FSERGAWSAPLPRQPRADTID), 432-439
(VLTCGSSL), and 469-497 (AGLPTEDGESLLASPRIDRYRRPYEGTDN) demonstrated
comparable decreases in deuterium incorporationas MDO (Figure 3.7). Although there wassome

change in deuteration, the change was not large enough to suggest protein-protein interactions
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between MDO and sulfurtransferase. The observed decrease in deuterium incorporation does
support conformational changes when both MDO and sulfurtransferase are incubated together

prior to analysis.
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Figure 3.5. The peptide map sequences of (A.) MDO and (B.) Sulfurtransferase. Peptides were

sequenced and generated with PLGS and imported into DynamX to establish a sequence map.
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3.3.6 Analysis of Sulfurtransferase:MDO Complex Formation by Native PAGE gels

Native gel electrophoresis enables separation of cellular proteins in their non-denatured
state. This technique was used to identify potential protein-protein complexes between the
sulfurtransferase and MDO. A 4:1 and 8:1 sulfurtransferase:MDO molar ratio without substrate
was incubated for 15 minutesat 25 °C (Figure 3.8). In order to determine if interactionswere time

dependent, a two hour time course (15 min, 30 min, 1 hour, 2 hour) was performed without
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substrate at 25 °C with a sulfurtransferase:MDO molar ratio of 8:1. Both experiments displayed a
band at ~100 kDa that was not present in controlswith the individual protein (Figure 3.8). 3-MPA
was also added in ten-fold excess to the 8:1 mixture; however, no change was detected with the
addition of substrate (Figure 3.8). T hese results suggest that substrate does not affect the relative
size or intensity of the band. An in-gel digestion coupled with mass spectrometry was performed
to determine if the sulfurtransferase:MDO complex were components of the higher molecular
weight band. T he identities of the proteinswere not confirmed, because the concentration of the

sample was below the lower limit of detection of the mass spectrometer.
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Figure 3.8. Native PAGE gel analysis of protein-protein interactions.
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3.3.7 Analysis of Protein-Protein interactions via SPR

SPR is used to evaluate the equilibrium and kinetic parameters of protein-protein
interactionsand can provide quantitative real-time investigations of protein-protein interactions.
Formation of the sulfurtransferase:MDO complex was observed at 3 minutes, while complete
dissociation of the sulfurtransferase from the immobilized MDO was observed after 6 minutes
(Figure 3.9). The sensor-grams obtained were globally fit to a 1:2 site binding model using
TraceDrawer (Nicoya Lifesciences). T he first association constant was determined to be 530 M
sec! and the dissociation constant was 0.0028 sec™. The second association constant was
determined to be 2200 + 51 M? sec™ and the dissociation constant was 0.049 sec™. The firg
equilibrium binding constant was 5.3 pM, while the second equilibrium binding constant was 0.23
UM (T able 3.4). These resultssuggest that MDO and sulfurtransferase do interact, however, there
are two conformationsof MDO identified on the chip that bind to the sulfurtransferase. Each of
these conformations have different affinities and different dissociation constants which further
suggests conformational changesare occurring that affect binding. Electrostatic interactionsalso
do not play a significant role in the binding process because increasing sodium chloride

concentrations in the running buffer did not alter the sensorgram (data not shown).
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Figure 3.9. SPR Sulfurtransferase:MDO binding curve.
Table 3.4 Binding Constants from the Sulfurtransferase:MDO Complex
Com p lex Kon Kot Kg
(M* sec™) (sec™) (HM)
ST:MDO 530" 0.0028" 5.3
2200" 0.049" 0.23"

& All results were based on single run.
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3.4 Discussion

MDO is a non-heme mononuclear iron enzyme that catalyzesthe O,-dependent oxidation
of 3-MPA to produce 3-SPA.% The active site residues of MDO are similar to mammalian CDO,
but the CDO Arg residue involvedin substrate specificity isreplaced by a Gln in MDO.%® Substrate
specificity in MDO is not dependent on a single amino acid, and likely involvesadditional active
site residues. While MDO is able to oxidize 3-MPA, the metabolic role of either 3-MPA or 3-SPA
is unclear in these bacterial systems. Most “Gln-type” bacteria contain MDO and an annotated
sulfurtransferase on the same operon; however, previous studies have only evaluated MDO. As
both genes are located on the same operon, they likely catalyze reactionsin a common metabolic
pathway. Our studies evaluated the substrates for MDO and the sulfurtransferase based on distinct
reactions catalyzed by each enzyme.

Once the sulfurtransferase was identified on the MDO operon that containsa similar motif
to the mercaptopyruvate sulfurtransferase, steady-state kinetic studies were repeated using 3-
mercaptopyruvate as a substrate. Wild-type and R60Q CDO did not show any catalytic activity
with 3-mercaptopyruvate. However, wild-type MDO displayed a higher catalytic activity with 3-
mercaptopyruvate than 3-MPA. T he increase of activity with wild-type MDO suggests that 3-
mercaptopyruvate isa viable substrate for bacterial thiol dioxygenase. Additionally, Q62R MDO
displayed nominal catalytic activity with 3-mercaptopyruvate, but there was a ~40 increase in
catalytic activity with L-cysteine. These results further suggest that the glutamine in bacterial thiol
dioxygenases does play arole in substrate specificity along with other active site residues. Studies
also suggest the preference for 3-MPA because GIn62 weakly binds to cysteine due to being
uncharged, shorter, and placed farther from the iron than the equivalent arginine residue in rat

CDO.lZO
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Cys485 is the proposedcritical catalytic cysteine residue within the sulfurtransferase active
site. Sulfurtransferases are typically characterized by their in vitro activity with thiosulfate or
mercaptopyruvate to produce thiocyanate. Inthis study, we used several assays to analyze the
putative catalytic Cysresidue. T here was only one free thiol identified in native sulfurtransferas,
which we believe to be Cys485 since it is on the surface. Two free thiolswere identified once the
sulfurtransferase was denatured, indicating that Cys241 is buried within the enzyme and
inaccessible to DTNB in the native form. In order to evaluate the enzyme activity of
sulfurtransferase, SCN production was determined by a colorimetric assay at 460 nm.
Unfortunately, sulfurtransferase did not show any activity with thiosulfate or mercaptopyruvate.
These results suggested that the sulfur donor for sulfurtransferase is not thiosulfate or
mercaptopyruvate. Low molecular weight thiols are often utilized in sulfurtransferase reactions.
Sulfurtransferase reactionsinvolve two half-reactions. In the first reaction, the sulfur is transferred
froma donorto an active site cysteine to form a cysteine persulfide intermediate. 1% In the second
reaction, the outer sulfur from the persulfide intermediate is transferred to a thiophilic acceptor to
regenerate the resting enzyme.®?° T herefore, the sulfur donor to the sulfurtransferase is not a
thiosulfate or mercaptopyruvate, or the putative sulfurtransferase is not annotated correctly. The
correct sulfur donor may not have been utilized in these experiments, given the broad substrate
range of sulfurtransferases.

Several bacteria have been identified that contain an operon expressing both a thiol
dioxygenase and a sulfurtransferase. However, interactions of these two enzymes remains
unknown. T he thiol dioxygenase and sulfurtransferase enzymes have been shown to metabolize
thiosulfate to sulfite and are involved in a sulfur assimilation pathways, while others have been

identified in sulfide stress response such as S. aureus PRF.1* Since the sulfurtransferase and the
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MDO share an operon, protein-protein interactions between the two enzyme were evaluated. If the
MDO and sulfurtransferase reactionsare linked, the transfer of a potential persulfide product
between enzymes would be protected if stable protein-protein interactions were formed. The
evaluation of protein-protein interactions was attempted through several described methods.
Unfortunately, only SPRand native PAGE gels gave any indication of protein-protein interaction.
There isno single method for identifying static interactions between two proteinsand results can
vary depending on the experiment utilized to identify complex formation. Based on the evidence
provided here, we do believe that there are protein-protein interactions and/or conformational
changes occurring. However, given such varied results we suspect that they are very weak
interactions. The modest conformational changes that were observed with HDX MS suggest that
the proteins are interacting.
Alternatively, the presence of two proteinsmay lead to crowding effects that are not relevant to
the physiological function of the enzymes. SPR measures the interaction of proteinsin real-time
that could otherwise be missed through other methods. T he identification of two binding sites
through SPR could suggest there are two different conformations of MDO on the chip that bind
the sulfurtransferase with different affinities. T he identification of two binding sites could also
suggest that the sulfurtransferase binds to MDO with weak affinity, that over time, induce
conformational changes that further tighten the binding. Nevertheless, the results suggest
conformational changes occur and MDO and the sulfurtransferase do interact. Furthermore,
investigationsinto protein-protein interactions utilizing substrates of MDO and sulfurtransferase
could provide more efficient evidence of protein-protein interaction taking place among the

enzymes.
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H,S is a signaling molecule that istoxic at elevated concentrations.** H,S inhibits cellular
respiration in all cell typesby inhibiting the activity of cytochrome oxidase. 1°"**° It canalso exhibit
toxicity when the hydrogen sulfide anion (HS") directly reactswith oxidized lowmolecular weight
(LMW) thiols that control cellular redox potential such as glutathione disulfide (GSSG), to form
reactive sulfur species known as persulfides.’*”*3! However, H.,S also plays a positive role in
various physiological processes. In bacteria, H,S has been shown to enhance resistance to
oxidative stress induced by antibiotic treatment. In prokaryotes such as P. aeruginosa, H,S is
released from sulfur containingamino acidsby using three majorenzymesCBS, CSE, and 3-MST.
However, the produced sulfide may accumulate and inhibit aerobic respiration. Mammalian and
certain bacterial systemsare able to prevent the accumulation of H,Sthrough the oxidation of the
sulfide produced by three enzymes: SQR, PDO and rhodanese. However, these enzymesare not
present in all H,S-producing bacteria. Therefore, other organisms may have alternative
mechanismsto remove H,S. Recently, bacterial proteinsthat are natural fusions between PDO and
rhodanese have been identified, one of those protein being S. aureus CstB.1%1% Although MDO
and sulfurtransferase do not show high sequence similarity to CstB, they may be performinga
similar function. CstB is a multifunctional iron containing persulfide dioxygenase that oxidizes
major LMW -persulfide substrates to directly generate thiosulfate andreducedthiols, thus avoiding
cellular toxicity of sulfite.X®” Although the generation of H,Shas been described in P. aeruginosa,
there is limited information available on how these organisms remove the potentially toxic
compound.

Based on these studies, our group has proposed two possible reactions for the
MDO/sulfurtransferase complex (Figure 3.10). Reaction A is proposed based on the current

reaction described for S. aureus CstB.2* MDO oxidizes a LMW persulfide to form a LMW thiol-
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sulfonate intermediate. T he sulfurtransferase transfers a sulfur to generate thiosulfate and sulfite
and sulfane sulfur effluxes from the cell. T hiosulfate isan inorganic sulfur molecule, which is the
more reduced state of sulfur than that of sulfate. 3 Studies have shown that the thiosulfate pathway
is comparatively more efficient than the sulfate pathway to biosynthesize L-cysteine in terms of
cellular bioenergetics.*® When sulfate is unavailable, organisms are able to use the thiosulfate
pathway to generate sulfide to then enter the sulfate assimilation pathway. Studies suggest the
thiosulfate sulfurtransferase GIpE, catalyzesthiosulfate to sulfite, which forms a bypass of sulfur
metabolic flow from thiosulfate to sulfate pathway to biosynthesize Cys. 32 T hese studies further
suggest that sulfurtransferases can function in thiosulfate assimilation.**? Reaction B is proposed
based on the reaction mechanism of H,S degradation in mammalian systems, but with a few
modifications. Sulfurtransferase catalyzesthe sulfur-transferreaction froma LMW-SHtoa LMW-

S-SH. The LMW-S-SH can be oxidized to sulfite by MDO.

. MDO ST
o)) LMW-SH
B. ST MDO )
LMW-SH - LMW-S-SH 220 . S0,
R-SH O, LMW-SH

(Sulfur Donor)

Figure 3.10. Proposed reactions for sulfurtransferase:MDO complex.

P. aeruginosa is able to use a wide range of sulfur compounds as sources of sulfur for
growth.™®® It has been observed that the mdo operon in P. aeruginosa resides in the same gene
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cluster as sulfur starvation enzymes. A gene cluster is defined as a group of genes that share a
common function and are found within close proximity to one another on a chromosome.**
Results from a bioinformatics study also revealed that both geneswere considered to be part of a
low sulfur island, meaningthe genes encode proteinswith low-sulfur content. T he clustering of
genes encoding proteins involved in the metabolism of low-preference sulfur sources could
facilitate a coordinated response to sulfur starvation.'?* T herefore, understanding the regulatory

properties of the mdo operon could provide an important link between the two systems.
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CHAPTER FOUR

Expression of the Pseudomonas aeruginosa mdo Operon

4.1 Introduction

There have been several genes identified whose expression is regulated by sulfur limitation
in E. coli. However, in the pseudomonad genome the genes expressed during sulfur limitation
have not been clearly defined.

Recently, the P. putida genome was subjected to sulfur-mediated regulation.!?
Bioinformatic analyses of the genetic organization of the low sulfur content protein (LSP)-
encoding genesindicated that 31% were associated with at least one other gene encoding a protein
defined as an LSP.2* Surprisingly, 55 LSP genes were detected in three large clusters referred to
as lowssulfur islands (LSls).*?* Among these LSPs were MDO, sulfurtransferase, and the sulfur
starvation enzymes expressed under sulfur limiting conditions. The expected identities of the
proteinsencoded by LSIs strongly suggest that some LSIs play a role in sulfur acquisition when
124

sulfur is limiting.
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T heregulation of the sulfate starvationresponse in the ubiquitous organism, P. aeruginosa,
hasalso been investigated.** P. aeruginosa was grown in synthetic medium with a variety of sulfur
sources including alkanesulfonate, methionine, and organosulfate esters.** It was reported that P.
aeruginosa responded to sulfate limitation with the upregulation of at least 10 ssi genes (PAL,
PA2, PA4, PAG, PA7-PAY, and PA11-PA13).* These ssi genes include periplasmic binding
proteins for sulfate, cystine, and sulfonates, which are anticipated to be involved in sulfur
scavenging and a variety of sulfonatases.?>*! However, the mechanism for gene expression and
regulation under sulfur limiting conditions in P. aeruginosa is unclear. Similar to E. coli, P.
aeruginosa and P. putida contain the transcriptional activator CysB, but they do not contain a
corresponding cbl gene. In P. putida, CysB regulates the sulfate starvation response of the sfn
operons.® In P. putida SfnR is a transcriptional activator for dimethylsulfone metabolism.
Dimethylsulfone is oxidized through several mechanistic steps to formaldehyde and sulfite, and
the sulfite is assimilated into sulfur containing metabolites. P. aeruginosa also expresses a SfnR
homolog, but there have been no studies to evaluate the regulatory role of this transcriptional
activator or the functional role of CysB. It is still unclear how the SfnR homologues in P.
aeruginosa formtranscriptional networks in response to sulfur starvation.

In P. aeruginosa, MDO and the sulfurtransferase exists in the same gene cluster as other
sulfur starvation enzymes and both gene products contain low sulfur content. Therefore, it is
believed that these genes may be expressed when sulfur is limiting. In this study, we wanted to
determine if the mdo operon was regulated under sulfur limitation by evaluating growth and

expression in the presence of different sulfur sources.

4.2 Materials and Methods
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4.2.1 Materials

4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), sodium sulfate, sodium
sulfide, sodium sulfite, potassium thiocyanate, L-cysteine, sodium ethansulfonate, potassium
phosphate dibasic, potassium phosphate monobasic, sodium ammonium phosphate magnesium
chloride, magnesium sulfate, alkaline phosphatase (ALP), p-nitrophenol phosphate, and succinic
acid were purchased from Sigma-Aldrich (St. Louis, MO). Difco-brand Luria-Bertani (LB)
medium was purchased from Becton, Dickinson and Company (Sparks, MD). Tetracycline
hydrochloride was purchased from Fisher Scientific (Pittsburgh, PA).
4.2.2 Strain Constructions

T he transposon insertion mutants of mdo, thiosulfate sulfurtransferase (equivalent to the
sulfurtransferase used in our studies), and ssuD were obtained from the Universtiy of Washington
Transposon Mutant Collection (?).1% These transposons carry alkaline phosphatase (phoA)
translational gene reporter fusions. Insertion of transposon in each gene was verified by PCR with
a transposon specific primer (Hah-138) (5" CGGGT G CAG TAATAT CGC CCT 3") anda primer
specific for the gene of interest . Specific primers used were 5" CTC CTC CAG GCT CTGTAC
CC 3" formdo, 5" ATGTGG CGT TTCGCA TAGTT 3’ for thiosulfate transferase, and 5" GT A

GGA CTCTTCCAG GTG CG 3" for ssuD.

4.2.3 Sulfur-free Medium
Transposon insertionswere analyzedin liquid sulfur free medium (SFM). Briefly, 1X NCE
(need a ref of Davis, Botstein and Roth) medium in which 1 mM of MgSO, was replaced with 1

mM MgCIl, was used as the sulfur free medium (SFM).
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4.2.4 Bacterial Growth Studies

Transposon insertionswere isolated on LB-agar platescontaining0.01 mg/mL tetracycline
(LB-tet). A single colony was selected from the platesand inoculated into 5 mL LB medium and
incubated at 37 °C overnight. Overnight cultures were diluted 1:100 into SFM containing no
antibiotic in a Corning Costar 48 well flat bottom cell culture plate (Corning, NY) and grown for
24 hours with shaking in a BioT ek Cytation 3 plate reader (Winooski, VT). Cell growth was
monitored at ODggo. In order to determine the growth behavior of each transposon the SFM was
supplemented with 250 UM of various sulfur sources (sodium sulfate, sodium sulfide, sodium

sulfite, potassium thiocyanate, and L-cysteine).

4.2.5 Alkaline Phosphatase Activity Assay

In order to assess expression of the genes of interest, an alkaline phosphatase assay was
performed because the transposon insertionsin these genes created protein fusions with alkaline
phosphatase reporter gene. Transposon insertionswere isolated on LB-agar platescontaining 0.01
mg/mL tetracycline (LB-tet). A single colony was selected from the platesand inoculated into 5
mL LB media and incubated at 37 °C overnight. Overnight cultures were diluted 1:100 into sulfur
free medium containing no antibiotic in a Corning Costar 48 well flat bottom cell culture plate
(Corning, NY) and grown for 12 hours with shaking at 37 °C in a BioT ek Cytation 3 plate reader
(Winooski, VT). Cell gromth was monitored at ODgq at neutral (pH 7.0) growth conditions were
assessed. T he sulfur-free medium was supplementedwith 250 uM of various sulfur sources as
previously mentioned. After 12 hours, sampleswere removed from the plate reader, extracted out

of each well, and centrifuged into a pellet. Each pellet was resuspended with 500 pL of 25 mM
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HEPES, and the cells lysed by sonication. The pNPP substrate (2 mg/mL) was added to each cell
lysate and incubated at 25 °C for 30 minutes. After 30 mins the reaction was quenched with 2 M
NaOH, monitored at 405 nm, and quantified using the molar absorption coefficient value

(£405=18,000 Mt cm™). T he results obtained were the average of three separate experiments.

4.3 Results

4.3.1 Growth Studies with Various Sulfur Sources

In order to determine if the mdo operon is expressed under sulfur-limiting conditions,
transposon insertion mutantswere evaluatedwith various sulfur sources. SsuD is involvedin sulfur
starvation andwas used as a positive control. Wild-type P. aeruginosa PA0O1 was also used as a
positive control because it is able to grow with several different sulfur sources. Various sulfur
sources were analyzed; however, no changeswere observed compared to wild-type P. aeruginosa
(Table 4.1) (Figure 4.1 A-D). Since the ssu operon is expressed during sulfate limitation, the
transposon insertion strains were grown in sulfur-free medium supplemented with various
concentrations of sodium sulfate (0.001-10 mM). However, no changeswere observed compared

to wild-type P. aeruginosa.
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SulfurSource | Structure
sulfate (I?
HO—ﬁ—O
O
sulfite ?I)
_O/S\O_
thiocyanate s=c=N
cysteine @)
Hs/\H‘\OH
NH,
Sulfide S
PN
H H

Table 4.1. Sulfur sources used for bacterial growth.
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PAO1 : SsuD

ODE0D
0ODE00

MDO Sulfurtransferase

ODEOD

OD&00

Figure 4.1. Growth studies of A. wild-type P. aeruginosa, B. ssuD transposon insertion, C. mdo
transposon insertion, and D. mdo transposon insertion, with no sulfur source (red), with 250 pM
sodium sulfate (purple), with 250 uM sodium sulfide (green), with 250 uM sodium sulfite (blue),

with 250 uM potassium thiocyanate (orange), and with 250 UM L-cysteine (grey).
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Figure 4.2. Growth studies of A. wild-type P. aeruginosa, B. ssuD transposon insertion, C. mdo
transposon insertion, and D. mdo transposon insertion, with no sulfur source (red), with 10 mM

sodium sulfate (black), with 100 uM sodium sulfate (blue), and with 1 uM sodium sulfate

(green).

4.3.2 Alkaline Phosphatase Assay

In order to determine if the mdo operon is expressed under sulfur limiting conditions, the
transposon insertionswere grown as previously described andthe AP activitywas measured. PAO1
and the transposon insertion strains were all grown with 10 mM, 0.1 mM, and 0.001 mM sodium
sulfate and analyzed for phosphatase activity in triplicate. T hree samples of each transposon

insertion in SFM without sodium sulfate were also run as controls. There was no significant
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increase in the 405 nm absorbance with the pNPP substrate over the control indicating the AP was

not expressed.

4.4 Discussion

When P. aeruginosa is grown with organosulfur compounds as sulfur sources, a set of
proteins called sulfate starvation-induced (Ssi) proteinsare induced. Ssi proteinsare repressed in
the presence of sulfate, cysteine, or thiocyanate.'® T hese Ssi proteins have been found in several
gram-positive and gram-negative bacteria and have been studied in detail in E. coli, where they
constitute a subset of the cysteine regulon products.****" Ssi proteins are also found among
Pseudomonas spp. and enable proteinsto adapt to sulfur limiting conditions. Many of these Ssi
proteins have been found among LSIs. The composition of the LSIs is consistent with their
metabolic involvement in the acquisition of sulfur from nonpreferred sulfur souces. ®

Previous studies have shown that MDO and sulfurtransferase are located in LSIs and the
product of the sulfurtransferase is thought to be involved in sulfur assimilation from
organosulfate/sulfonates.*>* Sulfur starvation enzymesare induced when sulfur concentration is >
1 uM.?41 T he growth study results indicated that the mdo transposon insertion strain was unable
to grow with10 mM sodium sulfate and 1 pM sodium sulfate. Furthermore, the thiosulfate
sulfurtransferase transposon insertion strain was only able to grow with 1 pM sodium sulfate.
However, even though all the transposon insertion strains responded to various concentrations of
sodium sulfate, results from AP assays indicate that there was no change in AP activity between
wild-type P. aeruginosa, ssuD transposon insertion, mdo transposon insertion, and the thiosulfate

sulfurtransferase transposon insertion. Contrary to bioinformatic studies, MDO and the
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sulfurtransferase do not appear to be involved in sulfur starvation. Instead, expression of the mdo
operon may be induced by hydrogen sulfide, similar to CstB in S. aureus.

T he cst operon is considered to be crucial for sulfide detoxification in S. aureus.'® H,S
can be toxic when HS™ reacts directly with oxidized low molecular weight thiols that control
cellular redox potential, to form reactive sulfur species.'® Transcription of the cst operon is
regulated by a polysulfide-sensing repressor, CstR, and is induced by the addition of exogenous
NaHS.1%t CstB oxidizes cellular low molecular weight persulfide substrates from S. aureus,
coenzyme A persulfide, and bacillithiol persulfide to generate thiosulfate and reduced thiols in
order to avoid cellular toxicity of sulfite.'%! Similar to S. aureus, P. aeruginosa is able to reduce
sulfate and thiosulfate to produce toxic hydrogen sulfide gas.**® If the mdo operon is induced by
hydrogen sulfide, then it may be regulated similarly to the cstoperonin S. aureus.

Even though our results suggest that the mdo operon is not involved in sulfur starvation,
our lab would like to create our own gene knockouts to further test for sulfur starvation and
hydrogen sulfide detoxification. Once these knockouts have been created, the sulfur limitation
growth studies will be repeated and comparedto the transposon insertion studies, to ensure the
results are similar. If the same results are obtained, the knockouts will be tested for hydrogen

sulfide detoxification.
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CHAPTER FIVE

Summary

Sulfur is essential for all organisms as a component of essential amino acids and
metabolites. In many bacteria, sulfur is acquired through the sulfate assimilation pathway leading
to the production of sulfide that is then incorporated into sulfur-containing organic molecules.?
Inorganic sulfate is not prevalent in the environment; therefore, bacteria must have an alternative
mechanism for acquiring sulfur under sulfur-limiting conditions. Proteins expressed during sulfur
limitation play a role in organosulfur uptake, sulfur acquisition from organic compounds, and
protection against reactive oxygen species.*>**2 T his research is focused on enzymesinvolved in
the sulfur metabolic pathway. T he overall goal of these studies was to determine the role of the
mdo operon in bacteria. The main objectives of these studies were to determine the physiological
substrate for MDO and how MDO is metabolically linked to the sulfurtransferase.

MDO was first identified as a thiol dioxygenase through metabolic comparisons of
mammalian CDO. CDO is an iron containing enzyme belonging to the cupin superfamily and
catalyzes the oxidation of L-cysteine to L-cysteine sulfinic acid. The iron center of CDO is
octahedrally coordinated by three His residues and three water molecules. Adjacent to the iron

center isa thioether crosslink which consists of Tyr157 and Cys93. T he active site of mammalian

CDO containsa conserved Arg residue involved in coordinating the carboxyl group of the L-
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cysteine substrate. T hiol dioxygenase enzymes identified in bacteria have less than a 30% amino
acid sequence identity with mammalian CDO and lack the Cys-Tyr crosslink. The Cys residue
found in CDO is replaced with a Gly residue. T here are two types of bacterial thiol dioxygenase
enzymes based on the presence of a conserved Arg or GIn in the active site. T hese active site
residues have been proposed to confer substrate specificity, similar to the Arg residue in
mammalian CDO. T he bacterial thiol dioxygenase enzymes that contain a conserved GIn have
been proposedto convert 3-MPA to 3-SPA and are referred to as MDO.

In order to mimic bacterial CDO, the Cys involved in the thioether crosslink formation in
mammalian CDOwas substituted with Gly to determine howthe catalytic propertiesofthe enzyme
was affected by the substitution. T he C93G variant was no longer able to form the crosslink and
appreciable activity was still observed with L-cysteine. To further investigate if GIn62 was
involved in substrate specificity similar to Arg60 in mammalian CDO, GIn62 MDO was
substituted with Arg and Arg60 CDO was substituted with GIn. T hese substitutions did not lead
to any major alterations in the secondary structure compared to wild-type CDO and wild-type
MDO. The Q62R MDO variant had a ~40-fold increase in catalytic activity with L-cysteine
compared to wild-type MDO, and a ~1000-fold decrease in catalytic activity with 3-MPA
compared to wild-type. Theconstructed variants R60Q CDO and Q62R MDO, provided evidence
that the role of the GIn in bacterial MDO is to confer substrate specificity similar to the arginine
residue in mammalian CDO. However, other amino acids in the active site likely assist in
stabilizing the substrate. T herefore, these results further suggest that key structural featuresor other
active site residues in bacterial MDO could play a role in substrate specificity.

Several GIn-type bacteria contain an annotated sulfurtransferase on the same operon as the

MDO gene. This annotated sulfurtransferase has an amino acid sequence similar to
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mercaptopyruvate sulfurtransferase enzymes, suggesting that mercaptopyruvate could be a
potential substrate for MDO or the sulfurtransferase. Natural fusions between a dioxygenase and
sulfurtransferase have been identified in bacteria, but the role of the fusion is still undetermined.
The existence of a fusion suggest that the independently expressed enzymes may interact for
effective catalysis. T herefore, studies were performed to evaluate the metabolic link between the
sulfurtransferase and MDO by determining the substrate specificity of MDO with 3-
mercaptopyruvate. Additional studies were also performed to investigate the formation of putative
protein-protein interactions between MDO and the sulfurtransferase.

T o determine the metabolic link between MDO and sulfurtransferase, the activity of wild-
type CDO and MDO were evaluated with 3-mercaptopyruvate. Wild-type CDO displayed no
activity with 3-mercaptopyruvate. However, wild-type MDO displayed a higher catalytic activity
with 3-mercaptopyruvate than 3-MPA, suggesting that 3-mercaptopyruvate is a viable substrate
for bacterial thiol dioxygenase. Studies were also performed to evaluate if the R60Q CDO and
Q62R MDO variants were able to utilize 3-mercaptopyruvate. The R60Q CDO variant did not
show an altered specificity due to the single amino acid alteration, and was not able to utilize 3-
mercaptopyruvate. There was nominal catalytic activity observed for Q62R MDO with 3-
mercaptopyruvate suggesting the substrate specificity had been altered.

Given the observed activity of 3-mercaptopyruvate, studies were performed to determine
the potential metabolic role of the sulfurtransferase. T he conversion of cyanide to thiocyanate in
the presence of thiosulfate or mercaptopyruvate was used to monitor the sulfurtransferase activity.
However, thiocyanate was not detected with either mercaptopyruvate or thiosulfate. Based on the

proposed sulfurtransferase reactions, a persulfide is produced and utilized as a substrate by MDO.
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Studies were performed to monitor the activity of MDO by addition of sulfurtransferase,
mercaptopyruvate, MDO, and ascorbate. However, no change in activity was observed.

Protein-protein interactions were evaluated between the two enzymes in order to
determine if MDO and the sulfurtransferase are able to form a complex. T hese protein-protein
interactionswere evaluated by several different methods, however only SPR and native gels gave
any indication of protein-protein interactions. These studies gave varied results due to the fact that
there is not a single method for identifying static interactions between two proteins. HDX MS
results displayed slight conformational changes, while SPR results displayed two possible binding
sites, due to conformational changes. T herefore, based on the results from SPR and HDX, we do
believe that there are protein-protein interactions as well as conformational changes occurring
between the two enzymes.

Bioinformatics studies have observed that the mdo operon in P. aeruginosa resides on the
same gene cluster as sulfur starvation enzymesand both genes are considered to have low-sulfur
content. However, based on the lack of growth and expression of the transposon insertionsofthese
two genes under sulfur-limiting conditions, MDO and the sulfurtransferase do not play a role in
sulfur starvation. Instead these enzymes could be involved in hydrogen sulfide detoxification.

T he results from these studies provide a foundation for future studies of the mdo operon in
P. aeruginosa. GIn62 MDO does seem to play a role in substrate specificity, however other key
structural features in bacterial MDO need to be further analyzed in order to define what amino
acids are involved in substrate specificity. Additional studies also need to be performed with
various persulfides to evaluate the metabolic role of the sulfurtransferase. While the mdo operon
does not seem to be involved in sulfur starvation, it could be further evaluated to determineiifit is

involved in hydrogen sulfide or cyanide detoxication. Unfortunately, there isnot a single method
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for identifying protein-protein interactions, so results often vary. Based on the evidence provided,
MDO and the sulfurtransferase do interact, but these interactions are likely weak interactions.
Additional analyses could be performed with substrate to determine if substrate is needed for

tighter association.
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