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He rises and begins to round,

He drops the silver chain of sound,
Of many links without a break,

In chirrup, whistle, slur and shake...

For singing till his heaven fills,
'Tis love of earth that he instils,
And ever winging up and up,

Our valley is his golden cup,

And he the wine which overflows
To lift us with him as he goes...

Till lost on his aerial rings
In light, and then the fancy sings.

- George Meredith
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I. Abstract

The understanding of any biological system must start with a detailed understanding of the chemistry of the
individual enzymes, their catalytic mechanisms and their structures. Ergothioneine, a small molecular weight
thiol,isanideal target for molecular dissection, due its ubiquity in life and complex and enigmatic physiological
function. EgtB, an iron dependent sulfoxide synthase, was discovered through this approach, and represents
an entirely new catalyst type, that is distinct in both reactivity and structure from other iron oxygenases. This
makes dissection of its mechanistic details an attractive endeavor. As EgtB is also the central and
characteristic enzyme of the oxidative pathway for ergothioneine biosynthesis, exploration of its reactivity

and evolutionary history may shed light on questions pertaining to the emergence of ergothioneine.

EgtB catalyzes oxidative carbon sulfur bond formation between the C2 carbon of N,N,N-a-Trimethyl-
histidine and the sulfhydryl group of cysteine or y-glutamyl-cysteine to form a hercynine-(y-
glutamyl)cysteine-sulfoxide conjugate in afour electron oxidation that is coupled to the reduction of molecule
oxygen to water. Despite having been the focus of numerous biochemical, bioinformatic and computational

studies, the evolutionary history and catalytic mechanism of EgtB are respectively unknown and disputed.

This thesis tackles both questions through an approach which involves the characterization of divergent EgtB
homologues. Crystal structures of these homologues, compounded with kinetic and/or bioinformatic
characterization revealed that the EgtB family is characterized by extreme active site diversity. This diversity
manifests itself in changes in catalytic residues, substrates and perhaps even reactivity, all of which can be
assigned to a particular sequence motif. These differences provide a platform to explore the mechanism of
EgtB via comparative enzymology, and allowed us to explore possible evolutionary routes to the diverse
EgtBs. The crystal structures alone provide a valuable test of any mechanistic proposal. We envisage this
work will drive mechanistic discussions and further exploration of the EgtB sequence space to capture the

full diversity of this family and consequently ergothioneine biosynthesis.

An identical strategy was leveraged in the discovery, characterization and identification of substrate
determinants of solute-binding proteins involved in an ergothioneine transport system. This molecular basis
was compounded with a bioinformatic approach to reveal several key insights into ergothioneine utilisation
and the evolutionary history of the ergothioneine transporter system. This allows us to identify organisms
that utilize ergothioneine that do not produce or degrade it, dramatically increasing the number of organisms
to which we know ergothioneine plays a role in. This is yet another example of how unravelling the molecular
basis of ergothioneine reveals that ergothioneine is more prevalent in nature than previously thought, and is

likely an important molecule to many life forms.
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1. Introduction: Diversity in Ergothioneine Biosynthesis

Enzymes and Life

Enzymes are nature’s catalysts, and are essential for life. A single cell contains thousands of molecules, which
are rapidly transformed in a series of chemical reactions to produce energy and to build functionally-
important molecules.>? Each chemical step is facilitated by a specific enzyme. Enzymes are extraordinary
catalysts, speeding up chemical reactions by orders of 5 to 17 in magnitude, and doing so with astonishing
specificity, readily discriminating between substrates with similar structures.® Without these rate
enhancements life could not exist. For instance, a key reaction in heme and chlorophyll biosynthesis is the
decarboxylation of uroporphyrinogen. In the absence of an enzyme, the decarboxylation reaction proceeds
with a half-life of 2.3 billion years, at 25 °C.# The human enzyme uroporphyrinogen decarboxylase, catalyses
this reaction with a ket of 0.16 571 providing a rate enhancement by a factor of 1.2 x 104> While this is one
of the largest rate enhancements known for an enzyme catalysed reaction, it clearly demonstrates the
tremendous catalytic abilities of enzymes and that without enzymes, the time scale at which uncatalyzed

reactions occur could not support life as we know it.

The structures, functions, and mechanisms of enzymes are the products of millions of years of evolution. The
molecular mechanisms by which an enzyme performs these remarkable rate enhancements involves a
precisely orchestrated sequence of steps. These systems have also evolved to be carefully controlled, with
numerous modes of regulation existing to facilitate the rapid response to metabolic flux and changing cellular
conditions. Evolution of nature’s catalysts has directly determined which chemical moieties are present and
abundant in nature. Furthermore, a given chemical function group is only present and relevant in life if an
enzyme evolved to catalyse its formation and degradation, thereby cementing the importance and centrality

of enzymes to the evolution of life and life itself.

Enzymatic activity has been recognised in living cells, such as the fermentation process in yeast cells, since
the 1700’s.2 However, it was not until 1897 that Buchner was able to show that enzymatic activity can occur
independently of whole cells and the protoplasm, establishing the foundations for the field of enzymology.”
The biochemical identity of enzymes was established by Sumner, who in 1926 isolated and crystallised
urease, demonstrating that enzymes are proteins, and can be purely protein, a notion which was at the time
controversial.? RNA was later discovered to also have catalytic capabilities.” A fundamental realisation in the
transformation of enzymology into a rigorous science was the recognition that fundamental chemical
principles apply to enzymatic catalysis. Key breakthroughs include the derivation of a kinetic model by
Michaelis and Menten, and the application of transition state theory to enzyme catalysis by Pauling.?0-1t
These major pieces of work demonstrate the fundamental importance of chemical principles in the dissection
of enzymology and biology. As Silverman states, “Enzymes are highly efficient organic chemists”.’? Any

mechanistic proposal requires a theoretical foundation, highlighting the value of chemical proficiency in the

study of enzymes.
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A chemical perspective. Enzyme function can be viewed and studied from either a chemical or biological
perspective. For example, to a chemist, a proteases catalyzes the hydrolytic cleavage of an amide bond either
through catalytic Bronsted or Lewis acid mechanisms, while to a biologist, a proteases enables the digestion
of food and regulates processes such as blood clotting or apoptosis.2 While both viewpoints are incredibly
valuable, this thesis explores biology and enzymology from a chemical perspective. As described hereafter,
the application of chemical intuition to a biological system allows us to make advancements in three key

facets; (1) biological or medicinal relevance (2) evolution (3) applications to engineering biocatalysts.

Enzymes and biological function. At the heart of all biclogical processes are chemical reactions.
Understanding the biology of a given molecule is highly dependent on a profound understanding of the
involved enzymology; not only the discovery of the responsible enzymes, but disentanglement of their
structures and mechanistic details. The identification of components and interacting partners alone is not
sufficient to fully describe and understand the processes of complex biology. Understanding of any
biochemical process must start with a detailed understanding of the chemistry, of the individual enzymes,
their mechanistic modes of action and their structures. Incorporation of this detailed molecular basis into a
larger framework, which includes interconnected metabolic pathways and whole organisms, can provide a

mechanistic understanding of cells, organisms, their regulation and at a very basic level, even life.

Enzymes and evolution. The ability of an organism to adapt to environmental conditions is essential to
guarantee their survival. At ametabolic level, this process of adaption originates from the ability of an enzyme
to evolve beneficial functions in response to an environment of changing chemical conditions.®® To
understand how such achange has come about, we must explore evolution. Fundamental questions regarding
the evolution of a biological system can be addressed at the molecular level through enzymology. Such an
approach is indispensable to connect changes at the molecular level of nucleic acids and proteins to changes
within a biochemical system and the underlying chemical and physical origins of this change. Study of enzyme
evolution may provide insight into selection pressures that leads to a particular reactivity or feature and may

provide even wider lessons on the fundamental evolutionary processes that have shaped life.

Enzymes and biotechnological applications. Understanding the evolutionary processes that produce new
enzymes is not only important to probe molecular function and biological function, but also for the generation
of tailor-made enzymes. However, the ability to manipulate enzyme function requires a thorough mechanistic
understanding of the chemistry occurring and an understanding of sequence-structure-function
relationships. Principles learnt about control of reactivity of an enzyme can be applied to purposes in the
biotechnology or pharmaceutical industries. Greater lessons and rules for how nature utilises and

manipulates chemistry can be learnt.
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Ergothioneine

A combination of basic chemical principles and mechanistic enzymology can provide important insights into
the behavior of biological systems. The small molecular weight thiol, ergothioneine (EGT) (1), is an ideal

target to which mechanistic enzymology can be applied to learn more about the biology, evolution and
biotechnological applications related to this molecule and its biosynthesis. The in vivo role of EGT is complex,
and still under investigation, and as will become apparent, the enzymes involved in ergothioneine
biosynthesis have a rich and complex evolutionary history. Additionally, some of the EGT biosynthetic
enzymes represent the discovery of enzymes with unique reactivities, highlighting novel approaches utilized
by nature to perform complex chemistry. Therefore the application of chemical intuition to the biology of

ergothioneine will provide us with a wealth of information.

Ergothioneine. EGT (1) is a thiourea derivative of histidine betaine (Figure 1). Since its discovery in 1909,
EGT has been the subject of hundreds of studies regarding its chemical and physiological properties,
abundance in nature and potential role in human health.'*> Considerable antioxidant and cryoprotective

properties of EGT have been demonstrated in vitro, yet an in vivo role is yet to be established.
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Figure 1. Structure of EGT, and the tautomeric equilibrium between the predominant thione and thiol form. A zwitterionic
resonance form of EGT, with a negative charge on the thiol group and positive charge delocalized on the imidazoliumring,

is also shown.

Chemical Properties. Two unique properties distinguish EGT from other low molecular weight thiols. The
first is that of two tautomers that can exist, the thione, rather than the thiol, is the predominant structure
under physiological conditions.”” EGT also has a higher standard redox potential (-0.06 V) when compared
to other naturally occurring thiols, which typically range between -0.2 and -0.32 V (SHE).'® These two

features confer a high stability towards oxidation to EGT compared to other low molecule weight thiols.™

Ergothioneine and Humans. EGT is ubiquitous in nature, appearing in the cells and tissues of most plants
and mammals, despite their inability to synthesize EGT.Y? In humans, a EGT specific transporter (OCNT1) has
been found to facilitate uptake and assimilation via diet.?® Ergothioneine has been demonstrated to
accumulate at high concentrations in cells and tissues, between 100 uM and 2 mM, with particularly high
concentrations found in erythrocytes, bone marrow, liver, kidney, seminal fluid and the lens and cornea of

eyes.“’ 21-24
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Antioxidant properties. EGT has been demonstrated to be a powerful scavenger of hydroxyl radicals (e OH),
hypochlorous acid (HOCI) and peroxynitrite (ONQOO) in in vitro studies, favoring a role as an antioxidant.?>28
Many have noted that the distribution of ergothioneine in human tissues and cells advocates for an
antioxidant role, with a predisposition to accumulate in locations with high levels of oxidative stress.* In vivo
antioxidant properties have also been reported. The silencing of OCTN1 has been shown to increase
oxidative burden in mammalian cells.?” One particular study demonstrated that EGT decreased the amount
of oxidative damage in rats following administration with ferric-nitrilotriacetate, a Fenton chemistry
catalyst.®° It should however be noted that the oxidative stress imposed on the rats was severe, and is not
representative of normal stress conditions. While this shows the potential of EGT to respond in such a way,
further research is required to further illuminate the physiological role of EGT. Despite this mounting

evidence, the in vivo role still remains a complex question.

To contribute to the understanding of EGT, we are closely analyzing the biochemistry of its biosynthesis. We
aim to have a detailed chemical understanding of the individual enzymes, their mechanistic modes of action
and their structures. What can we learn from analysing the distribution of ergothioneine production among
life? Which species produce EGT? How do these species produce EGT and what are the molecular details of
how these enzymes work? How are these enzymes and pathways regulated? Can we shed light on the
evolutionary emergence of EGT biosynthesis by studying the enzymes and genes involved? What is the
evolutionary history and emergence of the individual enzymes? What selection pressures influenced their
evolution? For organisms which do not appear to produce ergothioneine - can they obtain ergothioneine by
other means? What happens in organisms that lack EGT? We aim to leverage mechanism, structures and
distribution to learn about the biology, evolution and biotechnological applications of EGT and its
biochemistry. This chemical perspective and mechanistic enzymology basis will enable the incisive dissection

of the biology of EGT.
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Ergothioneine Biosynthesis

To date, several EGT biosynthetic pathways have been identified and characterized.3™32 Exploration of a
fungal biosynthetic pathway began in the 1970'’s, which lead to the identification of pathway intermediates
and hypotheses about the responsible enzymes. 343 This provided a platform for the identification of the
mycobacterial pathway, which enabled the discovery of alternative pathways in other prokaryotes and in

fungi through comparative genomics.3%37-38

Initial Findings. The key elements of EGT biosynthesis were first identified in Neurospora crassa cell-free
extracts in the 1970’s. Preliminary work with N. crassa cells determined that N,N,N-a-trimethy! histidine
(TMH) (2) is a key intermediate in EGT biosynthesis.?* Cell-free extracts of N. crassa were then further
demonstrated to convert histidine to TMH in the presence of S-Adenosy! methionine (SAM). Purification of
the associated enzyme provided evidence that a single enzyme is responsible for all three methylation events
to form TMH.3 In the presence of iron(Il) and molecular oxygen a sulfoxide intermediate (4) was identified
and characterized from cell-free extracts, implicating an iron-dependent oxygenase that utilizes TMH and L-
cysteine (cys). The sulfoxide was then converted to EGT (1) and pyruvate by a pyridoxal phosphate (PLP)
dependent enzyme.®® These results implicated a SAM-dependent methyltransferase, an iron oxygenase, and
PLP dependent B-lyase as ergothioneine biosynthetic enzymes. However no genetic assignment was

accomplished at the time.

A five-gene cluster in Mycobacteria. In 2010 the genes for EGT production in mycobacteria were identified,
corresponding to afive-gene cluster designated egtABCDE (Figure 2A).3' EgtD encodes for a SAM-dependent
methyl transferase, catalyzing trimethylation of the a-amino group of histidine.®? No functional description
was available for egtB, yet the gene sequence indicated similarity to a formylglycine-generating enzyme (FGE)
and a DinB_2 domain. Upon reconstitution with iron(l1), a TMH-sulfoxide conjugate (3) was formed with a y-
glutamy! cysteine (y-GC) sulfur donor (5), instead of cys as predicted by Melville.3¢ EgtA corresponds to an
adenosine triphosphate (ATP) dependent ligase producing the y-GC used by EgtB. The glutamyl-moiety is
cleaved off the EgtB sulfoxide product (4) by EgtC, which in a final step is converted to EGT by the PLP
dependent EgtE (Figure 2C).3!

Fungal Biosynthesis. Assignment of the ergothioneine biosynthetic genes in mycobacteria allowed for
identification of the first fungal biosynthetic gene, Egt-1, in the filamentous fungi N. crassa and fission yeast
Schizosaccharomyces pombe through sequence homology.®”4% In both N. crassa and S. pombe deletion of Egt-
1 was found to abolish ergothioneine production. Egt-1 corresponds to the fusion of a mycobacterial-like
EgtD with an EgtB, indicating that Egt-1 is a bifunctional enzyme catalyzing the trimethylation of histidine
and subsequent formation of a sulfoxide using cys as the sulfur source (Figure 2B). Use of cys is consistent
with preliminary work by Melville and eliminates the need for EgtA or EgtC, reducing EGT biosynthesis to a

three step - two gene pathway (Figure 2C, blue enzymes).®” This premise was corroborated through
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recombinant production and biochemical characterization of the N. crassa Egt-1 gene, which was shown to
have both EgtD and EgtB activity.3® The sulfoxide synthase activity of Egt-1 from another filamentous fungi,
Chaetomium thermophilum, has also recently been demonstrated.** The second gene in the fungal EGT
biosynthetic pathway, Egt-2, was identified as a PLP-dependent C-S lyase, responsible for transforming the
sulfoxide intermediate to EGT, which in N. crassa is encoded independently of Egt-1.22 Deletion of Egt-2in S.
pombe resulted in the detection of small amounts of EGT. This is consistent with previous reports that the
sulfoxide intermediate can spontaneously convert to ergothioneine 3% 4% The distribution of Egt-1 in fungi
was analyzed, and was found to be present in over 400 diverse prokaryotic species. In afurther survey of 100
fungal genomes, Egt-1 is present in all phyla with the exception of a subphyla of Saccharomycotina.*? This
bioinformatic analysis is valuable as it demonstrates that the ability of fungi to produce EGT is much more

prevalent than previously reported.4?42

Three step Ergothioneine Biosynthesis in Bacteria. As with fungi, the prevalence and distribution of EGT
biosynthesis in bacteria was extremely underestimated before the annotation of the mycobacterial EGT
biosynthetic genes. Earlier reports stated that only bacteria belonging to the order Actinomycetales could
produce EGT.*® While the five-gene EGT cluster identified in mycobacteria is limited to actinobacteria,
numerous other bacteria are now known to produce EGT, instead utilizing a shorter three-step three-gene
biosynthetic pathway.*>#4 This shorter pathway, like the fungal, employs a cys-utilizing EgtB.** The bacterial
and fungal cys-utilizing EgtBs are, however, not closely related, having different evolutionary origins. The
evolutionary relationship of EgtB homologues will be discussed in detail in chapter two, in conjunction with

the structural and biochemical characterization of a cys-utilizing EgtB.
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Introduction: Diversity in Ergothioneine Biosynthesis

Anaerobic Ergothioneine Biosynthesis. In the ergothioneine biosynthesis pathways discussed thus far, EgtD
is commonly co-encoded with, if not fused together, with an EgtB.3%4? An EgtD homologue (Clim_1148) was
identified in the anaerobic green sulfur bacterium Chlorobium limicola, yet, this genome does not encode for
any EgtB homologue. EgtD like activity of Clim_1148 (EanA) was verified, inferring involvement in a distinct
metabolic pathway. Clim_1148 (EanA) is co-encoded with a rhodanese-like sulfur transferase (EanB). EanB
was found to have sulfur transfer reactivity transferring a sulfur atom from a cys derived persulfide onto the
C2 position of the imidazolium ring of TMH to form ergothioneine (Figure 2C, green pathway).®? Structural
and kinetic characterization of EanB revealed that C-S bond formation is mediated by the nucleophilic attack
of an active-site persulfide anion onto the TMH imidazolium ring.*> This is first example of a rhodanese-like
enzyme that can substitute a C-H bond with a C-S bond, presenting a novel catalytic strategy for enzymatic
C-S bond formation. This also represents the discovery of an entirely novel EGT biosynthetic that is
independent of oxygen. The evolution of an alternative pathway alludes to the importance of EGT across
numerous life forms. In addition, the discovery of an anaerobic biosynthesis for EGT that appears in strict
anaerobes contradicts the general hypothesis that EGT is a physiologically-relevant antioxidant. This works

suggests that EGT may have several functions and that the current view of EGT physiology is too narrow.*?

A second insight comes from the discovery of this pathway, with respect to the evolutionary history of the
enzymes involved and emergence of EGT. Planetary life originated in an anoxic environment. Approximately
2.4 billion years ago, oxygenic photosynthesis emerged in ancestral cyanobacteria, which as a byproduct of
phototrophic water oxidation, began to produce substantial amounts of O,. The appearance of O must have
led to significant oxidative stress for the anaerobic organisms. How these organisms, particularly those that
were the first to experience intracellular dioxygen, were able to overcome the imposing oxidative stress is of
great interest. It has been postulated that these early oxygenic organisms likely adapted to oxidative stress
by adopting pre-existing systems with serendipitous antioxidant properties.*® EGT may have been such a
molecule. Phylogenetic analysis of the EgtD family supports this hypothesis by indicating that ergothioneine
may be an ancient molecule. EgtD is the common factor in the anaerobic and aerobic biosynthetic pathways,
indicating that one is likely to have evolved from the other. Phylogenetic analysis of numerous EgtD and EanB
enzymes found that the two types share little sequence diversity and sort into two distinct clades. The distinct
separation of methyl transferases involved in the anoxic pathway from those utilized in the aerobic pathway
indicates that the divergence between the types was not a recent evolutionary event, indicating that EGT is
an old molecule.®? It is possible that ergothioneine is so old that its first appearance may predate the great
oxidation event (GOE). This suggests that EGT plays arole in anoxic biochemistry, perhaps providing defense
mechanisms against physical and chemical stresses associated with anaerobic life. Following the GOE, EGT
proved beneficial against oxidative stress and was repurposed as an anti-oxidant. Such an evolutionary
history is consistent with the broad distribution of ergothioneine in many ecological niches, including both
anaerobic and aerobic life forms. These findings suggest that EGT can support cellular life in numerous ways,

by virtue of having numerous functions.

Diversity in Ergothioneine Biosynthesis. One remarkable feature of EGT biosynthesis is the huge amount of

diversity observed in its biosynthetic pathway. To date, three different EGT biosynthetic pathways are
8
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known, which have emerged in evolution at least three times independently.3%3%47 As will become apparent
throughout this thesis, many of the biosynthetic enzymes also exhibit great diversity, more than is typically
observed for metabolic enzymes. In particular, the EgtB scaffold from aerobic ergothioneine appears to
permit a wide range of perturbations for the bifurcation of substrates, active site, catalytic residues and

perhaps even reactivity, as will be outlined.

The multiple emergences of EGT in the evolutionary history of life, and the diversity of these pathways
indicates that 1) pathways for EGT biosynthesis must evolve easily and 2) EGT must serve an important
physiological role. This observation raises the intriguing question as to the origin of this extreme diversity.
One possible explanation is that this diversity stems from the response to various evolutionary pressures.
Theoretical reasons for adaption include (1) a need to overcome a limited substrate, for instance O, or thiol
donor (2) a change in environmental conditions or (3) a change in product. An alternative theory to explain
the extreme diversity is neutral drift or convergent evolution, the latter of which is discussed in chapter two.
These reasons would only be plausible if the biosynthetic pathways have a long evolutionary history to allow
enough time to accumulate diversity via neutral drift. This is consistent with the suggestion that EGT is an
ancient molecule, the pathways of which have been modified and repurposed numerous times in the domains

of life.
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EgtB

The discovery of the various EGT biosynthetic pathways revealed numerous uncharacterized enzymes with
fascinating chemistry. Of these enzymes, EgtB is particularly exciting as its discovery represents an entirely
new catalyst type that is distinct in both reactivity and structure from other iron oxygenases. This makes
dissection of its mechanistic details an attractive endeavor to understand general principles of reactivity and
for the generation of novel biocatalysts. EgtB is also the central and characteristic enzyme of the oxidative
pathway, therefore exploration of its reactivity and evolutionary history may shed light on questions

pertaining to the emergence of ergothioneine.

EgtB catalyzes oxidative carbon sulfur bond formation between the C2 carbon of TMH and the sulfhydryl
group of cysteine or y-GC to form a hercynine-(y-glutamyl)cysteine-sulfoxide conjugate in a four electron
oxidation coupled to the reduction of molecule oxygen to water. The stereochemistry of the bacterial
sulfoxide product was determined to be the S-isomer in a crystal structure of the proceeding enzyme, EgtC.*®
EgtB was only active upon reconstitution with iron(l1), while incubation with ethylenediaminetetraacetic acid
(EDTA) absolved any activity, establishing the iron dependence of EgtB.2! The discovery of EgtB and
functional assignment as a sulfoxide synthase marks the discovery of a novel class of iron mono-oxygenases.
This new class is distinct from other known oxygenases in both reactivity and structure, raising questions as
to the catalytic mechanism of EgtB. The evolutionary emergence of EgtB, from the fusion of an FGE-like

domainwith a DinB_2 fold is also an intriguing facet, which will be explored in this thesis.

Since the discovery of EgtB in 2010, this peculiar sulfoxide synthases class has been the focus of numerous
biochemical, bioinformatic and computational studies in efforts to lineate the evolutionary history and
catalytic mechanism. The empirical biochemical observations will be presented herein first. These results,
together with computational considerations will be discussed in the context of mechanistic proposals, in the

following section.

MthEgtB Crystal Structure. The first EgtB crystal structure was solved in 2015 of the EgtB from
Mycobacterium thermoresisitible (MthEgtB).*” Structures revealed that EgtB is comprised of two domains
connected by a long linker region (Figure 3A). The N terminal domain is comprised of a DinB_2 like fold: a
four-helix bundle arranged in an up-down-down-up conformation, with long linkers between each of the
helices. An extended two-stranded beta sheet commences the second C-terminal domain, wrapping around
a C-type lectin fold, which together make up an FGE-like fold. This fold lacks many secondary structural
elements, containing numerous loops that are stabilized by buried ionic interactions. The active site is located
at the interface of the two domains in a deep and wide active site tunnel. At the bottom of the tunnel, three
histidine residues from the DinB domain co-ordinate the catalytic iron in a facial coordination mode. In the
native crystal structure three water molecules are also bound to Iron to give a six-coordinate, octahedral

geometry (Figure 3B).*7
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FGE-like domain DinB_2 domain

Figure 3. MthEgtB crystal structure containing Mn, N,N-a-dimethylhistidine (DMH) and y-GC (PDB: 4X8D).*7 A.
Monomeric structure, shown in cartoon form with the DinB_2 domain in dark green, extended B-sheet in blue and C-
lectin fold in light green. The active site is shown as sticks. B. MthEgtB Active Site, with substrates DMH and y-GC, and

important substrate binding residues shown as sticks. Proposed interactions are indicated by the dotted lines.

Substrate Binding. In the ternary complex structure of MthEgtB containing iron and TMH, TMH coordinates
directedly to the catalytic iron, replacing one of the water molecules in the native structure, binding via the
Nt of the imidazole ring. The other nitrogen of the substrate imidazole ring, N, forms a water-mediated
hydrogen bond to Tyr380. Two of the N-a-methyl groups from the quaternary amine stack against Trp415,
while the third methyl group makes dipolar interactions to the side chains of GIn137 and Asn414. To probe
the y-GC binding, crystals were grown with Mn and soaked with N,N-a-dimethylhistidine (DMH) and y-GC.
DMH sits in superimposable position to TMH. y-GC also directly co-ordinates to iron via its sulfhydryl group,
replacing a second water molecule in the native structure. The amide group of y-GC hydrogen bonds to the
carboxylate of TMH, while the carboxylate group of the cysteine moiety can form salt bridges to Arg87 and
Arg90, while the amino and carboxylic group of the glutamyl moiety form salt bridges to Asp416 and Arg420
respectively. The former interaction was probed by mutation of Asp416 to an Asparagine. The Ky for y-GC
increased 200-fold, while the Ky for TMH or kear did not significantly change, providing evidence that Asp416
is important for substrate recognition. In this quaternary structure, one water molecule is left coordinating
toiron. This is likely the site of oxygen binding. A narrow tunnel connects the EgtB exterior to the proposed
oxygen-binding site, which has been suggested as a tunnel for oxygen transport. This water molecule
hydrogen bonds to the phenolic side chain of Tyr377, which points into the active site from the C-terminal

domain.*?

MthEgtB.Y377F, a dioxygenase. A single point mutation of Tyr377 to phenylalanine converted the MthEgtB
into a y-GC-dioxygenase, switching the dominant activity from oxidative C-S bond formation to di-
oxygenation.®® The efficiency of MthEgtB.Y337F at catalyzing di-oxygenation rivals that of native
oxygenases.>1>? The presence of TMH is required for di-oxygenation. The Ky for TMH and y-GC and rate of
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y-GC consumption were unchanged by the mutation, indicating that reduced sulfoxide synthase activity
arises solely due to a reduced ke and not from impaired substrate binding or oxygen activation. This
highlights Tyr377 as a key catalytic residue for oxidative C-S bond formation. A kinetic isotope effect (KIE)
near unity was measured for both WT and the Y377F mutant when C2-deuterated TMH was used, indicating
that hydrogen or proton removal is not an essential function of Tyr377. The remaining sulfoxide synthase
activity of the MthEgtB.Y337F mutant displays a kinetic solvent isotope effect (KSIE) of 1.9 + 0.1 and pH
dependence, while the di-oxygenation and WT sulfoxidation pathways have a KSIE near unity. This indicates
that the transfer of at least one protonisimportant for sulfoxidation, and this step becomes rate-limiting upon
mutation of Tyr377 to phenylalanine. However, protonation is not important for the di-oxygenation

pathway.?®

Selenocysteine, an EgtB substrate and inhibitor. Enzymes involved in sulfur metabolism do not typically
discriminate against selenium. However, another cys-utilising iron oxygenase, cysteine dioxygenase (CDO),
does not tolerate the substitution of sulfur with selenium and is unable to oxidise selenocysteine.>®>¢ This
suggests that iron oxygenases are perhaps more sensitive to Se-S substitution due to their requirement for
finely-tuned electronics to mediate oxygen activation at an iron centre. We were therefore interested to use
selenocysteine (Secys), a substrate analogue of cysteine, as a chemical probe of the bacterial, cysteine-
utilising EgtB from Chloracidobacterium thermophilum (CthEgtB) (see chapter two for the full structural and
functional characterization of CthEgtB). Secys was found to be a poor substrate yet an excellent mechanistic
probe.** Substitution of cysteine for selenocysteine resulted in the enzyme catalyzed O activation being at
least ten times slower, however only the selenoether product could be detected (Figure 4). The most likely
explanation is that the selenoxide is produced in a similar way to the sulfoxide, yet is rapidly reduced in the
presence of selenols, ascorbate or tris(2-carboxyethyl)phosphine (TCEP), all of which are present in great
excess under the reaction conditions.** >7>8 An inhibitory constant (Ki) of 17 £ 4 uM indicates that this

reduced reactivity does not arise from impaired binding of SeCys.
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Figure 4. Proposed Scheme for production of selenoether, under the CthEgtB + Secys reaction conditions.

The inhibitory properties of SeCys were exploited to determine the substrate binding sequence. Inhibitory
kinetic data showed that (i) selenocysteine acts as a competitive inhibitor with respect to cysteine and (ii) an
uncompetitive inhibitor with respect to TMH. This means SeCys can only bind to CthEgtB in the presence of
bound TMH, indicating an ordered sequential binding mechanism in which TMH binds first to the enzyme,

presumably followed by cysteine and then oxygen.*! Despite being a poor substrate, the use of SeCys elicited
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further effects on catalysis. The combination of SeCys with C2-deuterated TMH is characterized by a large
substrate isotope effect of 3.1 + 0.1, which can be attributed to a primary kinetic isotope effect (KIE)
associated with C-D bond cleavage. For such an effect to be observed, the C-Se bond must be formed prior
to removal of the C2 deuterium. This indicates that deprotonation of C2 of imidazole of TMH takes place
after C-Se bond formation. A model system showed that the protons a to a sulfoxide are more acidic than

those a to selenoxide, which would explain the emergence of a KIE upon substitution of S with Se.!

The use of SeCys as a mechanistic probe also exposed fundamental differences in reactivity between the
EgtBs of different pathways. In contrast to the bacterial system, efficient selenoether formation was
catalyzed by the fungal EgtB from Chaetomium thermophilum (Cth-Egt1). Under saturating selenocysteine
and TMH conditions, the rate of selenoether production was only 1.7 times slower than the reaction rate of
sulfoxide production using cysteine as a substrate. These differences in SeCys tolerance are likely to arise
from significant differences in O, binding and activation abilities between the fungal and bacterial enzymes.
However lack of a fungal crystal structure hinders identification of the contributing structural features.**>?

This topic will be explored further in chapter five.

MthEgtB.A82S modulates iron-thiolate reactivity. The rational design of enzyme mutations is one approach
by which an enzyme can be engineered for biocatalytic purposes. Alternatively, active site engineering is a
powerful tool to assess mechanistic hypotheses. In MthEgtB a hydrogen bond was introduced to the sulfur of
the iron-thiolate formed upon substrate binding. This was achieved through mutation of Ala82 to a serine. A
blue shift in the ligand-to-metal charge transfer (LMCT) band corresponding to an energy difference of ~1
kcal/mol was observed upon mutation, which is consistent with the introduction of a hydrogen bond between
the substrate thiol and A82S. A crystal structure thereof confirms this notion. In regards to reactivity, a 5-
fold drop in ket was observed, indicating that a mechanistic step involving the thiol becomes rate-limiting
when the reduction potential is increased. It is well established that hydrogen bonding to a metal thiolate
modulates the covalency of the bond, leading to a more positive redox potential 261 A MthEgtB.Y337F.A82S
double mutant was subject to a proton inventory experiment that indicated that for this system two protons
are involved in a rate-determining step, providing evidence for proton coupled electron transfer.6?
Mechanistic proposals must therefore be able to account for the latter two observations, and will be

discussed hereafter.
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OvoA

The assignment of EGT biosynthetic genes in mycobacteria not only led to the discovery of alternative
ergothioneine pathways, but also to the discovery of another sulfoxide synthase, OvoA. While OvoA has
many commonalities with EgtB, several features distinguish it from EgtB, in particular differences in
substrate- and regio- selectivity. These differences are advantageous to us as (1) it provides a fantastic
opportunity for the use of comparative enzymology as a means to dissect the catalytic mechanism of the
sulfoxide synthases. (2) The differences in susbtrate- and regio- selectivity highlight the potential of this
scaffold for tailoring to accept other substrates or to modulate regioselectivity. Finally, the distribution and
chemistry of the biosynthetic enzymes may reveal common themes surrounding sulfhydryl imidazole
compounds in biology or may highlight differences which aid determination of their biological roles. Finally,
the evolutionary relationship of Ovo with EgtB provides further insight into the evolution of the unique

scaffold and both compounds.

OvoA Discovery. OvoA, is involved in the biosynthesis of Ovothiol A (Figure 5).¢2 Ovothiols are Nr-methyl-
5-thiohistidines that accumulate to high concentrations in the eggs of marine invertebrates and are believed
to protect the DNA of these eggs from oxidative stress.®* Like EGT, the exact in vivo role of the ovothiols
requires further investigation. The ovothiols are characterized by a very acidic thiol group (pKa =1.4) and a
redox potential higher than most thiols (-0.09 V vs SHE), which may facilitate its efficiency in scavenging

peroxides.®® 2% |n contrast to ergothioneine the predominant tautomer of Ovothiol A is a thiol.
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Figure 5. Reaction catalyzed by OvoA and OvoB in the biosynthesis of Ovothiol A. ¢’

Key Differences. The gene encoding for OvoA corresponds to a N-terminal sulfoxide synthase and a SAM-
dependent methyltransferase at the C-terminus, which is responsible for methylation of Nz in the ultimate
step of Ovothiol A biosynthesis.¢® 8 Characterization of the OvoAs from Erwinia tasmaniensis (EtaOvoA) and
Trypanosoma cruzi (TcrOvoA) demonstrated their ability to catalyze oxidative coupling, yet highlighted three
key differences between OvoA and EgtB despite utilizing the same fold. (i) OvoA prefers histidine as a
substrate, and uses cysteine as the thiol donor (ii) sulfurization occurs at the C5 position of histidine (iii) OvoA

is a bifunctional enzyme.®®

Substrate- and Regio-selectivity. OvoA was found to be highly specific for cysteine, while alternative thiol

donors such as glutathione or y-GC were not accepted as substrates.®® In contrast, the substrate scope for
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the acceptor is much broader; various imidazole- containing variants were tolerated as alternative substrates
by OvoA. Two substrate analogues are of particular significance. Firstly, 2-fluoro-L-histidine, which was
turned over with a similar efficiency to histidine. The implications of this on mechanistic proposal is discussed
later. Secondly, b-Histidine, which was also tolerated as a substrate.®” The use of D-histidine presented a
mixture of two regioisomers conjugated at either the C2 or C5 position of histidine. This result indicated that
the binding mode dictates regioselectivity, providing an explanation for the differing regioselectivities of
EgtB and OvoA.*” OvoA was also found to accept mono-, di- and tri-methylated histidine as substrates, each
subsequent methylation increased the proportion of the C5- conjugate produced, with the di- and tri-
methlyated histidines producing almost solely the C5-conjugated product. This again demonstrates that the
OvoA substrate binding pocket plays a key role in substrate binding, which consequently determines
regioselectivity of oxidative C-S bond formation.”® Upon modification of the acceptor substrate, reaction
uncoupling was also observed, resulting in cysteine oxidation to cysteine sulfinic acid and cystine. In the
presence of native substrates, OvoA already produces 11 % sulfinic acid. Cysteine oxidation became
prominent with increased perturbation of acceptor binding, with use of TMH as a substrate resulting in
approximately 60 % of the sulfinic acid product. This shows that substrate positioning is not only important
for regioselectivity but also for avoiding alternative oxidation events. Any changes to the precise alignment
of substrates, even minimal perturbations, facilitates the easier dioxygenation pathway, leading to a change

in product ratios.”* This provides us with an excellent tool for probing active site geometry.

Y417F and Variants. As both EgtB and OvoA utilize the same fold, there is an expectation that OvoA also
requires a catalytic acid. Bioinformatic analysis and modelling of OvoA suggested that Tyr417 is the OvoA
counterpart to Tyr377 in MthEgtB. Functional characterization of a Tyr417F mutant confirmed this, with
OvoA being converted to a cysteine dioxygenase with no detectable sulfoxide synthase activity. Tyr417 was
also substituted with a non-natural tyrosine derivative, 2-amino-3-(4-hydroxy-3-(methylthio)phenyl)
propanoic acid (MtTyr). Tyrd17-MtTyr decreased sulfoxide activity compared to the WT. Use of D,O also
further decreased productive reactivity, reaffirming the sensitivity of this enzyme to minimal perturbations
that lead to uncoupling.”? Tyr417 was also replaced with 3-methoxytyrosine (MeOTyr), which again
modulated the partitioning between the mono- and di-oxygenation pathways.”® The authors argue that
tyrosine acts as a redox mediator, and that the tyrosine analogues modulate the redox potential, thereby
altering the ratio of the two competing pathways.”>”2 However, (1) this work does not demonstrate this and

(2) aredox role is not necessary to explain the biochemical observations.

An OvoA like EgtB - Convergent Evolution in Ergothioneine biosynthesis. Exploration of the OvoA
bioinformatic space identified a cyanobacteria with an OvoA-like enzyme that lacks a C-terminal
methyltransferase domain, and is instead co-encoded with an EgtD. The short OvoA from Microcystis
aeruginosa (MaekEgtB) was recombinantly produced and characterized. Histidine was found to be a poor
substrate; instead MaeEgtB was proficient in catalyzing EgtB activity. The switch in substrate selectivity was
hypothesized to correspond to the presence of a Asn-Trp motif in TMH acceptors. To test this hypothesis,
this Asn-Trp motif was installed in EtaOvoA. While the mutant is less active than the WT, the substrate
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specificity was dramatically altered by over 100 fold to favor TMH as a substrate. While the two single
mutations were not sufficient to completely alter substrate selectivity, they were found to make a large
contribution. This work reports the adaption of a cyanobacterial OvoA-like sulfoxide synthase to catalyze
ergothioneine production. The existence of two distinct families of cyanobacterial sulfoxide synthases (EgtB-
like and OvoA-like) indicates that aerobic ergothioneine production has emerged at least twice through
independent evolutionary pathways, unravelling even more diversity within the biosynthetic pathways and

highlighting an evolutionary route for adapatation.*’

1.6 Cysteine Dioxygenase

The diversity of the sulfoxide synthases enables the use of comparative enzymology as a tool to explore the
mechanism and evolution of this unique enzyme. While OvoA is different enough to allow the use of this
approach, OvoA and EgtB utilize a very similar co-ordination sphere and the same protein scaffold. A catalyst
with identical reactivity, yet no evolutionary relation, and complete structural diversity would provide an
even more powerful comparison. Cysteine dioxygenase (CDO) provides this opportunity. While CDO has no
sulfoxide synthase activity, it catalyzes cysteine di-oxidation, which is the side reactivity of most sulfoxide

synthases and prominent reactivity of several mutants. Comparison to CDO makes for a fascinating parallel.

Cysteine dioxygenase (CDO) is a thiol oxygenase with a cupin fold, that catalyzes the oxidation L-cysteine to
cysteine sulfinic acid in the first step of cys catabolism in mammals.”* While CDO has no evolutionary
relationship to the sulfoxide synthases, there are resemblances between the two enzymes, particularly in the
first co-ordination sphere of iron. In CDO, ironis also coordinated by a 3-His facial triad, deviating from the
2-His-1-carboxylate archetype. The thiol and amine groups of cysteine coordinate directly to iron, leaving a
sixth site free for oxygen binding (Figure 6).”>7¢ A tyrosine (Tyr157) hydrogen bonds to the substrate
cysteine, playing a role in substrate binding and positioning. It has also been proposed that Tyr157 forms a
hydrogen-bonding interaction to distal oxygen during catalysis.”” In mammalian CDO, this tyrosine is
crosslinked to a cys (Cys93), in a cysteinyltyrosine post-translational modification near the active site. The
nature and role of this crosslink has been heavily investigated, yet its exact role is not clear. Mutation of
Tyr157 to phenylalanine greatly reduced activity to 5-8 % of the WT, indicating Tyr157 is important, but not
essential for reactivity. While cys cannot form any direct interactions to oxygen or cys, its mutation decreased
reactivity to 50-57 % of that of the WT, showing the importance of not only Tyr157 but also the post-

translational modification for activtiy.”> 7 This crosslink is absent in prokaryotic CDOs.”®
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Figure 6. Crystal Structure of rat CDO active site with cysteine bound (PDB:4IEV).”®

Details within the catalytic mechanism (Figure 7) of CDO are still disputed, in particular the identity of a key
intermediate. Two alternative mechanisms have been proposed on the basis of spectroscopic, structural and
computational studies. Inthe first step, cysteine binds to the resting iron(Il) enzyme (A & A"), which is followed
by dioxygen binding to form an iron(l11) superoxo species (B). The distal oxygen attacks the sulfur of cys,
forming a four-membered, cyclic peroxo intermediate (C). The following step involves scission of the O-O
bond to form a metal bound, activated oxygen species and S-O.”” However, whether homolytic or heterolytic
cleavage occurs and the exact identity of formed species are both disputed. Heterolytic cleavage forms an
iron(IV)-oxo intermediate and sulfenate (D).”® Alternatively, the work of the Brunold group advocates for
homolytic cleavage to form iron(lll) bound to O*~.>¢ 77 While this intermediate is a resonance form of a
iron(1V)-oxo-like species, the 3-His iron co-ordination sphere of CDO is believed to be relevant as it has been
suggested it disfavors formation of a high valent iron species.®® This may be an important parallel for
consideration of the EgtB mechanism. Reorganization of the formed sulfenate has been suggested, occurring
either by rotation or dissociation to co-ordinate to iron via the oxygen atom (D’). The proximal oxygen and

sulfur recombine to form the final S-O bond to form and then release the product (E).”>
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Figure 7. Proposed intermediates in the catalytic mechanism of CDO. Figure has been adapted from 78 to include iron

oxidation states.

Mechanism of oxidative C-S bond formation

The mechanism of sulfoxide synthase activity in EgtB and OvoA is intriguing due to its unprecedented
reactivity, unique structure and dissimilarity to any other known iron-oxygenase. Despite differences in
substrate- and regio-selectivity, OvoA and EgtB reactivity is likely to proceed via a similar mechanism. The
facile transition between EgtB and OvoA-like activity, with minimal mutations required for functional
adaption, advocates for a conserved mechanism.*” The catalytical mechanism remains controversial, with
several mechanisms based on experimental and computational grounds having been proposed.2®8 The
contention over the mechanism deduces to two steps. The computational proposals dispute the order of key
events: does carbon-sulfur bond formation or oxidation of sulfur to a sulfoxide occur first? While the
biochemical groups do not agree on the role of the catalytic tyrosine. While the importance of

Tyr377/Tyr417 is accepted, how it mediates its role, as a redox agent, or as an acid-base catalyst, is arguable.

Initial mechanistic proposals. Initial studies on OvoA established three key observations, which all proposed
mechanisms must account for: (i) No KIE was observed for C5-deuterated histidine. (ii) No KSIE was
observed when reactions were carried out in DO and (iii) the reaction efficiency is impartial to use of the

electron poor 2-fluro-histidine.®”
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Mashabela. and Seebeck proposed four reaction mechanisms, which were assessed according to the above
criteria (Figure 8). In mechanisms 1-3, sulfoxidation precedes C-S bond formation, proceeding via a high
valent iron(1V) oxo species formed upon oxidation of cys to an iron bound - sulfenic acid (Figure 8, step a).”
The iron(lV) oxo species has been observed as an intermediate in numerous oxygenases.248> Following
formation of the ferryl-oxo species, both two and one electron chemistry could be premised. In mechanism 1
the iron(IV) oxo species abstracts a hydrogen atom from the imidazole C5 carbon, reminiscent of the
consensus mechanism for hydroxylation in a-KG dependent enzymes (Figure 8, step b).8¢ Homolytic C2-H
cleavage would generate an sp2-centered radical on the imidazole ring, which could recombine with sulfur to
form the C-S bond and subsequently reduce ferric iron back to its ferrous resting state. Sp2 radicals are,
however, incredibly unstable. Consequently, hydrogen atom transfer would likely be rate determining and
accompanied by a primary KIE. A computational assessment of this mechanism predicts a KIE of 5.7.83

However, no primary isotope was detected: observation (i), a KIE of near unity, confutes this mechanism.

Alternatively, the hydrogen atom from the imidazole amine could be abstracted, facilitating the one electron
oxidation of the imidazole ring, as in mechanism 2, pathway c (Figure 8). This step is also likely to be rate
limiting, yet the absence of a significant solvent isotope effect observation (ii)) and observation (iii) that 2-
fluoro-histidine is an efficient substrate, indicates this step either does not occur or is rate limiting. Following
formation of the iron(IV) species, a two electron reaction is also possible, in which the imidazole ring could act
as a nucleophile and directly attack the iron bound sulfenic acid (Figure 8, Mechanism 3, step d). This
mechanism is, however, inconsistent with several biochemical observations. Firstly, introduction of a strong
electron withdrawing group onto the histidine ring, such as fluoride, would disfavor nucleophilic attack of the
imidazole ring. However, no such effect is observed: observation (iii) 2-fluoro-histidine is an efficient
substrate. This stepis either not rate-limiting or does not occur. If nucleophilic attack is not rate-limiting, then
C-H cleavage would be the most likely rate-determining step. However observation (1) a KIE near unity
contradicts this postulate. Y377 had been suggested as the catalytic base for this step, however both
MthEgtB.WT and MthEgtB.Y377F displayed a KIE of near unity when the C2-deuterated substrate was
utilized, indicating that hydrogen or proton removal from TMH is not an essential function of Y377, thereby

refuting this suggestion.”%8”
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Figure 8. Initial mechanistic proposals for oxidative carbon-sulfur bond formation in OvoA. Adapted from 7.

Afourth mechanism, in which C-S bond formation precedes sulfoxidation, is consistent with observations (i-

iii) (Figure 8, Mechanism 4). Oxygen binding leads to formation of a ironrric superoxo species, a thiyl radical

attacks the imidazole ring (Figure 8, step e) followed by hydrogen atom abstraction and re-aromatization of

the imidazole ring (Figure 8, ,step f) to form a thioether, which can be oxidized. In this mechanism, the

substrate imidazole ring acts as electrophile rather than a nucleophile, which would explain the ability to

tolerate an electron poor substrate. This approach to C-S bond formation is akin to a thiol-ene mechanism for

formation of a thioether from a thiol and an alkene (Figure 9).88 The latter mechanism is consistent with the

initial biochemical observations and has been revised and updated as further biochemical insights have been

gained. The current mechanistic proposal is shown in Figure 10.
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Figure 9. Thiol-ene mechanism for thioether formation.®®

The MthEgtB structure revealed that TMH, y-GC, and conceivably oxygen, directly co-ordinate to the iron
centre.*” In the proposed mechanism, TMH binds first to the ferrous catalytic center (Figure 10, step a).
Studies with SeCys demonstrated that TMH binding precedes cysteine and oxygen binding.*! In the following
step, (step b) cysteine and oxygen bind, presumably in this order, as oxygen is typically the last substrate to

bind in iron oxygenases.8
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Figure 10. Proposed mechanism for sulfoxide synthase reactivity. The iron-coordinating 3-His triad has been omitted for

clarity.
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A thiyl radical facilitates C-S bond formation. Upon oxygen binding, we propose that a ferric-superoxo
species is formed. While this transient species has rarely been detected, growing evidence suggests that this
is a common intermediate for iron dependent oxygenases.®> 7974 Transfer of an electron from the thiol
substrate to the superoxo species would form an iron(l11) hydroperoxide and a thiyl radical (step c). This thiyl
radical can attack the imidazole ring to form the C-S bond (step d). These preliminary steps are consistent
with the first mechanistic restraints set from the preliminary OvoA work.”® The observation of reduced kcat
for the MthEgtB.A82S mutant is also consistent with formation of a thiyl radical. The introduction of hydrogen
bond to the thiol donor increases the reduction potential of the system, which would disfavour formation of
the thiyl radical and would account for the reduction of ket This result also suggests that thiyl formation

becomes rate-limiting in this system.®?

Tyr377/417 is a catalytic acid. Concurrent to electron transfer, it is proposed that a catalytic tyrosine
(Tyr377mmegs or Tyrd170v0a) protonates the ferric-peroxo species. This protonation step is essential for
sulfoxide synthase activity. In the absence of a phenylalanine, protonation becomes the rate -determining
step for oxidative C-S bond formation, and gives rise to a pH dependence and KSIE. These mechanistic steps
are consistent with the Tyr377F phenotype.®® The KSIE and proton inventory experiments with
MthEgtB.Y377F.A82S indicate that this protonation and electron transfer to form the thiyl radical are likely
to be coupled (proton-coupled electron transfer (PCET)). For this mutant, two protons are involved in the
transition state of a rate-determining step. This solvent isotope-sensitive step is most consistent with
protonation of the superoxo-intermediate. PCET is likely important to increase thiyl radical character on the

metal thiolate to facilitate carbon-sulfur bond formation.¢?

A common intermediate. The availability of a proton from Tyr377mmees or Tyr4d17ow0a determines if mono-
or di-oxygenation occurs.®® 72 This implicates the ferric superoxo species as a common intermediate and
branch point for both competing reactivities. This is supported by the finding that TMH is required for di-
oxygenation, indicating both reactivities occur via the same reactive complex. ° This branch point is very
sensitive and can easily be modulated through essentially any perturbation to the active site. Use of substrate
analogues, catalytic tyrosine analogues/variants and even use of D>O have altered the ratio of mono- to di-

oxygenation products. >0 773

In the described mechanistic proposal, C-S precedes S-O bond formation. Studies of CthEgtB with SeCys
have been useful in delineating the order of steps, with the appearance of a KIE upon use of SeCys and C2-
deuterated TMH indicating that C-S bond formation precedes C-H bond cleavage.** This result provides
further evidence to confute the first mechanistic proposal, and those warranted by the computational
studies. Ensuing C-S bond formation, C-H bond cleavage, and S-O bond formation remain to be catalyzed.
We believe that sulfoxidation occurs first, facilitated by attack of the thioether onto the distal oxygen. This is
followed by abstraction of the C2 proton by the catalytic tyrosine, coupled to aromatization of imidazole ring.
This order of steps is rationalized as protons a to a sulfoxide are more acidic than those a to a thioether,

thereby reducing difficulty of the C-H cleavage step.?®”” Work is ongoing to determine if thioether is an
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inhibitor or a viable intermediate. This catalytic mechanism is also consistent within the geometrical
constraints imposed by the MthEgtB crystal structures to produce the correct sulfoxide stereochemistry, the

S-isomer.
This proposed mechanism has thus far survived all experimental scrutiny. Three computational studies

challenge this mechanism, each with an alternative mechanistic proposition. These mechanisms and their

feasibility are discussed in chapter two.
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Contributions of Mechanistic Enzymology

The careful chemical dissection of the biochemistry of EGT over the past 10 years has beenincredibly fruitful.
A chemical perspective has enabled the discovery of numerous biosynthetic pathways, identification of the
individual enzymes, resolution of their structures and exploration of their mechanistic modes of action. Each
of these facets has illuminated several fascinating features regarding the biology, evolution and biocatalytic

applications of EGT.

Before the discovery of the mycobacterial EGT synthetic pathway, the only organisms reported to synthesize
ergothioneine were bacteria belonging to the order Actinomycetales (for example, mycobacteria) and non-
yeast-like fungi, including members of the division Basidiomycota and Ascomycota.*® The assignment of
biosynthetic genes enabled the distribution of these genes to be studied, revealing that EGT production is
much more ubiquitous than previously thought, being produced in numerous bacteria, fungi and even
archaea. The genetic annotation is powerful as it allows us access to organisms which cannot be cultured or
are not yet amenable to genetic modifications to determine the prevalence of EGT biosynthesis in nature.
Previously, EGT production was determined through growth of the organism, isolation and quantification of
ergothioneine; a laborious process. The ubiquity of organisms we now know to produce EGT, indicates EGT

plays an important physiological role.

The assignment of the EGT biosynthetic genes also provided a platform for in vivo studies in which the role of
EGT could be studied through silencing of the biosynthetic genes. This led to the flourishing of in vivo studies
which were not possible ten years ago.37-3840.44.98-103 Gimj|ar studies have also been carried out by silencing
the ergothioneine transporter.%4197 These studies allow us to gain insight into the physiological role of EGT,
enabled by the chemocentric view. The identification of biosynthetic groups has also been capitalized upon
by numerous research groups and patents as means to produce EGT. 87198110 This goal has driven further
exploration of homologues that are amenable for overexpression, and focused efforts into the biocatalytic

engineering of EGT biosynthetic enzymes.

The multiple biosynthetic pathways, and the diversity of the pathways and enzymes also advocate for a
fundamental role in life. The finding that anaerobic bacteria produce EGT suggests that the current research
efforts that focus on an antioxidant role may be too narrow, and that alternative roles should be considered.
The latter is supported by the recent suggestion that EGT is an ancient molecule that may predate the GOE,
suggesting that EGT first played a role in anoxic biochemistry before being co-opted as an antioxidant after

the emergence of molecular oxygen.

A third aspect which we can learn about from the chemistry of ergothioneine is the chemical insight into C-S
bond formation, gained upon the discovery of two new catalysts for oxidative carbon-sulfur bond formation.

A comprehensive discussion has been described in the theses of Reto Burn and Sebastian Fliickiger.>” 11
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Awealth of knowledge regarding the chemical basis of biosynthesis, on biology, evolution and biocatalysts of
EGT has been uncovered. However, much remains to be discovered. With regards to the biosynthesis of EGT,
the mechanistic details and evolutionary history of EgtB, the key C-S forming enzyme in the aerobic pathway,
remains a complex question that requires further exploration. We can competently predict which organisms
can and cannot produce ergothioneine. However, we cannot yet determine prokaryotes that can utilize EGT
without synthesizing it themselves. It would be incredibly powerful to have a molecular basis for organisms
that take up, utilize or degrade ergothioneine without synthesizing it themselves. We hypothesize the ability

to identify such organisms would further establish the ubiquity and importance of EGT in life.
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Aim of this thesis

The aim of this thesis is to further explore the diversity of proteins involved in ergothioneine (EGT)
production and utilization. Doing so will provide valuable insights into the biology and evolutionary
emergence of ergothioneine. An approach will be utilized that involves the structural characterization of
enzymes or proteins likely to be divergent from characterized homologues. These crystal structures will then
be leveraged to either inform mutational studies or, in a comparative analysis, to tease out the molecular
determinants of a particular structural or functional element such as substrate binding or oxygen activation.
This approach will first be applied to the EgtB family and then to novel solute-binding proteins that we show

are involved in EGT transport.
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Synopsis

This thesis explores the diversity of ergothioneine (EGT) from a chemical perspective. This enables insight
into the biology and evolutionary history of EGT. Protein crystallography is an invaluable technique for
investigating enzyme structure and function, and plays a central role in this thesis. In conjunction with
mechanistic and bioinformatic studies, sequence motifs for ergothioneine-related chemistry can be
identified. Chapters two - four explore the diversity of a unique enzyme class involved in anaerobic
ergothioneine biosynthesis, the sulfoxide synthases. Two overarching enigmas surround the sulfoxide
synthase family; firstly, the catalytic mechanism for sulfoxide synthase dependent oxidative C-S bond
formation and secondly, the evolutionary emergence of the sulfoxide synthase family. We tackle these topics
using an approach that begins with the structural characterization of divergent sulfoxide synthases. The
insight gained from crystal structures informs mutational studies to dissect key residues that indicate a
particular reactivity or substrate selectivity. A similar approach is utilised in chapter five in the
characterisation of a component of EGT transport system. However the comparison of the structures of
divergent proteins, rather than mutational studies, allows for the dissection of a fingerprint for substrate
selectivisties. An understanding of the complex molecular details, such as sulfoxide synthase mechanism, or
sequence motifs for substrate binding may shed light on the evolutionary emergence and physiological role

of ergothioneine.

Chapter one provides an introduction to this thesis, which begins with a description of the central and

essential role that enzymes play in life and how a chemical approach to studying enzymes and nature is
incredibly valuable. This is followed by a brief overview of the possible roles and relevance of ergothioneine
to life. The various biosynthetic pathways are then described, noting the key biochemical findings of their
discoveries. This leads to a comprehensive report of the biochemical characterization of the sulfoxide
synthases, the implications of which are applied to a discussion of a mechanistic proposal. Finally the key
contributions provided thus far by a chemocentric view to understand the biology and evolution of EGT are

summarized.

The introduction highlights how characterization of distant homologues (EgtB and OvoA ) is an incredibly
valuable approach to understanding the evolutionary emergence of the sulfoxide synthases, and to refine
current mechanistic proposals. A bacterial EgtB from Chloracidobacterium thermophilum (CthEgtB) was
identified as being divergent from other characterized EgtBs due to an apparent lack of residues for y-GC
binding and our inability to identify a counterpart to the vital catalytic acid, Tyr377mneeta/ Tyr417 etaovon. The
latter observation is particularity intriguing due to the expectation that important functional residues are
conserved across a family of proteins.*'2 Tyr377umeets/ Tyrd17eaovon are expected to be subject to severe

evolutionary constraints, and loss thereof during evolution should be deleterious to function.!?
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The structural and kinetic characterization of CthEgtB, is presented in Chapter two, and shows that this
enzyme supports ergothioneine biosynthesis. The structure revealed a completely different configuration of
active site residues that are involved in oxygen binding and activation. This change in active site residues is
also coupled to the complete re-modelling of the active site. These drastic active site differences provide us
with a powerful and unique approach to tease out mechanistic features and to isolate the core catalytic
principles of these catalysts via comparative enzymology. Re-evaluation of the contentious mechanistic
proposals in view of the structure of CthEgtB provides a new test that may help to distinguish between
different models. We believe that these additional constraints will be of significant help in the elimination or

validation of mechanistic proposals for the sulfoxide synthase-catalyzed reaction.

Comparison of the CthEgtB structure to characterized homologues enabled a classification of all
ergothioneine biosynthetic EgtBs into five subtypes, each characterized by unique active-site features. This
allowed us to hypothesize which features an ancestral EgtB may have possessed, and an explanation for the
diversity observed. This approach additionally led to the identification of another divergent homologue, the
uncharacterized EgtB from Thermosynechococcus elongatus (TelEgtB), again highlighting the diversity among
the sulfoxide synthase family, and the strength of our sequence motifs for predicting features. An addendum
discusses the substrate selectivity of CthEgtB and confutes the published findings of another group on the

same enzyme.'®

The characterisation of CthEgtB in chapter two highlights several differences compared to other sulfoxide
synthase types. These differences pertain to the introduction of tetramerization and two flexible active site
loops. This observation alone raises interesting questions in regards to the role of quaternary structure and
the timing and trigger of loop folding to form the active site, and in particular the oxygen binding site. Our
interest in understanding these components was heightened by the challenge associated with gaining crystal
structures of the two active sites in a closed, catalytically relevant conformation or in complex with a second

substrate cysteine, cysteine analogue or inhibitor.

Chapter three address these questions and explores features unique to CthEgtB, through a thorough
biophysical characterization of CthEgtB and several loop mutants that destabilize the active site loops and/or
tetramerization.This work reveals a complex interplay between TMH binding, loop folding and quaternary
structure. This contributes to the discussion on homo-oligomerization by providing a unique example in
which tetramerization is an essential strategy to stabilize active enzyme form and to optimize enzymatic
performance, while other EgtBs are monomeric. Together with chapter two, a complete functional
assignment of the four conserved residues on an a catalytic active site loop is provided. This touches on the
concept of how hydrogen bonding may modulate reactivity, which is a common theme in several chapters.
We also propose that oligomerization enabled divergent evolution of the EgtB family, providing an

explanation for the extreme active site plasticity and divergence seen in CthEgtB.
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In chapter two, CthEgtB was identified as adistant homologue through sequence comparisons. An alternative
approach to identifying divergent enzymes is through exploration of genomic environment to identify
sulfoxide synthases conserved in unique gene clusters. The genome of Variovorax paradoxus was found to
contain two EgtB homologues. The first homologue is encoded with archetypal ergothioneine biosynthetic
proteins, while the second homologue (Vpa2054) is found within a unigue genomic environment conserved
among many B-proteobacteria. The genetic annotations of this gene cluster implicate a selenium-based
molecule as a substrate for Vpa2054. This hypothesis is captivating as 1) enzymes with dedicated selenium
reactivities are incredibly rare and 2) this conserved cluster provides a possible route for the biosynthesis of

selenoneine, an EGT isolog with ramifications for human health.

The structural characterization of Vpa2054 is discussed in Chapter four. The protein crystal structure and
thermodynamic measurements provides a platform for the dissection of possible substrates and
identification of structural features that may facilitate Se-dependent oxygen activation. Modulation of the
metal-thiolate bond through hydrogen bonding appears again, providing a parallel to MthEgtB.A82S
(introduction) and CthEgtB.S92A (chapter three). The structure provides another example of the diversity of
the sulfoxide synthase fold and highlights the amenability of the sulfoxide synthase scaffold for evolutionary

divergence, in particular, the variance of the a.1-a2 loop to generate plasticity in the EgtB active site.

Chapter five moves away from the sulfoxide synthases and ergothioneine biosynthesis and focuses on an
aspect of ergothioneine utilization and degradation. A discrepancy in the organisms that can produce
ergothioneine and degrade ergothioneine (enabled through a profound understanding of the involved
enzymology) indicated that a transport system for ergothioneine and its derivatives must exist. Again a
structural approach was essential to characterize and assign a function to several solute-binding proteins as
either EGT or ergothioneine-sulfonic acid (EGTSOg") specific transporters. The comparison of several atomic
resolution structures allowed for the recognition of the residues important for substrate selectivity, which in
combination with a bioinformatic analysis provides a fingerprint for EGT and EGTSOs3 transporters. These
studies provide the first solid evidence that the oxidized analogue, ergothioneine-sulfonic acid is indeed a
relevant, degradation product in nature. Additionally, this molecular fingerprint allows us to identify
organisms that uptake ergothioneine, yet cannot produce or degrade it. This dramatically increases the
number of organisms to which we now know EGT is relevant, and may play a physiological role. This shows

that EGT chemistry is much more prevalent in nature than originally hypothesized.
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2. An Alternative Active Site Architecture for O, Activation in
the Ergothioneine Biosynthetic EgtB from Chloracidobacterium

thermophilum

This research was originally published in J. Am. Chem. Soc.

Anja R. Stampfli, Kristina V. Goncharenko, Marcel Meury, Badri N. Dubey, Tilman Schirmer and Florian P.
Seebeck. J. Am. Chem. Soc. 141, 13,5275-5285 (2019)

Sulfoxide synthases are nonheme iron enzymes that catalyze oxidative carbon-sulfur bond formation
between cysteine derivatives and N,N,N-a-trimethylhistidine as a key step in the biosynthesis of
thiohistidines. The complex catalytic mechanism of this enzyme reaction has emerged as the controversial
subject of several biochemical and computational studies. These studies all used the structure of the y-
glutamyl cysteine utilizing sulfoxide synthase, MthEgtB from Mycobacterium thermophilum (EC 1.14.99.50),
as astructural basis. To provide an alternative model system, we have solved the crystal structure of CthEgtB
from Chloracidobacterium thermophilum (EC 1.14.99.51) that utilizes cysteine as a sulfur donor. This structure
reveals a completely different configuration of active site residues that are involved in oxygen binding and
activation. Furthermore, comparison of the two EgtB structures enables a classification of all ergothioneine
biosynthetic EgtBs into five subtypes, each characterized by unique active-site features. This active site
diversity provides an excellent platform to examine the catalytic mechanism of sulfoxide synthases by
comparative enzymology, but also raises the question as to why so many different solutions to the same

biosynthetic problem have emerged.

33



34



Chapter 2

Introduction

EgtB is a non-heme iron-dependent sulfoxide synthase that participates in the biosynthesis of ergothioneine
(1, Figure 1).314% 114 EgtB catalyses oxidative carbon-sulfur (C-S) bond formation between the imidazole ring
of N,N,N-a-trimethyl histidine (TMH, 2, Figure 1) and y-glutamyl cysteine (y-GC) or cysteine, 31.33.38.40.47.115-
116 Subsequent oxidation of the sulfur atom concludes the four-electron reduction of molecular oxygen
(Figure 1) and produces a histidinyl-y-GC sulfoxide conjugate (3, Figure 1) or the histidinyl-cysteine sulfoxide
conjugate (4). Discovery of EgtB and other ergothioneine biosynthetic enzymes opened new avenues in
deciphering the complex biological function of this sulfur compound. For example, studies on Mycobacterium
tuberculosis, Burkholderia thailandensis and Aspergillus fumigates showed that deletion of ergothioneine
biosynthetic genes reduces tolerance against oxidative stress, suggesting that ergothioneine plays an

important role in the redox homeostasis in these pathogenic microorganisms.#4 103 117-118

From a chemical perspective, EgtB is of particular interest because this enzyme represents an entirely new
catalyst type, distinguishable from any other oxygen-utilizing enzyme by its reactivity and structure. For
example, unlike y-ketoglutarate-dependent oxygenases which adopt a jelly-roll fold,*** ¥ sulfoxide
synthases adopt a two-domain structure containing a C-terminal domain related to the copper-dependent
formylglycine generating enzyme (FGE-like domain) %121 and a N-terminal domain that is most homologous
tozinc-dependent thiol-S transferases (DinB_2 domain).'22 The crystal structure of EgtB from Mycobacterium
thermoresistibile (MthEgtB) revealed that the active site is located at the interface between the two
domains.*7% 43 The active site hosts a three-histidine facial triad as a metal binding motif, and several
residues that are essential for TMH- and y-GC-binding. Subsequent biochemical analysis implicated Tyr377
as an essential catalytic residue.”® 23 Mutating Tyr377 to Phe resulted in an enzyme that produces y-GC
dioxide instead of sulfoxide 4.°° Analogous experiments with the ovothiol biosynthetic sulfoxide synthase
OvoA showed that this distant relative of MthEgtB uses an equivalent Tyr residue (Tyr417) in the same
way.'?3 Both studies concluded that an active site tyrosine plays a pivotal role in steering an early catalytic
intermediate towards sulfoxide production and away from thiol dioxygenation. However, the mechanism by

which Tyr377 or Tyr417 influence reactivity remains disputed.®® 81-82. 124

Given the functional importance of Tyr377 we were surprised to find that a large sub-class of EgtB homologs
lack this residue.’?> Most of these enzymes are encoded by Proteobacteria but also occur in several species
from other phyla (SI Table 1). To understand how these EgtB homologs could support ergothioneine
production, we examined the crystal structure and kinetic behavior of EgtB from Chloracidobacterium
thermophilum (CthEgtB). This study highlighted five important differences between MthEgtB and CthEgtB.
First, CthEgtB uses Cys instead of y-GC as a sulfur donor; secondly, CthEgtB utilizes a tyrosine from the N-
terminal domain for the exact same function as Tyr377 in MthEgtB; third, the CthEgtB active site employs a
second active site tyrosine; fourth, a large section of the rigid active site observed in MthEgtB is replaced in
CthEgtB by two mobile active site loops that fold in a substrate-dependent fashion; finally, all CthEgtB-type

EgtBs appear to adopt a De-symmetric tetrameric quaternary structure. Because of these structural
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differences to MthEgtB, CthEgtB provides a complementary study system that may help to solve the
emerging controversy about the catalytic mechanism of sulfoxide synthases. Furthermore, comparison
between the structures of MthEgtB and CthEgtB, compounded by phylogenetic analysis of other homologs
illuminates the evolutionary origin of sulfoxide synthases and raises the question as to what evolutionary
pressures may have given rise to the observed active site diversity within the enzyme class of sulfoxide

synthases.
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Figure 1. Mycobacterial ergothioneine (1) biosynthesis starts with histidine and is catalyzed by the enzymes EgtABCDE
(left).%! Thre key reaction, oxidative sulfurization of TMH (2) is catalyzed by a type | EgtB. Other bacteria, such as
Chloracidobacterium thermophilum and most fungi utilize a cysteine specific type Il or IV sulfoxide synthase, in a three-

Step pathway.4o- 47,115-116,118, 126
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Results

Crystal structure determination of CthEgtB. The structure of CthEgtB was determined by X-ray
crystallography. CthEgtB was crystallized as the native protein in complex with iron (I1). The crystal diffracted
to aresolution of 2.0 A and belonged to space group P21 with four monomers in the asymmetric unit. For data
collection and refinement statistics, see Tables S2 and S3, respectively. The crystal structure was solved by
molecular replacement using a homology model built from the native structure of MthEgtB (PDB: 4X8E) as a
search model. MthEgtB and CthEgtB share 32 % sequence identity. The electron density revealed a
continuous polypeptide chain from residues 17 to 434 with the exception of segments 93-98, 183-193, and
377-384 (Figure S1). In presence of TMH, CthEgtBwas crystallized in space group C2224 with cell constants
a,c =108 A, b = 200 A. CthEgtB crystals containing TMH were obtained through co-crystallization. The
structure of the CthEgtB/Fe/TMH complex was solved to 2.2 A by molecular replacement with the native
CthEgtB model. The (2Fo-Fc) electron density map showed well-defined density into which two of the
previously missing regions (loop 1: residues 93-98 and loop 2: 378-384) could be fitted resulting in a model
comprising all residues from 7 to 434 aside from residues 183-193 of the linker between the N- and C-
terminal domain (Figure 2A, Figure S2). The TMH ligand could be unambiguously modeled into the (Fo-Fc)
difference density map (Figure S3). Data collection and refinement statistics are summarized in the

supporting information as Table 2 and Table 3, respectively.

CthEgtB forms a stable tetramer. Overall, the tertiary structure of CthEgtB (Fig. 2A) is strikingly similar to
that of MthEgtB (Fig. S4;r.s.m.d.= 1.2 A for 1709 of 2341 aligned), despite the moderate sequence. The most
important differences between the two homologs are their quaternary structures and the organization of the
active sites. In the native CthEgtB crystals, the four molecules of the asymmetric unit form a tetramer of D2
symmetry, assembled via two interfaces, each with a two-fold axis (Figure 2B). The same tetramer is observed
in the CthEgtB/TMH crystal, but with one of the molecular dyads coincident with a crystallographic 2-fold
axis (running along the C-terminal interface). Also in solution, as evidenced by size exclusion chromatography,
CthEgtB forms a tetramer, in contrast to monomeric MthEgtB #7 (Fig. S5). The N-terminal interface (Fig. 2D)
occurs between ends of the a-helix bundle N-terminal domain with an interface area of 1310 A2 Two salt
bridges are formed by Arg111 and Asp44, while the following residue pairs form hydrogen bonds: Val114
(backbone) and Glu43, Arg111 and Asp44, Thr110 and Asp444, Thr171 and Leu108 and Asn172 and
Argl111 (backbone). The C-terminal interface (Fig. 2C). spans a slightly smaller area (1094 A2), and the
interacting residues are fewer in number and less conserved. Arg376 and Asp 432 form a salt bridge while
the residue pairs Ser260 and Lys 388, Tyr308 and Asn392, and two symmetry-related Asn392 residues form
hydrogen bonds. Residues Thr/Ser110, Argl111, Asn172, Glu43 are conserved in all type Il EgtBs (see
discussion) suggesting that in general type Il EgtB might be tetrameric.
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Figure 2: Structural and Oligomeric Analysis of CthEgtB in complex with TMH A: Cartoon of the monomeric
CthEgtB/Fe/TMH structure. The N-terminal DinB_2-like domain (residues 17-176) is show in dark blue while the C-
terminal FGE-like domain is shown in green (residues 198-234) and light blue (residues 235-434). Active site loop 1 (93-
99)inred, and active site loop 2 (378-386) in orange, close over the active site. The substrate TMH (yellow), iron (orange),
chloride ligands (green), iron (brown), and the metal coordinating histidines (blue) are shown to indicate the location of
the active site. B: View of the tetrameric structure, with two of the three 2-fold axes shown indicating the two different
interfaces, the N-terminal & C-terminal interface. The third dyad is perpendicular to the page. C, D: Close-up views onto

the C-terminal (C) and N-terminal (D) interfaces with interacting residues shown in full. Dashed lines indicate H-bonds.

Active site of CthEgtB. The structure of CthEgtB in complex with TMH shows that the imidazole rings of
His62, His153 and His157 form an iron-binding three histidine facial triad, with the Ntr of the TMH
imidazole ring joining as the fourth. The Nr of this imidazole ring hydrogen bonds with the backbone carbony!
385 via a bridging water molecule (Figure 3A). In the native structure loop 2 containing Tyr385 is unresolved,
suggesting that the presence of TMH immobilizes this loop. The N-y-trimethylamino moiety of TMH is boxed
in by the aromaticrings of Phe415 and Phe416. Furthermore, each of the three N-methyl groups also interact
with the carbonyl groups of either Phe415 (3.2 A, backbone), GIn156 (3.2 A, side chain) or Asn414 (3.4 A,
side chain). Comparison to MthEgtB shows that both sulfoxide synthases recognize TMH by an analogous set

of interactions (Figure 3A & E).
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The remaining two coordination sites in the CthEgtB/TMH complex are occupied by residual electron density
that is best modeled by two chloride ligands: the axial chloride, binding opposite to His156 (Cla), and the
equatorial chloride, binding opposite to His152 (Cleg). Modelling the two features as water molecules did not
sufficiently reduce the residual electron density. While the modelled iron-Cl distances are slightly longer than
expected for iron-Cl bonds (Fe-Clay, Fe-Cleg: 2.5 A), it has also been noted that hydrogen bonding interactions
to Cl may be involved in lengthening the iron-Cl bond.*?7"*2¢ During catalysis one of these two sites must
coordinate the second substrate cysteine. However, for reasons that may be related to the flexibility of loop
1 and 2 we were unable to obtain crystals of CthEgtB with bound cysteine despite an extensive search for
appropriate crystallization and soaking conditions. As an alternative, we modelled the CthEgtB/TMH/Cys
complex (Figure 3C) using the structure of MthEgtB in complex with manganese (I1), N-a-trimethyl histidine
(DMH) and y-GC as a template (Figure 3E). In MthEgtB the sulfur atom of y-GC occupies the axial
coordination site (Figure 3E). The cysteinyl carboxylate interacts with Arg87 and Arg90 and the glutamy!
moiety salt bridges with Asp416 and Arg420. Finally, the amide function of y-GC hydrogen bonds with the
carboxylate of TMH. The model of the CthEgtB/TMH/Cys complex shows that most of these interactions are
conserved. The cysteine carboxylate makes a similar interaction with Arg103 and Arg106, and the y-amino
group interacts with the carboxylate of TMH (Figure 3C). As a key difference, the MthEgtB residues that are
responsible for binding the glutamyl moiety of y-GC, are replaced by Phe416 and Ala420 in CthEgtB. These
two mutations provide a clear structural explanation for the distinct substrate specificity among type | and Il

EgtBs.

The most intriguing structural differences between MthEgtB and CthEgtB map to the presumed oxygen
binding site, which is occupied by Cleq in the CthEgtB/TMH complex (Figure 3B).4% 8182124 The side chain
hydroxyl-groups of Ser%2, Tyr23, and Tyr94 of loop 1 point towards the presumed oxygen binding site. The
y-hydroxyl side chain of Ser92 was resolved in two conformations in which the y-hydroxyl side chain hydrogen
bonds either with the axial or the equatorial chloride ligands (O-Cl.,c 2.9 A, and O-Cleq: 31 A) (Figure 3D).
The hydroxy! group of Tyr93 makes no direct contact with Cleq (Cleq-O: 4.0 A), but instead hydrogen bonds
to the backbone carbony! of Tyr385 (2.9 A), and packs against the imidazole ring of TMH (O-C2: 3.1 A). The
aromatic ring of Tyr94 makes 11-11 stacking interaction with Tyr23, and the hydroxyl group of Tyr%4 is
juxtaposed with the Cleg (Cleq-O: 3.4 A). Although this is a long distance for efficient hydrogen bonding, we
note that the Tyr94 hydroxyl group is embedded in a largely hydrophobic environment formed by Pheéé,
Leu382 and Tyr385 providing no alternative hydrogen bonding partners. Hence, slight structural

adjustments in the reactive complex would allow strong interactions between Tyr94 and iron-bound oxygen.
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Figure 3. Structural Comparison of the active site of CthEgtB with MthEgtB. Important metal or substrate binding

residues are shown as sticks and are colored according domain or segment. iron is shown in brown, Mn in purple, DMH
inyellow, modelled CYS in gray, y-GC in orange, Clions and water as spheres in green and red respectively. Upper Panel:
Afront onview of the active site, focusing on the metal co-ordination sphere and TMH and y-GC/Cys binding sites. Active
site loop 1 has been omitted for clarity. Lower panel: This view focuses on the oxygen binding site and is rotated by
approximately 90 © to the left from the front view. Active site loop 2 has been omitted for clarity. A & B: Active site of
CthEgtB in complex with iron (I1), and TMH. The 2m|Fol-D|Fc| omit map for iron, the three histidine ligands, TMH, S92,
Y93 & Y94 (red) and the axial (Cla) and equatorial chloride (Cleg) is contoured at o-level = 1. C & D: Cysteine is modelled
into to the active site of CthEgtB based on the location of the cysteinyl moiety of y-GC in MthEgtB. Proposed interactions
are shown by dashed lines. E & F: Active site of MthEgtB (4X8D) with Y377 pointing towards the proposed oxygen binding

site occupied by a water molecule (red sphere).

The apparent active site geometry of CthEgtB raises two important propositions. Firstly, the presence of
Tyr93 and Tyr%4 close to the presumed oxygen-binding site is highly suggestive of a catalytic role for one or
both of these residues. This is interesting because the oxygen-binding pocket of MthEgtB contains only one
tyrosine (Tyr377). Superposition of the MthEgtB with CthEgtB structures shows that the phenol function of
Tyr377is positioned roughly between the phenol functions of Tyr?3 and Tyr94 (Figure 4A). Therefore, based
on structural comparisons alone it is impossible to decide which of the two Tyr residues in CthEgtB could
assume the same catalytic role as Tyr377 in MthEgtB. Secondly, comparison of the CthEgtB native structure
and that of the CthEgtB/TMH complex show that TMH-induced loop-folding converts a wide-open crevice
toatightly closed pocket. Inthe closed structure the presumed oxygen-binding pocket is completely engulfed
by the metal center, the substrates and the side chains of Ser92, Tyr?3 and Tyr94, suggesting that efficient

oxygen-binding may require unfolding of loop 2. Hence, the two CthEgtB structures provide evidence that
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loops 1 and 2 are flexible, and that their folding and unfolding may be obligatory steps in each catalytic cycle
to allow substrate binding and product release. In MthEgtB oxygen binds to the equivalent equatorial
coordination site,*? 8183 byt the shape of this pocket is different. This pocket is connected to the protein
exterior by a narrow water-filled tunnel. Crystal structures of MthEgtB in native form and in complex with
TMH or with TMH and y-GC show that this tunnel does not change shape upon substrate binding, suggesting

that oxygen uptake does not require large-scale conformational change.”®

CthEgtB

Y94

CthEgt8

Y377

MthEgtB

B OH OH
v93 ) active site
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Figure 4. Comparison of the catalytic residues of CthEgtB and MthEgtB A): Superposition of the MthEgtB (green) and
CthEgtB (red) active sites. The iron coordination sphere of iron in the CthEgtB is shown faintly in the background.
Tyrosine residues from MthEgtB (green) and CthEgtB (red) with an assigned catalytic function are shown in full. B):
Schematic representation of the architecture of MthEgtB & CthEgtB.

Catalytic activity of CthEgtB and variants thereof. \We characterized the catalytic activity of CthEgtB using
the same HPLC-based kinetic assay as previously developed for MthEgtB (Table 1).470 In brief, reactions
containing TMH, cysteine, Fe sulfate, tris(2-carboxyethyl)phosphine (TCEP) and ascorbate were initiated by
addition of purified CthEgtB. Reaction products were analyzed by M NMR and RP-HPLC. An initial
experiment showed that CthEgtB accepts cysteine to make sulfoxide 4 (Figure 1) but cannot turnover y-GC.
By monitoring time-dependent production of 4 we determined k..: for sulfoxide production (keat4) and Ky for

TMH (KvTmn) in the presence of 0.5 mM cysteine (Figure S8a). We also monitored the consumption of

41



An Alternative Active Site Architecture for O, Activation

cysteine to determine Keat.cys and Ky for cysteine (Kueys) in the presence of 0.2 mM TMH (Figure S8b). 'H NMR
analysis of reactions that initially contained 1 mM TMH and 0.5 mM cysteine showed that wild type CthEgtB
oxidizes about 20 % of cysteine to cysteine sulfinic acid, and 80 % to sulfoxide 4 (Figure S5 & Sé). The same
side reactivity has been reported for EgtB from Burkholderia thailandensis,'?> and OvoA from Erwinia
tasmaniensis.’?2 127 Mechanistic investigations on MthEgtB and on OvoA from Erwinia tasmaniensis showed
that this side activity occurs because an early reaction intermediate can react either to form the sulfoxide or

to form thiol dioxide.?° 123

Table 10!
Enzyme e VI St g Kerakons
CthEgtBu: 0.14+0.05 27+3 0.2+0.01 65%2 1
CthEgtByear 0.16 +0.03 120+ 30 0.0004 + 0.0001 5+1 400
CthEgtByear 0.021+0.004 34+12 0.003+0.001 35+ 10 7
CthEgtByosr,vear  0.049 £0.003 90+ 15 <0.0001 n.d.d! > 500

lBIKinetic parameters were determined in the presence of 4 uM FeSQ4, 2 mM TCEP, 2 mM ascorbate, 2700 mM NaCl, 100
mM HEPES, pH 8.0 at 26 °C. Rate determined by monitoring the consumption of cysteine!®!, or the production of sulfoxide

4ld 1[4 d. = not determined.

To probe the catalytic contributions of Tyr93 and Tyr94 we mutated either, or both residues to Phe. 'TH NMR
analysis of reaction mixtures showed that CthEgtBvesr and CthEgtByear both produced cysteine sulfinic acid
as the main product, and almost no sulfoxide 4 (Figure S10 & S11). Subsequent determination of the
Michaelis-Menten parameters showed that the Tyr?3Phe mutation slightly increased the apparent Ky for
cysteine and reduced the apparent Kv for TMH by ten-fold (Table 1). The phenol function of Tyr23 makes
direct contact with C, of the TMH imidazole ring (3.1 A). This interaction may be unfavorable and hence
deletion of the hydroxyl group in CthEgtBvesr could stabilize the enzyme/substrate complex. Alternatively it
is possible that Kmtuy is lowered due to a kinetic effect. Because the mutation reduced ket (see below)
relative to the rates of binding and unbinding of TMH the value of Kmvy could approach than of a true
binding constant (Kptmn). Mutation of Tyr94 reduced Kmvn only by two-fold, and caused no significant
effect on K cys. Hence, the observed reduction of sulfoxide synthase activity is not due to defects in cysteine-

or TMH-binding.

On the other hand, the turnover rates (ket4) for sulfoxide production were strongly affected in all variants.
Mutating Tyr93 reduced keta by 500-fold, but left the rate of cysteine consumption (Keateys) essentially
unchanged. As evidenced by the NMR analysis discussed above, CthEgtBvesr produces almost exclusively
cysteine sulfinic acid, instead of sulfoxide 4. Mutating Tyr24 reduced sulfoxide synthesis by 70-fold and
cysteine consumption by 7-fold. The double mutant showed no detectable sulfoxide production, and a
cysteine consumption activity only 3-fold less than that of wild type. Summarizing these results we arrive at

the following conclusions: a) the phenol functions of both active site tyrosines are important for catalysis but
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are unimportant for substrate binding; b) Tyr93is more important in determining the product specificity than
Tyr94,c) Tyr93is entirely dispensable for oxidative cysteine consumption, d) Tyr94 plays a significant role in
oxidative cysteine consumption, e) in the absence of Tyr923, Tyr94 supports sulfoxide production at a low but

observable rate.

Further evidence that both tyrosines are involved in catalyzing sulfoxide production comes from the fact that
both mutations induce a significant kinetic solvent isotope effect (KSIE). Measuring sulfoxide production
rates in the presence of saturating substrate concentrations in either H2O or DO revealed a KSIE of 1.3 +
0.2 for the wild type, 2.8 £ 0.2 for CthEgtByosr and 3.9 + 0.2 for CthEgtByoar (Figure S12) The effects of the
Tyr93Phe mutation in catalysis is very similar to those observed for the mutation of Tyr377 in MthEgtB, and
Tyr417 in OvoA.>% 72 In both cases elimination of this catalytic acid reduced sulfoxide synthase activity
dramatically, induced a significant KSIE, but did not affect the ability to use oxygen and oxidize thiols.
However, the presence and catalytic importance of a second tyrosine in CthEgtB has no correspondence in

previously characterized sulfoxide synthases.

43



An Alternative Active Site Architecture for O, Activation

Discussion

CthEgtB and MthEgtB catalyze almost identical reactions. Therefore, the structural differences between the
two active sites are both surprising and informative. The current proposals explaining the catalytic
mechanism of sulfoxide synthases were all developed based on the structure of MthEgtB. As discussed below,
reevaluation of these proposals in view of the structure of CthEgtB provides a new test that may help to
distinguish between different models. In the second part of the discussion we introduce a classification of all
known ergothioneine biosynthesis sulfoxide synthase into five types, and we propose a possible evolutionary

trajectory by which this diversity among extant sulfoxide synthases may have emerged.
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Figure 5. Top: Catalytic mechanisms proposed for MthEgtB, adapted from Ref. 1, 20 - 22. Two computational studies
propose that the reactive enzyme/substrate complex (MthEgtB/Fe/TMH/y-CG/O, complex, red box) first reacts via
oxygen atom transfer to the sulfur atom of y-GC (paths 1 & 2). Both models predict the formation of sulfoxide 3 with R-
configuration at the sulfur atom. 82124 Two alternative models suggest that the reactive complexfirst reacts via reduction
of the superoxide ligand, followed by C-S bond formation between TMH and y-GC (paths 3 & 4). This trajectory leads to
formation of the sulfoxide 3 with S-configuration.*?-81 Bottom: proposed roles of Tyr93 and 94 in the reactive complex of

CthEgtB (CthEgtB /Fe/TMHCys/O2 complex, green box, see text).
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MthEgtB-based proposals for the catalytic mechanism of sulfoxide synthases. The four main proposals
for the mechanism of MthEgtB catalyzed C-S bond formation (paths 1 - 4, Figure 5) all assume that the
enzyme combines with the substrates TMH, y-GC and oxygen to form an iron (l1) superoxide complex as a
first intermediate (red box, Figure 5).4% 8182 124 Even though enzyme-bound iron (l11) superoxides are
notoriously difficult to detect, growing evidence suggests that these species form as early intermediates in
many non-heme iron enzymes.8> 71-73 130-131 The disagreement among the four models starts with the next
step. Two computational studies concluded that oxygen transfer to the sulfur atom of y-GC occurs first (paths
1 & 2, Figure 5).8212% Both models suggest that Tyr377 serves as a proton donor to the iron coordinated
oxygen atom (proximal oxygen), after cleavage of the O-O bond. Subsequent C-S bond formation between y-
GC and TMH produces a sulfoxide with R-configuration (R-sulfoxide 3). This prediction is the weakest aspect
of these models because the enzymatic product has been determined to be the S-sulfoxide 3.1%% The
remaining two models, one based on structural and biochemical analysis (path 4), the other based on
QM/MM calculations (path 3) favor a reaction path where the iron (lll) superoxide is first reduced by
accepting a proton and an electron. In these models C-S bond formation precedes S-O bond formation which
leads to the correct sulfoxide stereochemistry. The two models disagree over the specific role of Tyr377.The
computational analysis identified a low-energy pathway along which the iron (ll) superoxide is reduced by
hydrogen atom transfer from Tyr377 (path 3, Figure 5). However, the calculations also showed that the
radical character transfers from Tyr377 to the sulfur atom of y-GC en route to the transition state of the C-
S bond forming step. Hence, it remains an open question as to whether oxidation of Tyr377 represents a
necessary - on the pathway - step, or whether y-GC and Tyr377 share radical character in an equilibrium
prior to C-S bond formation. Animportant feature of this computational model is that in the reactive complex
Tyr377 retracts form the position observed in the crystal structure and only interacts with the iron:oxygen
species via an intervening water molecule (Figure 5, path 3). There is no empirical evidence for such a
movement. In fact, the active site geometry of MthEgtB, and specifically the position of Tyr377 were found
invariant among different complexes of MthEgtB.#? The last model (path 4, Figure 5) suggests that the iron
(111 superoxide is reduced by proton transfer from Tyr377 and electron transfer from the iron-coordinated

v-GC.*0 In this way y-GC is directly activated as a radical that can attack the imidazole ring of TMH.

Importantly, the four models assign different functions to Tyr377 in the early reaction stage, depending on
whether its phenol ring interacts with the proximal or the distal oxygen of the iron (l1) superoxide species, or
whether there is no direct interaction at all. The position of Tyr377 as determined by crystallography does
not allow a distinction between these models. As discussed below CthEgtB provides a related system
featuring atyrosine (Tyr93) residue with the same catalytic functions as Tyr377 that cannot interact with the

proximal oxygen atom.

Catalytic roles of Tyr93 and Tyr94 in CthEgtB. Our Structural and kinetic observations implicate Tyr93 and
Tyr94 as important catalytic residues. The phenotypes of the Tyr?3Phe mutation - i) dramatic reduction of
sulfoxide synthase activity, ii) retainment of cysteine oxidation activity, and iii) introduction of a significant

KSIE on the residual sulfoxide synthase activity - match the phenotypes induced by the Tyr377 mutation in
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MthEgtB, and the Tyr417 mutation in OvoA.>% 72 This evidence supports the conclusion that Tyr93 serves
the same catalytic function as Tyr377 and Tyr417 despite their different location in the primary sequence,

and the different orientation in the active site (Figure 3C & D).

The second tyrosine in the oxygen binding pocket of CthEgtB, Tyr94, introduces a new aspect to the catalytic
mechanism of sulfoxide synthases. Tyr%4 is juxtaposed to the coordination site that is either occupied by
water, oxygen or, as seen in the crystal structure, by Cleq (Figure 3D). This position strongly implicates Tyr94
as a hydrogen bonding partner to iron (I1)-bound water or to the proximal oxygen of iron (lll)-bound
superoxide (green box, Figure 5). This interaction is likely strong, because Tyr94 has no apparent alternative
hydrogen bonding partner. Mutation of this residue affected sulfoxide production by 70-fold, but also
reduced oxidative cysteine consumption by 7-fold, suggesting that Tyr%4 assists the catalytic cycle in two
independent steps. First, Tyr94 plays a supporting role in guiding the iron (Ill) superoxide towards the
sulfoxide production pathway. One way how Tyr%4 could do so is by hydrogen bonding with the proximal
oxygen of the iron (I11) superoxide species (Figure 5). This acidic interaction would certainly increase the
electron affinity of the iron (I11) superoxide species and thereby facilitate its reduction in the first catalytic
step. The observation of a sizable KSIEs in the Tyr24Phe mutant is consistent with this interpretation: this
mutation could make the iron (Ill) superoxide species less oxidative, rendering proton-coupled electron
transfer to this species rate limiting. An alternative interpretation of the CthEgtByosr phenotype would be
that Typ94 acts as a hydrogen bond donor to Tyr93 to activate the later as a catalytic acid. However, in the
crystal structure the two phenol groups of Tyr93 and Tyr94 are separated by 4 A, and in the conformation
given, do not possess a geometry that could facilitate hydrogen bonding. Direct hydrogen bond between the

two residues might be weak at best.

Reduced cysteine consumption activity in CthEgtBvoesr indicates that Tyr94 is also involved in oxygen binding
and activation. The Tyr94Phe mutation could affect this activity in two ways: the lack of a proton donor could
slow down protonation and removal of the iron (Il) coordinated hydroxide and thereby slow down oxygen
binding (bottom, Figure 5). Alternatively, the lack of a hydrogen bond could destabilize the iron (IIl)
superoxide. A similar interaction has been observed in human and murine cysteine dioxygenase (CDO, EC
1.13.11.20).”°> Although CDOs are entirely unrelated to sulfoxide synthases, the local geometries around the
catalytic iron center are remarkably similar.’® CDO also coordinate iron (I1) by three-his facial triads. In the
reactive complex the remaining coordination sites are filled by amine- and thiolate-ligands form the substrate
cysteine. Finally, addition of oxygen as the last ligand gives rise to aniron (I11) superoxide. CDO also contains
a second-coordination sphere tyrosine (Tyr157) that hydrogen bonds with the iron-coordinated oxygen.*3*
134 Mutation of Tyr157 to Phe resulted in 8 - 20-fold reduction of dioxygenase activity, showing that Tyr157
- similar to Tyr94 in CthEgtB - isimportant but not crucial for the oxygen activation by CDO.”> 13> The double
mutant CthEgtBvoesr vear lacks any measurable sulfoxide synthase activity, and oxidizes cysteine 3-fold less
efficiently than wild type or CthEgtByesr (Table 1). This activity pattern shows that the Tyr93Phe and
Tyr94Phe mutations lead to additive effects, and that the two Tyr residues have limited capacity to
compensate for the absence of each other. Hence the two tyrosines must play complementary roles that are

related to their specific position relative to the oxygen binding site.
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Atyrosine residue near the oxygen binding site of non-heme iron enzyme automatically raise the question as
to whether this residue participates in the redox chemistry. Oxygen can react with ferrous iron to produce
highly reactive species that could oxidize the comparatively electron-rich tyrosine side chain. Oxidation of
active site residues could either be part of the catalytic mechanism, or could lead to maturing or deactivating
automodifications.’®® The endoperoxide forming enzyme FtmOx1 provides an example of redox active
tyrosine involved in the catalytic mechanism.™® In the taurine dioxygenase TauD, oxidation of active site
Tyr73 also occurs but is part of a deactivating side reaction.’® In mammalian CDO the active site Tyr157 is
cross-linked with a nearby Cys residue (Cys93) as a result of an oxygen-dependent side reaction.’™? Since
mutation to Phe conserves most of the CDO activity, Tyr157 is unlikely to participate as an essential redox
partner during cysteine deoxygenation. On the other hand, there are also enzymes that use tyrosine side
chains to activate and orient iron-bound oxygen species with no apparent redox participation. A
computational study on the algal prolyl-4-hydroxylase concluded that the active site tyrosine (Tyr140)
controls the reactivity of the oxo-ferryl species by hydrogen bonding to the iron bound oxygen atom.*° How
Tyr140 evades oxidation remains an open question. The same is true for the sulfoxide synthases MthEgtB
and CthEgtB. Even though Tyr377 and Tyr93/Tyr94 appear intimately involved with oxygen binding and
activation, we have no evidence that these residues participate in any redox activity, and it is not yet clear

why they do not.

In summary, the structural and kinetic evidence discussed above is consistent with the following
interpretation: Catalysis by CthEgtB requires two hydrogen bond donors in the oxygen binding site. Tyr94
hydrogen bonds with the proximal oxygen of the iron (1) superoxide complex to render this species more
oxidative. Tyr93 transfers a proton to the distal oxygen of the iron (I11) superoxide. This transfer is coupled to
electron transfer from the substrate cysteine to form aniron (I11) hydroperoxide and a thiyl radical (Figure 5).
The relative positions of Tyr23 and Tyr24 compounded by their specific functions provide evidence that
proton transfer occurs to the distal and not to the proximal oxygen. Analogous conclusions based on MthEgtB
would be more ambiguous because in the available crystal structures Tyr377 adopts a position that allows
interaction with either atom of the iron-coordinated superoxide (Figure 4). From this point forth, the main
tenets of any mechanistic proposal will have to be consistent with the structures of both sulfoxide synthase
types (MthEgtB and CthEgtB). We believe that this test will be of significant help in the elimination or

validation of mechanistic proposals for the sulfoxide synthase catalyzed reaction.

The emergence of sulfoxide synthase diversity. The differences in the active sites of CthEgtB and MthEgtB
are also interesting from an evolutionary perspective. Apparently, the family of sulfoxide synthases does not
comply with the general expectation that essential catalytic residues and active site geometries are
conserved among enzymes with similar functions.'*? Residues Tyr377 and Tyr93 map to completely different
locations within the protein scaffold (Figure 4B), despite their identical roles in catalysis. Relocation of
catalytic residues in enzymes with identical function has been documented both in natural and laboratory

protein evolution. 12 1146 The importance of spatial conservation - rather than conservation in the primary
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sequence - for catalysis has been noted. Functional residue hopping is typically facilitated by conservation of
the rest of the active site. By contrast, the migration of a catalytic tyrosine insCthEgtB (Tyr93) with respect
to MthEgtB (Tyr377) is accompanied by the introduction of a second catalytic tyrosine (Tyr94), change of
substrate specificity, and conversion of a stiff active site (as in MthEgtB) to an open active site covered by two
flexibles. This complete remodeling raises the question as to what evolutionary path could lie between the

two catalyst types, and what evolutionary pressure may have caused the conversion from one to the other

type.

To address this question and to probe the evolutionary relationships of sulfoxide synthases, we constructed
a phylogenetic tree based on seven EgtB homologs with characterized activities (Figure 6A).40.47:49-50,118 37
Also, we inspected the alignment of the respective sequences for the absence or presence of motifs that are
important for function in MthEgtB or CthEgtB (Figure 6B). Based on this analysis we distinguished five types
of ergothioneine biosynthetic sulfoxide synthase (types | -V). Type | sulfoxide synthases utilize y-GC, and
type Il - IV use cysteine as sulfur donor 4047 115-116,118,125-126 NMost type |V sulfoxide synthases are OvoA-like
enzymes that use histidine and cysteine to produce a sulfoxide intermediate in ovothiol biosynthesis.?®
However, in the presence of TMH OvoA from E. tasmaniensis was shown to produce sulfoxide 3, highlighting
the functional similarity of between EgtBs and OvoAs.”® Indeed, the OvoA homologs from Microcystis
aeruginosa and other cyanobacteria have evolved to make sulfoxide 3 as their main physiological product.
Hence, we included this cyanobacterial enzyme as representative of type VI ergothioneine biosynthetic
sulfoxide synthase.*” Finally, we also included the cyanobacterial EgtB from Thermosynechococcus elongatus
as a representative of type V sulfoxide synthases. This type has not been fully characterized yet. Despite
significant similarity to type | enzymes, the type V EgtBs accept neither cysteine nor y-GC as substrate

(Stampfli & Seebeck, unpublished).

Comparing these five enzyme types we arrived at the following conclusions (Figure 6): i) the motifs for iron
and TMH binding are conserved in all types, ii) tyrosines equivalent to Tyr377 in MthEgtB are conserved
except in type Il; iii) the y-GC-recognition motif DXXR motif is exclusive to type [; iv) the RXXR motif that is
responsible for y-GC-binding in MthEgtB, and for cysteine-binding in CthEgtB occur in type |, II, and with
slight variation (KXXR) in type V. In contrast, type Il and type IV sulfoxide synthases lack this motif,
suggesting that these enzymes bind cysteine in a completely different mode. Since most types use a Tyr377-
like catalytic acid and are monomeric enzymes, we conclude that an ancestral sulfoxide synthase most likely
shared these properties. Type II-1V use cysteine as sulfur donor, arguing that the ancestral enzyme too used
this very common sulfur metabolite. But why is the cysteine-binding pocket not conserved among the three
types? Why should an ancestral enzyme undergo dramatic active site remodeling to arrive at a functionally
equivalent solution? A more likely explanation for the emergence of thee enzymes with different substrate
binding pockets would be that the ancestral sulfoxide synthase used a different sulfur donor than cysteine.
Possible candidates could be hydrogen sulfite, thiosulfate or thiophosphate. This scenario suggests that this

ancestral enzyme type (type O) first entered different bacterial and fungal lineages and then adapted
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independently to utilize cysteine or y-GC for ergothioneine biosynthesis. Consequently, there may not be an

evolutionary path directly connecting extant (type | - V) sulfoxide synthases.
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Figure 6. A: A qualitative phylogenetic tree containing characterised EgtB homologs C. thermophilum, M.

thermoresistibile™’-148 M. aeruginosa*® A. fumigatus''8, S. pombe®©, N crassa *¢ and uncharacterised T. Elongatus. (... =

omitted residues; --- = gaps) B: Sequence alignment of characterized EgtB homolgoues C. thermophilum, M.

thermoresistibile*’-148 M. aeruginosa*® A. fumigatus*®, S. pombe®©, N crassa ¢ and uncharacterised T. Elongatus. Residues

highlighted in red indicate active site loop 1 of CthEgtB. Key residues for binding and catalysis are highlighted and labelled.
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Conclusion

Based on the crystal structure of CthEgtB in complex with iron (I1) and TMH we identified Tyr93 and Tyr94
as essential catalytic residues. Mutation of either residue to phenylalanine significantly reduced sulfoxide
synthase activity, whereas only the Tyr94Phe mutation affected the enzymes ability to consume cysteine.
These different phenotypes, compounded by their different positions in the oxygen binding pocket provide
evidence that Tyr93 serves as a proton donor and Tyr%4 serves as a hydrogen bond donor, both facilitating
the reduction of the initial iron (IIl) superoxide species. This reduction is the first catalytic step towards
sulfoxide production. Comparison with the structure of EgtB from M. thermoresistibile (MthEgtB) and with
primary sequences of other bacterial and fungal homologs revealed that the class of ergothioneine
biosynthetic sulfoxide synthases is characterized by remarkable active site diversity. Detailed
characterization of type | - V sulfoxide synthases will provide a powerful approach understand the catalytic
mechanism of oxidative C-S bond formation.'?3 147148 Finally, the observed diversity indicates that these
sulfoxide synthase types may have emerged from an ancestral enzyme with different substrate specificity

than any known extant homolog.
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Addendum on CthEgtB Substrate Selectivity

Does EgtB from Chloracidobacterium thermophilum accept y-glutamyl cysteine as a substrate?

Following the publication of the preceding story in J. Am. Chem. Soc., a second paper on CthEgtB was
published by the Liu group.*'® This paper states that CthEgtB utilizes y-GC as a substrate with a ket of 17.5 +
0.4 min, less than two times slower than the ket for the native substrate cysteine (26.6 £ 0.7 min™t) and with
Kwu values of 5.9 +0.9 mM and 205 + 18 uM respectively (Table 1).We found this result surprising, as we had
not observed such activity in our studies. Additionally, the in vitro characterization of another type Il EgtB,
EgtB from Burkholderia pseudomallei did not produce any detectable amount of the y-GC-sulfoxide product

in the presence of 1 mM y-GC.*°

We decided to investigate this claim with our HPLC assay. In contrast, the Liu group quantifies activity with
an oxygen electrode and therefore measures the sum of all oxygen-consuming reactions rather than the
consumption or production of a single substrate or product, as in our method. 1*° CthEgtBWT was incubated
with y-GC at three different concentrations, 1, 3 and 10 mM, along with a control reaction containing 1 mM
cysteine. The reaction was followed over 10 minutes (Figure 1A). All reactions showed formation of a
product. However, within the measured time frame, the product of the y-GC reactions had the same
retention time as the cysteine-sulfoxide in the control reaction (Figure 1B). This indicates that y-GC contains
asignificant amount of cysteine as an impurity. The reaction course with 1 mM y-GC also supports this, as the
reaction rate is not linear over 10 minutes as the cysteine impurity becomes limiting. This allowed estimation
of the cysteine impurity to be around 2.5-3%, which is consistent with the analytical data sheet for the y-GC
purchased from BACHEM ((Des-Gly)-Glutathione (reduced) ammonium salt, product number:
4025354.0250) which gives a purity by HPLC of 98%.
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Figure 1A. CthEgtBWT + Cys or y-GC. Assay conditions  Figure 1B. HPLC trace of the reaction of CthEgtB with y-
included: 100 mM phosphate, pH 8, 100 mM NaCl, 12  GC & Cys, quenched at 6 minutes. The products of the y-
mM TCEP, 2 mM ascorbic acid, 6 uM FeSO4 and 1 MM GC reactions have the same retention time as the
TMH. The sulfur donor was varied with 1 mM Cys or y-  cysteine-sulfoxide product of the cysteine control
GCat 1,3and 10 mM. The reaction was initiated with 0.6 reaction.

UM of CthEgtB.WT and aliquots were taken at 2, 4, 6, 8

and 10 minutes.
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The rates for the reaction of CthEgtB with 3 and 10 mM y-GC were linear within the measured time frame,
giving rates of cysteine-sulfoxide production of 0.09 sand 0.10 st respectively. These rates are very similar
to that measured for 1 mM Cys as a substrate (0.12 s1). These results indicate that the rates of oxygen
consumption measured by the Liu group for “y-GC-sulfoxide production” could instead correspond to

turnover of the cysteine impurity to give the cysteine-sulfoxide.

Thereactions of CthEgtB with Cys and y-GC were also analyzed after one hour. In the reaction with y-GC the
HPLC traces showed the presence of a slight shoulder on the cysteine-sulfoxide peak. This shoulder had a
slightly shorter retention time than the Cys-sulfoxide, and was not present in the cysteine control, which is
consistent with the y-GC sulfoxide product, indicating that perhaps y-GC could be slowly consumed by
CthEgtB. (Figure 2).

To test this observation the following experiments were set up: (1) CthEgtB + y-GC at 1, 3 and 10 mM as
previously, yet with a higher enzyme concentration and longer assay times to determine the rates produced;
(2) Control reactions with MthEgtB an excess of y-GC and defined amounts of TMH to quantify amounts of
y-GC-sulfoxide produced. (3) A reaction with y-GC with both CthEgtB. and MthEgtB.to produce a sample in

which we know both sulfoxides are present.

250000 4

—— 1mM Cys
—— 1 mM gGC
— 3 mMgGC
—— 10 mM gGC

200000

150000

Abs

100000

50000

T
6.5 7.0
Retention Time (min)

Figure 2. HPLC trace of the reaction of CthEgtB WT with y-GC & Cys, quenched at 1 hour. The y-GC reactions appear
to give a second product that appears as a shoulder on the cysteine-sulfoxide. This shoulder on the cysteine-sulfoxide
peak is more apparent in the zoom in (right).

The optimized conditions for the reaction of CthEgtB with y-GC show that with higher enzyme
concentrations and longer time points (0.5, 1, 1.5, 2, 2.45 hours and overnight), the observed shoulder
becomes much more apparent and grows with time, while that of the cysteine-sulfoxide also slightly increases

(Figure 3).
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Figure 3. HPLC traces for the reaction of CthEgtBWT with 3 mM y-GC. Assay conditions included: 100 mM
phosphate, pH 8, 100 mM NaCl, 15 mM TCEP, 2 mM ascorbic acid, 12.5 uM FeSO4, 1 mM TMH and 3 mM y-GC. The
reaction was initiated with 2.5 uM of CthEgtB.WT.

The HPLC traces of the control reactions of MthEgtB with y-GC (Figure 4A, black) and CthEgtB with cysteine
(Figure 4A, blue) were superimposed with a HPLC trace from the reaction of CthEgtB with 1 mM y-GC
quenched at 165 minutes (Figure 4A, red). This overlay (Figure 4B) confirms that the peak with shorter
retention timeis likely the y-GC-sulfoxide and again shows that the higher retention time peak is the cysteine
sulfoxide. This is further supported by comparison to experiment (3) in which y-GC was incubated with both

CthEgtB and MthEgtB showingboth sulfoxide products (Figure 4B).

—— 1mM gGC @ 165 min
25000 1 —— 30 uM gGC-Sulfoxide 70000 -
—— ~22 uM Cys-Sulfoxide
20000 60000
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» 150004 =
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10000 -|
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T T T T T T T T T T
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Retention Time (min) Retention Time (min)

Figure 4A. Overlay of the reaction of CthEgtBWT with
1 mMy-GC at 165 minutes with a sample of 30 uM y-GC-
sulfoxide and approximately 22 uM of the Cys-sulfoxide.

Figure 4B. CthEgtB. WT & MthEgtBWT + y-GC. Assay
conditions included: 100 mM phosphate, pH 8, 100 mM
NaCl, 2 mM TCEP, 2 mM ascorbic acid, 24 uM FeSOa4 ,1

mM TMH and 1 mM y-GC. The reaction was initiated
with 0.6 uM of CthEgtB and 0.6 uM of MthEgtBWT.
Aliquots were taken at 2, 4, 6, 8 and 10 minutes.

To approximate the rate of y-GC production by CthEgtB, the y-GC-sulfoxide peaks in the 1, 3 and 10 mM y-
GC reactions were quantified to give rates of 0.0007 s'1,0.002 s'Tand 0.003 s respectively (Figure 5A) The
rate for CthEgtBy-GC -sulfoxide production in the presence of 10 mM y-GC is 40 times slower than the rate
of Cys-sulfoxide production by CthEgtB under saturating conditions. These rates were plotted against the
concentrations of y-GC used to approximate a Michaelis-Menten fit (Figure 5B). Fitting of the Michaelis-
Menten equation gave an approximate Kv of 3.8 mM and a ket of 0.004 s (Table 1). While 210 mM y-GC may

53



CthEgtB Substrate Selectivity

not saturate CthEgtB, the approximate k.t with y-GC as a substrate is 30 times slower than when cysteine is

used as substrate.
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= 1mMggC ey = ~0.004 57
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Figure 5A. Rates of y-GC-sulfoxide production by Figure 5B. Approximate Michaelis-Menten plot for
CthEgtB. The rates of y-GC-sulfoxide production by CthEgtBwith variable [y-GC].

CthEgtBWT in the presence of three different y-GC

concentrations (1, 3 and 10 mM). Assay conditions

included: 100 mM phosphate, pH 8, 100 mM NaCl, 15

mMTCEP, 2 mM ascorbicacid, 12.5 uM FeSO4and 1 mM

TMH. y-GC was varied at 1, 3 and 10 mM. The reaction

was initiated with 2.5 uM of CthEgtB and aliquots were

taken at 0.5, 1, 1.5, 2 and 2.75 hours.

Our results show that y-GC can be a substrate for CthEgtB, however it is a very poor substrate. Comparison
of our results to those of the Liu group shows large differences (Table 1). While the Ky for y-GC are around
the same order of magnitude, the ket values differ greatly (70 fold). This leads to a large discrepancy in the
ratio of the catalytic efficiencies for each substrate, 43 for the Liu group, 5000 in this study. This clearly shows
that the Liu group considerably overestimates the ability of CthEgtB to consume y-GC. In addition, it is likely
that the rates measured for oxygen consumption by the Liu group do not correspond to y-GC consumption,
and instead consumption of the Cys present as an impurity of y-GC.

This finding greatly undermines the significance of their “enzyme engineering” and consequently the whole

paper.

Table 1. Kinetic parameters reported and measured for the reaction of CthEgtB with either Cys or y-GC.
(kcat / KM (CYS))/

Donor Keat (UM min™) Ky (LM) keat / K (mint)
(kcat / Km ('YGC))
iyt Cys 266+0.7 205+18 013+001 "
7-GC 175104 (5.9+0.9)E® (3.0+0.5)ES
Cys 84 +3 27+3 0.3
This study 5000
v-GC 0.24* 3.8" (6)E>*

*estimation
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Chapter 2:
An Alternative Active Site Architecture for O, Activation in the

Ergothioneine Biosynthetic EgtB from Chloracidobacterium thermophilum

Supplementary Information
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Supplementary Figures

Table S1: Bacterial Phylogenies in which type Il EgtBs have been identified. EgtBs have been identified by conservation

the N-termianl YY catalytic diad.

Acidobacteria,

Actinobacteria,

Bacteroidetes,

Chloriflexi,

Chlorobi,

Cyanobacteria,

Firmicutes,

Proteobacteria,

Rhodothermaeota,

Gemmatimonadetes,

lgnavibacteriarae,

Planctomycetes,

Spirochaetes, Verrucomicrobia

£
c /~ K
AL Py’
ﬁ—./
<& 3 y
[ g

Figure S1: Cartoon and surface representation of monomer A of the CthEgtB native structure, PDB: 6QKI, 2.0 A. The N-
terminal domain, with a DinB_2 like fold (17-176) is show in dark blue. The C-terminal domain, an FGE sulfatatse like fold,
consists of an extended beta sheet (198-234), green, and a C-type lectin fold, light blue (235-434). The N & C termini are

denoted by the letters N’ and C'. The catalytic ironis shown as a brown sphere, its co-ordination sphere to three histidines

(blue), and three water molecules (red) are shown. Three regions lack electron density, including a loop in vicinity of the

active site, these regions are represented by a dashed line.
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Figure S2: Cartoon and surface representation CthEgtB monomer A in complex with TMH. This shows the back view, the
front view is shown in the main text, Figure 2A. PDB: 6QKJ, 2.2 A. The N-terminal domain, with a DinB_2 like fold (17-
176) is show in dark blue. The C-terminal FGE-like domain is shown in green (198-234) and light blue (235-434). Active
Site loop 1 (93-99) in red, and active site loop 2 (378-386) in orange, close over the active site. In the native structure
these two loops are not resolved. The substrate TMH (yellow), iron (orange), chloride ligands (green) and the metal
coordinating histidines (blue) are shown to indicate the location of the active site. Residues 184-193, the linker region

connecting the N and C terminal domain were not modelled, due to a lack of electron density (black dotted line).

Figure S3: Omit map of TMH in the CthEgtB/Fe/TMH structure (m | Fo | -D | Fe | ,electron density; ¢ = 3.0). TMH is bound

to the iron (brown) which is also co-ordinated to 3 histidines (sticks in blue) and two chloride ions (green).
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A420,, /R420,,,, R106,,/R90,
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Figure S4: Structural comparison of the overall structures and active site of CthEgtB with MthEgtB. Superposition of
CthEgtB TMH structure (blue, orange & red) and MthEgtB structure (green) (PDB: 4X8D). iron is shown in brown, Mn in
purple, TMH in the CthEgtB structure in yellow, and MthEgtB ligands, DMH and gGC, in orange, Cl ions and water as
spheres in green and red respectively. A: Superimposition shows a high structural similarity between the two structures
in overall structure. B: A front on view of the active site, focusing on the metal co-ordination sphere and TMH and y-
GC/Cys binding sites. Active site loop 1 of CthEgtB has been omitted for clarity. Box: Cysteine is modelled into the active
site of CthEgtB by mimicking the position of the cysteinyl moiety of y-GC in MthEgtB. C: This view focuses on the oxygen
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binding site and is rotated by approximately 90 °to the left from the front view. Active site loop 2 has been omitted for
clarity in the CthEgtB structure. The two oxygen binding sites are dramatically different, with S92, Y93 & Y94 of CthEgtB
siting on active site loop 1 pointing in towards the oxygen binding site (blue). Y377 of MthEgtB points in towards the

proposed from a different location of the protein scaffold (green).
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Figure S5. Analytical Gel Filtration of CthEgtB and MthEgtB under native conditions. Superdex200 size exclusion
chromatography, at room temperature using 20 mM Tris-HCI pH 7.4, 150 mM NaCl, as running buffer (flow rate: 0.5

mL/min)
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Experimental

Materials
All standard reagents were purchased from Aldrich/Sigma if not otherwise stated. Synthetic oligonucleotides

were purchased from Microsynth, Switzerland.

Recombinant EgtB constructs

The gene for EgtB from Chloracidobacterium thermophilum (CthEgtB, WP_014099805.1) was codon-
optimized for protein productionin E. coli and purchased from Genscript. The gene was ligated as Ndel-Xhol
fragments into a pET28a cloning vector. The corresponding constructs induced E. coli cells to produce the

following proteins:

— sequence of pET28 CthEgtB:

GSSHHHHHHSSGLVPRGSHMEAARSHPEPIQSGEVSDRKAWQRHYRAVRAVSEAICQPLETEDYVVQPMPDVSPP
KWHLGHTSWFFETFILKSGLADYRPFHPRYDYIFNSYYEAVGARHPRPOQRGLLTRPTVSEVYAYRAHVDAAVERFE
IAHSDTRTWAALQPILELGLHHEQQHQELLLTDIKAILATNPLDPVYRPQPQPLPSPVEQLSPTGDWHIVEGGRY
AIGHAGRGFAFDNEGPRHDVLLRPCRIAARPVTNGEFLAFMADGGYRRPELWLSDGWAAVTARGWEAPLYWRQAA
DGTWETLTLHGVQPVAPYEPVCHISFYEADAYARWAGKRLPTEAEWEVVAARLPVTGNFYESGVLHPRPVSVSAA
FYGDVWVWTASPYVGYPGFRPVSGALGEYNGKFMCNQMVLRGGSCATSLTHIRSTYRNFFPPDARWQFTGVRLAE
DMS

m/z(CthEgtB): calc.: 51131 Da, meas.: 51130 & 51307 Da (+ 177 Da, corresponds to a-N-gluconoylation of
his tag'®?)
€280(CthEgtB): 115280 Mt cm™
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EgtB variants

CthEgtBY93F, CthEgtBY94F and CthEgtByY93F Y94F were constructed by primer extension using the
primers shown below. The resulting fragments were cloned into pET28a vectors. For protein crystallization
we cloned the CthEgtB gene into a modified vector, pET19m, to encode an EgtB fusion construct with an N-

terminal Hisg-tag followed by a TEV (tobacco etch virus) protease cleavage site.

YO93Fs: 5’ - ACATCTTCAACTCTTTTTACGAAGCGGTTGGT -3’
Y93Fa: 5’ - ACCAACCGCTTCGTAAAAAGAGTTGAAGATGT -3’
Y94Fs: 5’ - ACATCTTCAACTCTTATTTTGAAGCGGTTGGT -3’
Y94Fa: 5’ - ACCAACCGCTTCAAAATAAGAGTTGAAGATGT -3’
CthEgtBs: 5’ - ACATCTTCAACTCTTTTTTTGAAGCGGTTGGT -3’
CthEgtBa: 5’ - ACCAACCGCTTCAAAAAAAGAGTTGAAGATGT -3’

m/z(CthEgtByosr): calc.: 51115 Da meas.: 51291 Da (+ 176 Da, corresponds to a-N-gluconoylation of his
tag152) X Ezgo(CthEgtBYC)gF)Z 113790 M1cm?

m/z(CthEgtByoar): calc.: 51115 Da meas.: 51291 Da (+ 176 Da, corresponds to a-N-gluconoylation of his
tag152) X Ezgo(CthEgtBy94F)Z 113790 M1cm?

m/z(CthEgtByosr voar): calc: 51099 Da, meas. 51100 & 51275 (+ 176 Da, corresponds to a-N-
gluconoylation of his tag™?) ; e280(CthEgtBy9as vo4r): 112300 Mt em™®

m/z(CthEgtBwr nonis): calc.: 49294 Da meas.: 49294 Da ; €280(CthEGtBwr nohis): 115280 Mtem™®

Recombinant protein production

CaCly competent BL21.pLysS cells were transformed with a pET28CthEgtB plasmid for kinetics or a
pPET19mCthEgtB plasmidfor crystallization, following standard heat shocking procedures. An overnight
preculture (Lysogeny Broth (LB) medium (5 mL), containing the appropriate antibiotics (kanamycin (50 mg/L)
and chloramphenicol (34 mg/L) for pET28, and ampicillin (100 mg/L) and chloramphenicol (34 mg/L) for
pET19) was inoculated with the transformed cells and incubated overnight at 37 °C whilst shaking at 180
rpom. 1 mL of pre-culture was used to inoculate growth cultures of Luria Broth containing the appropriate
antibiotics at concentrations previously stated. Cells were grown at 37 °C with shaking (180 rpm) until the
optical density at 600 nm (OD600) reached 0.6. Expression of the plasmid encoded gene was induced by the
addition of IPTG to a final concentration of 0.1 mM. Protein expression was allowed to continue for 3 hours
at 37 °C. Cells were harvested by centrifugation at 2000 g for 25 minutes at 4 °C, the supernatant was

discarded and the cell pellet was frozen at - 20 °C until required for purification. The cell pellet was thawed
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on ice and resuspended in Lysis buffer (200 mM NaCl, 50 mM Tris, pH 8.0) and was lysed by sonication (2
minutes, 50% duty cycle, output of 5) three times with two-minute intervals in between. Cellular debris was
then pelleted by centrifugation at 4,100 g for 40 minutes, at 4 °C. The supernatant was incubated with Ni-
NTA Agarose slurry at 4°C for 20 minutes while rotating. The agarose beads were washed with washing
buffer 1 (200 mM NaCl, 50 mM Tris, pH 8.0, 10 mM imidazole) and washing buffer 2 (200 mM NaCl, 50 mM
Tris, pH 8.0, 20 mM imidazole). CthEgtB was eluted and collected in fractions by washing with elution buffer
(200 mM NaCl, 50 mM Tris, pH 8.0, 250 mM imidazole). Protein concentration was determined for each
collected fraction with a nano-drop 2000/2000c spectrophotometer. Fractions identified as containing
CthEgtB by concentration and SDS PAGE Gel were pooled and dialyzed overnight into dialysis buffer twice
(50 mM Tris, pH 8, 50 mM NaCl). For kinetics, the pET28 construct was then concentrated and frozen in
aliquots for kinetic analysis. The pET19 construct for crystallization was dialyzed against 20 mM Tris pH 8,
200 mM NaCl and 1 mM DTT with TEV protease at final protein ratio of 10:1 for 16 h at 4°C. After dialysis
the sample was ran over a Ni-NTA column to remove the TEV protease and His tag. Afterwards CthEgtB WT
was concentrated with an Amicon centrifugal filter device (cut-off 10 kDa) and loaded onto a Superdex 200
pg 26/600 pre-equilibrated with 20 mM Tris pH 8, 200 mM NaCl. The CthEgtB WT peak fractions were
collected and concentrated in an Amicon centrifugal filter device (cut-off 10 kDa) to a final concentration of

6.5 mg/mL and immediately used for crystallization trials.

kDa M 1 2 3 4
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150
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Figure Sé: Left: SDS page gel with CthEgtB variants used for kinetic analysis: M - Molecular weight marker; 1 -
CthEgtBWT,; 2 - CthEgtBY93F; 3 - CthEgtBY94F; 4 - CthEgtBY93F_Y94F. Right: SDS Page gel of CthEgtB used for
crystallization, 10 pg are loaded. A thick band is observed just under the 50 kDa marker.
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Enzymatic Assay

Sulfoxide synthase activities of CthEgtB variants were measured in reactions containing 100 mM phosphate
buffer, pH 8, 100 mM NaCl, 2 mM TCEP, 2 mM ascorbate, FeSO4 (4 equiv. to protein concentration), TMH
and cysteine. Reactions were initiated by addition of enzyme and were incubated at 26°C. Aliquots of the
reactions were quenched by addition of phosphoric acid. Reaction products were quantified by cation
exchange HPLC using 20 mM phosphoric acid at pH 2 with a NaCl gradient as a mobile phase.’>®
Chromatograms were recorded at 265 nm. Cysteine dioxygenase activity was quantified by monitoring the
consumption of cysteine. To quantify cysteine, 40 uL reaction aliquots were quenched by the addition of 40
uL acetonitrile and 10 pL of 20 mM 4-bromomethyl-7-methoxycoumarin (BMC) in DMSQO. After incubation
for 30 min the mixture was diluted with one volume equivalent of agueous 0.1% TFA solution. Coumarin-
adducts (Figure S7) were identified by comparison to authentic samples using RP-HPLC. Chromatograms
were recorded at 330 nm. Averages of at least three independently determined rates of sulfoxide production
or cysteine consumption were fitted to the function v = Vmax[sl/(KM + [s]) (Figures 8a - 8g).The Michaelis-
Menten parameters kcat and kcat/KM were determined in the presence of co-substrate at a concentration at
least 3-fold higher than the corresponding KM and in air saturated buffers.
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Figure S7: Formation of the methyl-7-methoxycoumarin adduct of Cys.

66



e
:

°
-]
1

e
:

Rsq=0.99
Ko™ 02810018
Ku=(6525)x10° M
Kead G = 4300 £ 300 sM*

Velocity (uM/sec)
e e
3 a
! 1

0.05

0.00

[] 5‘0 1(‘”) 1&0 2(‘)0
N,N,N-trimethy! histidine (uM)

S8a: Sulfoxide Formation - CthEgtBwr, [CYS] = 500 uM

0.006

0.005

:

Velocity (uM/sec)
g
i

R-3q =0.98
0.002 Keat = 0.0005 £ 0.0001 5™
Kum(521)x10° M
0.001 - KondKu = 90 £ 10 s M
0.000 T T T T T
] 10 20 30 40 50

N,N,N-trimethyl histidine (uM)

S8c: Sulfoxide Formation - CthEgtByoze, [CYS] = 2000 uM

0.007 4

0.008

0.005
°
@
£ 0004
=
3

-
2 0.003 - Rsq=0.91
H Kour =0.003 £0.001 °
? 6
> 0.002 Ku=(35£10)x10°M
Kaad K = 80 £40 8N
0.001
0.000 : . . -
0 50 100 150 200

N,N,N-trimethyl histidine (uM)

S8e: Sulfoxide Formation - CthEgtByosr, [CYS] = 500 uM

0.10]
0.09 ]
0.08 ]
_ 0.07]
]
» 0.06] R-sq=0.98
z o0 K= 0.049.20.002 5"
z ’ K= (90 £ 15) x 10° M
3 0.04 Kead K = 550 £ 100 s™*M"
]
> 0,03
0.02-]
0.01]
0.00 T T T T T
0 200 400 600 800 1000
L-Cysteine (uM)

Chapter 2 - Supplementary Information

0.30
025 |
. 020
o
@
8
Z 15 Resq =097
2
> keat=0.22%0.015"
8 Ku=(26%3)x10°M
< 0.10]
S KeadKin = 8600 £ 1200 5M"!
0.05 -]
0.00 T T T T
° 100 200 300 400

L-cysteine (uM)

S8b: Sulfoxide Formation - CthEgtBwr, [TMH] = 200 uM

0.30
0.25 -] +
. 020
[}
Q
EUI
3 045
Rsq=0.90
z q
g Ko™ 0.16 £ 0.02 8
I} o010 K= (120 £ 30) x 10° M
Kead Ku ™ 1400 £ 500 8™*M"
0.05 -
0.00 T T T T T T
] 200 400 600 800 1000 1200

L-cystelne (uM)

S8d: Cysteine Consumption - CthEgtByosr, [TMH] = 500
UM
0.07 4

0.08 4

0.05 4

L
J

e
H
1

Velocity (uM/sec)
g

R-sqm= 0.94

Keat ™ 0,021 1 0.003 &
0.02

Kum(34112)x10°M

600 + 200 s”'*M™
0.01 Kentlu = ¢
0.00 T T T T T
(] 200 400 600 800 1000
L-Cysteine (uM)

S8f: Cysteine Consumption - CthEgtByoesr, [TMH] = 500
uM

S8g: Cysteine Consumption - CthEgtB vosr yoar, [TMH] = 500 uM

67



An Alternative Active Site Architecture for O, Activation

Characterization of reaction products by TH NMR

CthEgtB containing reaction mixtures were analyzed by 1H NMR to identify the formed products. The
reactions contained 100 mM phosphate buffer - pH 8.0, 100 mM NaCl, 2 mM ascorbate, 2 mM TCEP, 4 uM
FeSO4, 1 MM TMH, 0.5 mM L-cysteine and 1 uM of CthEgtB variant tso a final volume of 2 ml. These solutions
were incubated overnight at room temperature. After lyophilization the residue was dissolved in D20. 'H
NMR (500 MHz, D,O) was measured with 128 scans and analyzed by MestReNova software. Substrates and
products were identified based on a— and B—protons of the cysteine moiety and the aromatic protons of

TMH.
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Figure S9. Sulfoxide synthase substrates and products. C-H functions used for identification by 1H NMR (see Figures
S10&S11) are labeled in red.
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Figure S10. Aromatic region of the CthEgtB variants catalyzed reactions in excess of TMH.
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Figure S11. B-protons of the sulfinic acid in CthEgtB variants catalyzed reactions in excess of TMH.

Solvent KIE

Solvent KIE were determined in reactions containing 100 mM HEPES, pH 8.0 or 7.6 (final pD = 8.0), 100 mM
NaCl,2 mM TCEP, 4 equiv. (to enzyme) FeSO., and 2 mM ascorbate.s Premixtures were lyophilized and then
dissolved in H,O or D,O. For CthEgtBy: the solvent KIE was determined by full Michaelis-Menten analysis.
The concentration of TMH was 500 puM, the cysteine concentration was varied between 12-400uM. The
reactions were initiated by addition of 1.3 uM CthEgtB.: and incubated at 26°C. The rate of sulfoxide
production was determined as described above. The solvent KIE of CthEgtByesr and CthEgtByoear was
determined in reactions containing 1 mM TMH and 1.2 mM cysteine. Reactions were initiated by addition of
14 uM CthEgtByesr or 10 uM CthEgtByear and incubated at 26°C. The rate of sulfoxide production was

determined as described above.
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Figure S12: Solvent kinetic isotope effects (KSIE) of CthEgtB.WT (left), CthEgtBY93F (middle), and CthEgtBY 94 (right)
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Sequence Alignments & Phylogenetic Trees

All sequences alignments were done using MUSCLE.™* Phylogenetic trees were built using phylogeny.fr1>>
and redrawn inindesign. Sequences of other characterised EgtBs and that of T. Elongatus. Grey text indicates

the methyl transfer domains of the fungal EgtBs.

— sequence of EgtB from Mycolicibacterium thermoresistibile (G7CFI3)

MTGVAVPHRAELARQLIDARNRTLRLVDFDDAELRRQYDPLMSPLVWDLAHIGQOQEELWLLRGGDPRRPGLLEPA
VEQLYDAFVHPRASRVHLPLLSPAQARRFCATVRSAVLDALDRLPEDADTFAFGMVVSHEHQHDETMLQALNLRS
GEPLLGSGTALPPGRPGVAGTSVLVPGGPFVLGVDLADEPYALDNERPAHVVDVPAFRIGRVPVTNAEWRAFIDD
GGYRQRRWWSDAGWAYRCEAGLTAPQFWNPDGTRTRFGHVEDIPPDEPVOHVTYFEAEAYAAWAGARLPTEIEWE
KACAWDPATGRRRRYPWGDAAPTAALANLGGDALRPAPVGAYPAGASACGAEQMLGDVWEWTSSPLRPWPGETPM
IYORYSQPFFEGAGSGDYRVLRGGSWAVAADILRPSFRNWDHPIRROQIFAGVRLAWDVDRQTARPGPVGGC

— sequence of EgtB from Thermosynechococcus elongatus (WP _011057240)

MNQKFTPSETSTSWKPEFDREALWQAFQQQOROQFTLOLVAPLSEVILCAQPHPLYSPVGWHLGHIGYTEAFWLLPED
AAFRERDRYWYAADGRPKVERQHLPPRHQLLEYLAETRQRTGDRLHGLSDROWQQEARLWWWILOHEAQHSETMQ
MVLAMQGIFTTLPPSLSLPODHQRIPAGRYAIGSEDLLALDNEQPSQCVDTLPFRIDAAPVTIWREFLAFVEAGGY
ORREWWSSSGWEWREAEEITSPFYPIPENLDLPMWGLSEFYEAEAYGHSQGKRLPSEREWEIAAQQGLLNRGYVWE
WTQSPFAPYPGFQOSYPYRGYSAPYFDGEHFVLKGGSHWTRPLLKRPSFRNWYSRSTREVFAGARYVHQENLISQ

— sequence of EgtB from Microcystis aeruginosa (WP_0081975109)

MEKIQAQAPISLNNCSRENILDYFDNAWQLEELLLKSIIKEETFYCNPDDLRNPLIFYLGHAAAFYLNKLQLVNL
LKKSPNPDYELLFGVGVDPATPEELNSATAQIQWPGVAKVWEYRQQVYEIVVEIIKNIPLNLPIHPQHSTLWALMM
GIEHQRVHFETSSMLLRQLPLDCLQRPPGWHYAPAFGQAYPNOMVEVSGGMVEIGKPONYPIYGWDNEYGYRQVQ
VNNFLVSKYMITNGEFKEFVHDGGYENPCYWDEEAWOWKNHYQVKYPKFWLVDEGGNYQYRAMEFDVEDLPLDWPV
EVNYYEATAYCRFQGQGIRLMTEAEWNLVSYGSQKNRCYTLENDNFDDYNLNLKEFCSPTPVGMLKNAGNNSEIYD
LRGNVWEWLEDDEFNPLTDFQPHYLYADNSTPFENSQHKMMLGGAWVTNGTEILPYYRNWFRRNEFYQHAGEFRIAQS
L

— sequence of EgtB from Neurospora crassa (Q7RX33.3)

MPSAESMTPSSALGQLKATGQHVLSKLOQQTSNADIIDIRRVAVEINLKTEITSMFRPKDGPRQLPTLLLYNERG
LOLFERITYLEEYYLTNDEIKILTKHATEMASFIPSGAMIIELGSGNLRKVNLLLEALDNAGKAIDYYALDLSRE
ELERTLAQVPSYKHVKCHGLLGTYDDGRDWLKAPENINKQKCILHLGSSIGNFNRSDAATFLKGFTDVLGPNDKM
LIGVDACNDPARVYHAYNDKVGITHEFILNGLRNANEIIGETAFIEGDWRVIGEYVYDEEGGRHQAFYAPTRDTM
VMGELIRSHDRIQIEQSLKYSKEESERLWSTAGLEQVSEWTYGNEYGLHLLAKSRMSEFSLIPSVYARSALPTLDD
WEALWATWDVVTROMLPOEELLEKPIKLRNACIFYLGHIPTFLDIQLTKTTKQAPSEPAHFCKIFERGIDPDVDN
PELCHAHSEIPDEWPPVEEILTYQETVRSRLRGLYAHGIANIPRNVGRAIWVGFEHELMHIETLLYMMLQSDKTL
IPTHIPRPDFDKLARKAESERVPNQWFKIPAQEITIGLDDPEDGSDINKHYGWDNEKPPRRVQVAAFQAQGRPIT
NEEYAQYLLEKNIDKLPASWARLDNENISNGTTNSVSGHHSNRTSKQQLPSSFLEKTAVRTVYGLVPLKHALDWP
VFASYDELAGCAAYMGGRIPTFEETRSIYAYADALKKKKEAERQLGRTVPAVNAHLTNNGVEITPPSSPSSETPA
ESSSPSDSNTTLITTEDLESDLDGANVGFHNWHPMPITSKGNTLVGQGELGGVWEWTSSVLRKWEGFEPMELYPG
YTADFFDEKHNIVLGGSWATHPRIAGRKSEFVNWYQRNYPYAWVGARVVRDL

— sequence of EgtB from Schizosaccharomyces pombe (094632.4)

MTEIENIGALEVLFSPESIEQSLKRCQLPSTLLYDEKGLRLFDEITNLKEYYLYESELDILKKFSDSIANQLLSP
DLPNTVIELGCGNMRKTKLLLDAFEKKGCDVHFYALDLNEAELQKGLOQELRQTTNYQHVKVSGICGCFERLLQCL
DRFRSEPNSRISMLYLGASIGNFDRKSAASFLRSFASRLNIHDNLLISEFDHRNKAELVQLAYDDPYRITEKFEKN
ILASVNAVFGENLFDENDWEYKSVYDEDLGVHRAYLQAKNEVTVIKGPMFFQFKPSHLILIEESWKNSDQECRQI
IEKGDFKLVSKYESTIADYSTYVITKQFPAMLOLPLOPCPSLAEWDALRKVWLEITNKLLNKDNMYTAWIPLRHP
PIFYIGHVPVENDIYLTKIVKNKATANKKHEFWEWFQRGIDPDIEDPSKCHWHSEVPESWPSPDQLREYEKESWEY
HIVKLCKAMDELSTSEKRILWLCYEHVAMHVETTLYIYVQSFONANQTVSICGSLPEPAEKLTKAPLWVNVPETE
IAVGMPLTTQYTSVGSNLOSSDLSAHENTDELFYFAWDNEKPMRKKLVSSEFSIANRPISNGEYLDEFINKKSKTER
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VYPKOWAEIDGTLYIRTMYGLLPLDDYLGWPVMTSYDDLNNYASSQGCRLPTEDELNCEFYDRVLERTDEPYVSTE
GKATGFQOLHPLALSDNSSNQIFTGAWEWTSTVLEKHEDFEPEELYPDYTRDFFDGKHNVVLGGSFATATRISNR
RSFRNEFYQAGYKYAWIGARLVKN

— sequence of EgtB from Aspergillus fumigatus (OXN26701)

MSPLPCPSKKVEIVDIHRNDVKEFSLVNE IRKGLNPPEGTPRSLPTMLLYDAQGLKLFEEITYVDEYYLTNAEIEV
LONHSKKIVERVPENAQLLELGSGNLRKIKILLOEFERTGKHVDYYALDLSLSELQRTFVEVSSDEYSHVDLHGL
HGTYDDALAWLSNPONLORPTVVMSMGSSIGNEFSREGAAEFLAQFARLLKPSDLMIIGLDACTDPDKVYKAYNDS
KGITQRFYENGLLHANAVLGYEAFQLSEWEVVTDYDVAGGRHRAFYSPKONVTIDGVLLOKGEKLVFEEATKYSP
OQOREQLWRDANLVLCEELGNSSEEYHIHLLSPPTLSLPSQPSEYAANPVPSFKEFQSLWTAWDTVTKAMVPREEL
LAKPIKLRNALIFYFGHIPTFTDIHLTRALGGSPTEPRNYRQIFERGIDPDVDNPEHCHSHSEIPDEWPPLAEIL
DYQODRVRSRVDSVLORDDITQONRCLGEALWIGFEHEAMHLETFLYMLLOSDKTLPPPLADRPDFEKLFHQARANA
KPNEWFAIPEQTLSIGFDDTDEQSLPDVSFGWDNEKPQRTITVRAFEAQAHAITNGEYAKYLOATRQRRRPESWV
LTHSDENYPISKGVTLESSQATKDFMDNFAVRTVEGPVPLEFAQDWPVMASYDELALYAEWVGCRLPTYEEVKSI
YNYSAQLKETRQHEPSDHESNGVKGINRDMVTNGHSKVHQDKPRTPERQPIQPPSQSTMPVEVDLHGCNVGEKHW
HPTPVIQONGDRLAGHGELGGVWEWTSTPLTPHDGFKAMDIYPGYTADFFDGKHNIVLGGSWATHPRIAGRTTEVN
WYQHNYPYTWAGARLVRSQ
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Native Crystallization

Initial crystallization conditions of CthEgtB were determined with the vapor diffusion method in asitting drop
96-well format. Drops were set up using a dispensing robot (Crystal Gryphon, Art Robbins) mixing 0.2 pL of
EgtB solution (6.5 mg mL-1) with 0.2 uL of reservoir solution equilibrated against 30 uL reservoir solution.
The screens were stored at 30 °C. Several initial hits were identified and optimized in 24-well plates using
sitting drop format. Crystallization conditions that led to the native structure contained 13 % PEG 3350,0.25
M MgAc, pH 6.5, mixedina 1 ul: 1 ul ratio CthEgtB at 6.5 mg mL-1, equilibrated against 50 uL. Plates were
incubated at 30°C with crystals appearing within a few days.

TMH crystallization

The TMH containing structure was obtained through co-crystalisation. Crystallization conditions of CthEgtB
with TMH were determined with the vapor diffusion method in a sitting drop 96-well format using
commercially available screens, PEG-ION HT and Morpheus HT. CthEgtB was mixed and incubated with
TMH (650 uM) for 30 minutes preceding crystallization. Drops were set up using a dispensing robot (Crystal
Gryphon, Art Robbins) mixing different ratios of EgtB-TMH solution (6.5mg mL ™) with reservoir solution (0.2
pL:0.1ul, 0.1 pL:0.2 uLk and 0.2 uL:0.2 uL) and were equilibrated against 30 uL reservoir solution. The screens
were stored at 30 °C and crystals appeared within several days. Several initial hits were identified, flash
cooled in liquid nitrogen and taken a synchrotron for data collection. A crystal from C2 of Morpheus (09 M
NPS (0.3M Sodium nitrate, 0.3 Sodium phosphate dibasic, 0.3M Ammonium sulfate), 0.1 Buffer system 1 (0.1
M Buffer system 1 Imidazole; MES monohydrate (acid)), pH 6.5, 50 % precipitant mix 2 (40% v/v Ethylene
glycol; 20 % w/v PEG 8000) mixed in a 2:1 ratio of protein to reservoir solution diffracted well.
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Data collection, data processing, structure solution and refinement

Data of native crystals were collected at the Xo6SA (PXI) beamline using a Pilatus 6M detector, while data for
the TMH co-crystalised crystal was collected at beamline Xo6DA (PXIII) using a Pilatus 2M-F detector, both
at the Swiss Light Source (SLS), Villigen, Switzerland. The collected diffraction data were indexed and
integrated using MOSFLM™¢ or XDS'” and were scaled using aimless™8. The native structure was solved by
molecular replacement using a homology model built from the published native structure of MthEgtB (PDB:
4X8E) as a search model using PHENIX-Phaser.’*? The TMH structure was solved by molecular replacement
using the native structure. The initial model of native MthEgtB was built using AUTOBUILD of the PHENIX
package.’® Several rounds of iterative model building and refinement were performed using Coot®? and
Refmac®®? or PHENIX¢, 5% of the data were excluded from refinement and used for cross-validation. Data
collections and refinement statistics are summarized in Table 2 and Table 3, respectively. Stereochemical
validation of the final models were performed using MolProbity.?* Interfaces of proteins were analyzed by

PISA™> and Figures were prepared PyMOL Molecular Graphics System, Version 1.7 (Schrodinger).
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Table S2: Data Collection Statistics

CthEgtB Native Structure
PDB: 6QKI

CthEgtB TMH Structure
PDB: 6QKJ

X-ray Source

X-Ray detector

Wavelength (A")

Space group

Cell dimensions a, b, ¢ (A%)
Cell Angles a, B,y (%)

Solvent content (%)
Molecules in asymmetric unit
Resolution limits (A%)

Rmerge!

+

Rineas
CC%

<1/o(l)>

Total reflections
Unique reflections
Completeness
Multiplicity
Mosaicity

SLS XO6SA (PXI)
Pilatus 6M
1.0332

P1211
85.0127.5895
9011390

46

4

29.98 -2.04(2.12 -2.04)
0.128 (0.574
0.069 (0.408)
0.993(0.521)
7.7(2.3)
714035 (90207)
109407 (15540)
98.8 (96.4)
6.5(5.8)

0.63

SLS X06DA (PXIII)
Pilatus 2M

1.0332

c2221
108.1201.3 108.3
9090 90

59

2

29.68 -2.2(2.29 -2.20)
0.268 (2.006)
0.279(2.099)
0.995(0.569)
11.2(1.5)

783779 (68532)
60188 (5960)
99.92(99.87)
13.0(11.5)

0.77

T Rmerge = Y hklIYi [lithkl)—hl(hkDi] / > hkIY i li(hkl), where li(hkl) is the observed intensity for a reflection and hi(hkl)i is the average

intensity obtained from multiple observations of symmetry-related reflections.

1 Rmeas = Y hkl [N/(N-1)]1/2 Yi |li(hkl)—hI(hkl)i| /> hkI> i li(hkl), where li(hkl) is the observed intensity for a reflection, hi(hkl)iis the
average intensity obtained from multiple observations of symmetry-related reflections and N is the number of observations of

intensity I(hkl).
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CthEgtB Native Structure CthEgtB TMH Structure
PDB: 6QKI PDB: 6QKJ
Resolution limits (A) 29.98 -2.044(2.117 - 2.044) 29.68 -2.2(2.279 -2.2)
Rwork * (%) 20.6 (35.5) 19.4(31.5)
Rfree **(%) 24.9(35.9) 23.8(32.6)
Number of non-H atoms 12935 6992
macromolecules 12710 6671
ligands 4 46
solvent 221 275
Protein residues 1572 824
Clashscore *** 2.34 1.76
R.m.s.d from ideal
Bond lengths (A") 0.019 0.015
Bond angles (u) 217 1.86
Ramachandran favored *** (%) 96.36 97.18
Ramachandran outliers *** (%) 0.71 0.49
Average B values (A" 2) 37.27 35.74
macromolecules 37.42 35.95
ligands 26.92 32.96
solvent 29.14 30.93

Numbers in parentheses refer to the outer shell.

* Rwork = 3 hkl|| Fobs|—|Fcalc|| / > hkl|Fobs|

** Rfree is the R value calculated for 5% of the data set that was not included in the refinement.

*** Molprobity.
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3. The Role of Oligomerisation and Loop Folding in a type Il
EgtB

Homo-oligomerization is well established to confer global stability or to install functional complexity in
proteins. We provide an example of a type Il EgtB in which tetramerization not only provides global stability
but also stabilises a specific conformation of two flexible active site loops. In contrast, other EgtB types are
monomeric and adopt a rigid scaffold lacking any flexible loops. Through mutational analysis we dissect the
roles of important loop residues, which reveals that tetramerization was an essential strategy to stabilize
active enzyme form and to optimize enzymatic performance. This may have been a means of enabling rapid

evolution and diversification, and may provide valuable lessons for enzyme engineering.
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Introduction

Protein oligomerization is widespread in nature.*¢1%? Over 60 % of structures inthe protein data bank (PDB)
are shown to self-associate to dimers or higher order oligomers. Homo-oligomerization is generally accepted
as a fundamental strategy to improve stability and introduce functional complexity.’¢17 In simple
thermodynamic terms, stabilization by oligomerization can be understood as an increase in enthalpic
stabilization that progressively outcompetes the effect of the entropic gains associated with unfolding. 147
Kinetic factors may also contribute to stabilization, in that reduction of the surface/volume ratio reduces the
number of labile sites at which a given structure can start to unzip. 1¢7- 7911 Thus, oligomerization appears

as a fool-proof strategy to make robust proteins.

The classical example of protein function that emerges from oligomerization has been provided by the
description of the co-operative oxygen (O2) binding behavior of tetrameric hemoglobin. Binding of O, to a
hemoglobin monomer was shown to induce subtle conformational changes that in turn increase the affinity
for Oz inthe three monomers. The resulting non-linear O binding behavior is crucial for efficient delivery of

O, from the lungs to peripheral tissues.t’?

In our research on the biosynthesis of ergothioneine, we have encountered a type of sulfoxide synthase that
forms tetramers. The data discussed in this report suggests that oligomerization of these proteins does not
necessarily serve global stabilization and does not coordinate the activity of the symmetry-related active
sites. Rather, we argue that oligomerization serves specific stabilization of active site loops in their active
conformation. The comparison to monomeric homologs with similar function suggests that oligomerization
may have facilitated rapid - or, indeed sloppy - restructuring of the active site architecture. Oligomerization
as ameans to active site loop stabilization may provide novel incentive for enzyme engineers to also consider

oligomeric structures for enzyme development.

The protein of interest in the present study is EgtB from Chloracidobacterium thermophilum (CthEgtB), a type
Il sulfoxide synthase. This iron-dependent enzyme catalyzes oxidative coupling of N,N,N-a-trimethylhistidine
(2, TMH, Figure 1) with cysteine to produce sulfoxide 3, as the central step in the biosynthesis of
ergothioneine (1, EGT) (Fig. 1).3% 47 The crystal structure of CthEgtB, compounded by size-exclusion
chromatography data suggest that this protein forms a stable homo-tetramer. Conservation of specific
residues that are involved in inter-chain interactions, suggest that most type Il sulfoxide synthase adopt the
same quaternary structure.’’® By contrast, other types of bacterial sulfoxide synthases (type | EgtB from
Mycobacterium thermoresisitible, MthEgtB; type IV EgtB from M. aeruginosa)(Goncharenko2015, Liao2017)

are predominantly monomeric, suggesting that oligomerizationis not essential for sulfoxide synthase activity.

49,173

Type Il sulfoxide synthases also differ from type | sulfoxide synthases because of a highly flexible active site
structure. The binding site of the metal and the three substrates is covered by two active site loops. The

flexibility of these loops was first evidenced by the lack of electron density in most analyzed crystals,
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presumably due to structural disorder in this region. In the closed conformation one of the loops delivers two
vital catalytic residues (Tyr93 and Tyr94) to the active site. In contrast, crystal structures of MthEgtB showed

that type | sulfoxide synthases contain a rigid active site that remains invariant upon substrate binding.

e
O +
NHs S
N=\
M W HN—
o< EgtB s=0 «_NH
N o * WHo + O —om Nl T
>N NH N 0
| SH “
~ 3 1
’ 0

Figure 1. Reaction catalyzed by CthEgtB.

These observations raise the question as to how loop folding is integrated into the sequence of steps that
lead from the native enzyme to the reactive complex in which all substrates bound and all catalytic residues

in place. Furthermore, we discuss the question of how the quaternary structure modulates the

conformational preferences of these loops.
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Results

Alternative loop conformations in CthEgtB Crystal structures. In the published CthEgtB structures the
active site loops 1 (residues 92 - 98) and 2 (374 - 392) either adopt an “active” conformation (structure 2,
Fig. 2 B&C, PDB: 6QKJ, 606M, 605L) or remain unresolved due to structural disorder (structure 1, Fig 2. C,
PDB: 6QKiI).113:173

In the active conformation (structure 2), loop 1 adopts an extended conformation and points the side chain
of residues Ser92, Tyr93 and Tyr94 towards the metal binding site. As shown in previous work, Tyr?3 and 94
are important for catalytic activity. Therefore we termed this loop conformation as “active”. The extended
conformation s likely stabilized by three hydrogen bonds between the backbone of loop 1 and the side chains
of Glu384 and K388 on loop 2 (structure 2, Fig. 2B&D) These contacts suggest that the active conformation
of loop 1 is dependent on the proper positioning of loop 2. Most residues of loop 2 (residues 380 - 309) are
rolled up into three turns of a m-helix (310-helix). The side chain of Asn386 and the backbone carbonyl of
Tyr385 hydrogen bond to a crystallographic water (H,O_690, 6gKJ) which in turn hydrogen bonds with the
imidazole ring of the substrate TMH. The aromatic side chain of Tyr385 packs against the bottom face of the
imidazole ring of TMH. Furthermore, the side chain of Asn392 and the backbone of Lys388 form hydrogen
bonds to a loop segment from a neighboring monomer (residues 255 - 261). These numerous polar contacts

may be stabilizing the helical structure of loop 2.

Among the many crystals of CthEgtB grown under slightly different conditions, we identified two crystals in
which the active site loops of CthEgtB adopt unique alternative conformations. Data collection and

refinement statistics for these new data sets are summarized in Supplementary Tables 1 and 2.

Structure 3 was obtained by soaking of native crystals with TMH. The crystal belongs to space group P21
with four monomers in the asymmetric unit. This CthEgtB/Fe/TMH complex structure was solved to 2.8 A by
molecular replacement with the native CthEgtB structure (PDB: 6QKI) as a search model. The electron
density revealed a continuous polypeptide chain from residues 17 to 434 with the exception of segments 93—
98 (loop 1), 182-193,and 379-381 (part of loop 2). The visible part of loop 2 shows that the n-helix has given
way to an extended conformation that pushes residues 381-384 closer into the active site (Fig. 2E)
(Supplementary Figure 2). Glu384 is possibly directly coordinated to the metal center. Superposition of
structures 2 and 3 visualizes that loop 1 in structure 2 occupies the same space as loop 2 in structure 3.
Hence, the shapes of the two loops seem interdependent because they limit each others conformational
freedom (Supplementary Figure 3). The TMH ligand could be unambiguously modeled into the (Fo - Fc)
difference density map as a ligand of the metal center. (Supplementary Figure 1) The side chain of Tyr385
still stacks with the imidazole ring of TMH, but the hydrogen bond interactions to Asn386 and the backbone
carbonyl of Tyr385 are lost.

Structure 4 was observed in a crystal of the CthEgtB/Fe/TMH complex that was obtained through co-

crystallization. The crystal diffracted to a resolution of 2.4 A and belonged to space group C2 with four
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monomers in the asymmetric unit. The electron density revealed a continuous polypeptide chain with the
exception of the interdomain segment 182-192. The (2Fo - Fc) electron density map revealed weak density
for the C-a. backbone of active site loop 1, for which side chain conformations could not be resolved
(Supplementary Figure 4). The side chains were initially included for modelling, to ensure that the modelled
conformation could fit each side chain. However, these were removed in the final stages of refinement. TMH
could be modeled into the (Fo - Fc) difference density map (Supplementary Figure 1). Loop 2 occupies the
same conformation and makes the same interactions with TMH and the neighboring monomer as described
for structure 2 (Figure 2F). The C-a backbone conformation of loop 1 is restricted by the available electron
density, while side chain conformations remain uncertain. However, the position of the backbone suggests

that catalytic residues Tyr23 and Tyr94 are pulled out of the active site.

The structural behavior of loop 1 and 2 in the four structures provides important information about the
mechanism of substrate binding. Structure 1 (Native CthEgtB) features an active site that appears wide open,
because the loops are not resolved. This raised the question as to whether loop unfolding opens a channel
through which the substrates access the active site. Inspection of structures 3 and 4 show that the alternative
conformations of loop 1 and 2 do not open any new channel. Alternatively, a large tunnel that accesses the
active site of CthEgtB from the water filled core of the tetramer is a more likely entrance for TMH and
cysteine. This tunnel remains open and invariant in all four structures. The same tunnel occurs in type |

sulfoxide synthases which do not contain any flexible loops near the active site. 4

CthEgtB forms a stable homotetramer with the shape of a donut, with D2 symmetry. The first interface is
formed between ends of the N-terminal a-helix bundle (DinB-2-like domain). The second interface is located
between the C-terminal domain (FGE-like domain Figure 3). Because the two flexible loops are located close
tothe the second interface, their conformation could impact the shape to the tetramer. However, comparison
of all four structures showed that the relative orientations of monomeric units do not change. Hence, we have
no structural evidence that binding of TMH and/or folding of the loops would induce conformational changes

across the tetramer.
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A Structures 1-4
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Figure 2. A. Superposition of the four CthEgtB structures, each with a distinct loop conformation, shown as cartoons. Loop
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Regions are colored by structure B. Conformation of active site loops in the CthEgtB.WT/Fe/TMH closed loop structure.
Important residues and interactions are shown as sticks and dashes respectively. C. Loop conformation in the native
structure with disordered loops (PDB: 6QKI, green). D. Loop conformations in the TMH containing, closed structure with
ordered loops closing over the active site, loop 1 in purple, loop 2 in orange (PDB: 6QKJ).). E. Loop conformations in the
partially open loop 2 structure in blue. F. Loop conformations in the open loop 1 structure in red. G. Sequence logo for

active site loops 1 and 2 (N = 100). An asterisk indicates an important and conserved residue.
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C-terminal Interface

N-terminal L
interface —» 5%

Figure 3. Cartoon and surface representation of the CthEgtB closed loop tetrameric (PDB: 6QKJ). Each monomerisina

different color, while active site loop 1 is in magenta and loop 2 in orange, making up part of the C-terminal interface.

Identification of Gly98 as a hinge region. A sequence alignment of sulfoxide synthases type | - V show
that active site loop 1 in type Il corresponds to a six-residue insertion that is not present in the other types.
73 Four of these inserted residues (Ser92, Tyr93, Tyr94 and Gly98) are strictly conserved. Gly98, is the last
residue in the disordered loop 1 in structures 1 and 3, indicating this residue may function as a hinge
connecting the flexible loop with the rigid body of the protein.’’4'”7 Indeed, Gly98 adopts different
conformations in structure 2 (¢ = 155 °, y = - 164 °) and structure 4 (¢ = 65 °, y = 23 °). Both of these
conformations are unfavorable for other residues due to steric side chain-to-backbone interactions.'’® To
test the idea that Gly98 is conserved because this residue stabilizes the active conformation of loop 1 we
examined the effect on activity of a Gly to Ala mutation at this position. Structural modelling suggest that the
additional methy!l group does not cause steric clashes with other parts of the protein so that the observed

effects can be attributed to conformational effects.

Impact of the Gly98 mutation on catalytic activity. To this end we produced recombinant CthEgtBgosa and
examined its activity using an established set of assays.*” 173 Briefly, time-dependent sulfoxide production
was monitored by HPLC. Maximal rates were measured (keat) in the presence of a constant and saturating
concentration of TMH and cysteine. The affinity of TMH (Kp1mn) for the enzyme was examined by isothermal
calorimetry titration (ITC). In addition to the sulfoxide, CthEgtB is known to also produce cysteine dioxide as
a minor side product.’’® The ratio between sulfoxide and cysteine dioxide was determined by NMR analysis

of exhausted reactions that started with an excess of TMH.

As the only significant effect of the Gly98 to Ala mutation we observed that CthEgtBgesa - unlike wild type -
is not fully active at the start of the reaction. After a lag-phase of about 30 minutes the productivity of the
variant is indistinguishable from that of the wild type (Table 1). The lag-phase indicates that an inactive form
of CthEgtBaesa converts to an active form in a unimolecular process with the rate of 4.2x 10® £+ 6.0x 10° s
1. Similar rates were measured at 1 or 3mM TMH, suggesting that the rate limiting step in activation does not

involve substrate binding.
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Binding of TMH was examined by ITC using Mn" reconstituted CthEgtB variants. The enzymes were
reconstituted with Mn'" instead of Fe' to avoid unwanted heat producing redox reactions during the titration
experiment. However, comparable ITC measurements show that Mn' or Fe!" containing CthEgtB bind TMH
with a Kp of 40 uM or 10 uM respectively, suggesting that Mn'" is a reliable substitute for Fe'. More
importantly, we found that Mn' containing CthEgtBgesa also binds TMH with a Kp of 40 uM. The same Mn'! -
containing proteins were used to assess their thermal stability by Differential Scanning Fluorimetry (DSF)
(Supplementary Figure 5). Again, both proteins behaved indistinguishably (Table 1). The melting point of
enzymes increased by 10°C by the addition of 10 mM TMH, indicating that substrate binding does contribute
significantly to the stability of the entire protein.

In conclusion, the GZ8A mutant proved remarkably inconspicuous. The only observed effect of this mutation
is the introduction of a lag-phase preceding steady-state sulfoxide production. Apparently, the variant
enzyme is resting in an inactive form. Conversion to the active form occurs as a unimolecular process that is

slow with respect to catalytic turnover.

Table 1. Measured kinetic and thermodynamic parameters for CthEgtB.WT and various mutants.

Melting Melting %
kcat (uM s1) * kcat (uM s1) * % Sulfoxide : Kp - TMH (uM) Kp - TMH (uM)
. . Temp. (°C) Temp. (°C) + tetramer
[TMH]=1mM [TMH] =3 mM Sulfinic Acid EgtBeFe EgtBeMn
Native 10 mM TMH @20puM
CthEgtBwr 0.05 £0.01 - 80:20+ 10 98+0.2 37+1 71.3+£0.1 79.8+0.1 100
CthEgtBaosa 0.08+0.01 0.06 £0.01 80:20+ 10 - 38+3 688+0.1 79.1+£0.1 99
CthEgtBcr 0.09 £0.01 0.10 £0.01 70:30+ 10 - 67+4 51.9+0.1 57.8+0.1 74
CthEgtBcr/gosn 0.07 £0.01 0.06 £0.01 80:20+ 10 - > 500 50.7+0.1 56.6+0.1 42
CthEgtBcr/aosv 0.04 £0.01 0.05 +£0.01 70:30+ 10 - > 500 50.2+0.1 56.4+0.1 29

*0.5 uM enzyme was used.

Global elimination of cysteine destabilizes the tetramer. Since the two active site loops are close to one
of the monomer-monomer interfaces (Figure 3), we explored the possibility that the behavior of these loops
may be connected to the quaternary structure. Indeed, the Gly98 to Ala mutation proved much more
informative when inserted into a CthEgtB variant with reduced stability of the quaternary structure. In the
context of an unrelated experiment, we constructed a variant of CthEgtB in which all cysteine residues were
mutated to residues (Ala, Phe or Ser) that occupy these positions in closely related homologs
(CthEgtBcazasc2s1r/caoss/caons/caoia = CthEgtBer). None of these cysteine residues are conserved or participate
in the active site of CthEgtBcr (Supplementary Figure 6). Hence, we were not surprised to find this variant as
active as wild type and to produce sulfoxide and cysteine dioxide in a similar ratio (Table 1). Also, the affinity

for TMH was reduced only two-fold.

On the other hand, the activity of CthEgtBcr is characterized by the same lag-phase as observed with
CthEgtBgosa (Figure 4), and the melting point of CthEgtBcr is lowered by 22 °C (Table 1). Examination of the
quaternary structure of the CthEgtB variants by analytical gel filtration indicated that this loss of thermal
stability may, to alarge part, arise from destabilization of the quaternary structure (Supplementary Figure 7).
CthEgtB and CthEgtBgesa elute from the size exclusion column in a single peak with a retention time

consistent with a tetrameric structure. The oligomerization state remained invariant at concentrations
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ranging from 2 pM to 100 uM, or in the presence of 20 % MeOH (Supplementary Figure 8). CthEgtB.CF on
the other hand, behaved predominantly as a tetramer (90 %) when injected at high concentration (100 uM),
but 50 % of the protein eluted as a monomer at low concentration (2 pM). Notably, the tetrameric and the
monomeric peaks are well resolved and their elution time was not dependent on concentration, indicating

that interconversion of the two species is slow compared to the time scale of the experiment.
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Figure 4. Sulfoxide production as a function of time, catalyzed by CthEgtB.WT and CthEgtB.CF. A lag phase is observed
in the reaction with CthEgtB.CF.

In short, CthEgtBcr provides a fully active enzyme with weakened quaternary structure and an inactive
resting state that is slow to activate. Introduction of the Gly98 to Ala mutation into this protein resulted in a
variant (CthEgtBcrgosa) that is fully active at high substrate concentration and after a lag-phase, and
produces the same product ratio as wild type (Table 1). However, the mutation affected substrate binding
and the quaternary structure. We were unable to detect binding by ITC, indicating that the affinity for TMH
is decreased by at least ten-fold. The Gly98 to Ala mutation did not reduce thermal stability significantly as
inferred by DSF, but analytical gel filtration revealed that CthEgtBcr/cosa elutes predominantly as a monomer
at low concentrations (Figure SX). These effects are even more pronounced when Gly98 was replaced with
Val (CthEgtBcr/oosv). At low concentrations this protein elutes almost completely as a monomer
(Supplementary Figure 14). Upon closer inspection of the chromatograms for CthEgtBcrcosa and
CthEgtBcr/cesy one can spot an additional peak consistent with a dimeric species. Possibly, the mutation on
loop 1 is specifically destabilizing on interface 2 leading to disassembly into dimers instead into monomers
(Figure 5 D&E). It is remarkable that CthEgtBcr/cosa and CthEgtBer/cosy are still almost as active as wild type
in the presence of saturating concentrations of substrates (Table 1). These results raise the question as to

whether the quaternary structure is at all necessary for catalysis.

To address this question we examined the oligomeric state of CthEgtBcr/cosa and CthEgtBcr before and after
preincubation with 10 mM N,N-Dimethyl-L-histidine (DMH), and with 10 mM DMH in the elution buffer.
DMH is synthetically more accessible than TMH but is recognized by EgtB with similar efficiencies.’’® The
presence of DMH shifted the equilibrium towards the tetrameric form for CthEgtBcr/gosa (25 % to 80 % at
20 uM) and for CthEgtBcr (65 % to 90 % at 20 uM) (Supplementary Figure 7). Similarly, the presence of 10
mM TMH increased the melting temperatures of both variants by 6 °C (Table 1). These results suggest that
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under the conditions used to assess catalytic activity, all CthEgtB is tetrameric. We have no evidence that the

activity of the CthEgtB variants is dominated by the monomeric form.
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Discussion

Our key objective is to understand the catalytic mechanism of O, activating enzymes. Sulfoxide synthases are
a unique class of enzymes that are distinguished from other non-heme enzyme by their structure and
reactivity. Furthermore the availability of different EgtB types enables us to compare different solutions to
the same problem. CthEgtB is distinct from other EgtB types due to its homo-tetramerization and
containment of two dynamic active site loops, which appear to fold in a substrate dependent manner. Herein
we disentangle the role of Gly98in loop folding and quaternary structure and discuss a possible evolutionary

trajectory to the type Il EgtBs.

Approach to mutant characterization. Through a combination of kinetic and thermodynamic measurements
we are able to dissect a mutant phenotype to determine if a mutation manifests itself in (1) the formation of
the reactive complex, influencing the quaternary structure and or substrate Kp. Alternatively, a mutation
could (2) interfere with the reactivity of the reactive complex, which would be demonstrated by perturbation
in catalytic activity and/or product distribution. We assess quaternary structure through size-exclusion
chromatography (SEC), while measurement of the Kp for TMH by Isothermal titration calorimetry (ITC)
provides a measure of substrate affinity that is independent of catalysis, thereby representing the substrate
binding events that precede formation of the reactive complex. In contrast, if catalysis or the geometry of the
reactive complex is perturbed, Viax and product distribution will be altered respectively. As the substrates
bind with an ordered binding mechanism and we hypothesized that the G98A mutation may affect substrate
binding, we assessed activity through measurement of Vimax by following the production of the sulfoxide
product in a reaction mixture containing FeSQO4, ascorbate and TCEP under aerobic conditions, following
published procedures.®®: 41 49-50. 120 By, 14 NMR we can determine the ratio of sulfoxide to sulfinic acid
production. Sulfinic acid is a common side reaction for many of the sulfoxide synthases, and becomes the
dominant activity upon perturbation of the active site geometry.”® 7172 111173 Even minimal perturbations
favor the less complex dioxygen pathway.''* 177 As the two competing pathways share a common
intermediate that follows formation of the reactive complex, product distributionis a valuable measure of the
perturbation of active site geometry of the reactive complex.>® Finally, thermal stability is assessed by
differential scanning fluorimetry (DSF), a thermal shift assay which measures the intrinsic tryptophan

fluorescence that changes upon protein denaturation. 180181

Catalysis is unperturbed. In contrast, the mutation of Gly98 presented no phenotype. However, in the
context of the destabilized cysteine-free system, the G98A & V mutants destabilized the closed loop
conformation, as indicated by impaired TMH binding. Quaternary structure is also further destabilized
compared to the CF variant, how primarily through the disruption of just one interface, most likely the C-
terminal interface. This mutant phenotype indicates that steps in the formation of the reactive complex are
perturbed. Despite this destabilization, catalysis proceeds as normal in the presence of saturating substrates,
with the exception of the lag phase. This lag phase is also consistent with changes in how the reactive species
is formed. The reactive species that does form, has the same geometry and features of the WT active site, as

indicated by the identical production distribution.
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TMH binding induces concerted loop folding. In the destabilized system, CF G98A &V mutants, formation
of the reactive complex becomes limited by loop folding. The effect of this mutation is curious, as TMH is
bound and packed by active site loop 2, while Gly98 sits on active site loop 1, and is at its closest 16 A away
from TMH. This provides evidence for concerted loop closing, which is coupled to TMH binding. The closed,
catalytically relevant conformation of active site loop 2 is stabilized by the closing of active site loop 1 through
enthalpic contributions, via hydrogen bonding interactions of Lys388 and Glu384, and entropic
contributions, as the closed loop 1 conformation reduces the degrees of freedom available for loop 2.
Thereby, through mutation of Gly98, the closed loop conformation of loop 1 is destabilized, which
consequently destabilizes active site loop 2, which forms part of the TMH pocket. The partially open loop 2
structure has TMH bound, yet active site loop 2 is not in a closed conformation, likely while active site loop 1
is not closed and therefore does not stabilize the catalytically relevant conformation. It is likely that the WT
tetramer is so stable that it militates the effect of the single mutant in CthEgtB.G98A, providing evidence that

the quaternary structure stabilizes the enzyme:substrate complex.

TMH binding stabilizes the CthEgtB tetramer. In addition to stabilizing a specific active site loop
conformation, tetramerization also appears to provide global stability, as the CthEgtB variant has a much
lower thermal stability (A = 22 °C). Despite this high stability, DSF measurements indicated that the tetramer
is further stabilized by the binding of TMH alone (9 °C increase in melting temperature). Incubation of all the
mutants with 10 mM TMH provided stabilization by approximately 6 °C. Incubation of CthEgtB.CF and
CthEgtB.CF.G98A with TMH analogue, DMH, was found to dramatically shift the oligomeric equilibrium
observed by SEC to populate primarily the tetrameric form. These results further indicate a link between
TMH binding, the active site loops and oligomeric structure. However consequently, we cannot determine if
the monomeric species is active or not. The enhanced stability upon TMH binding provides further evidence
that either one or both close upon TMH binding. This enhancement is also observed for the WT and CF
CthEgtB constructs, indicating that the loops are dynamically moving between open and closed
conformations, advocating for a breathing motion of the tetramer. The two new crystal structures provide
two snap shots of both loops in open forms, showing that a dynamic range of conformations can be taken up
by these two loops. This provides an example in which evolution of quaternary structures optimises dynamic
properties.’®2 Under substrate-saturating conditions, tetramer formation is aided by TMH binding to form
the Michaelis Menten complex, which, once formed, allows for reactivity as active as the WT. This observation
should provide valuable lessons for computer-assisted enzyme design, which for the most part focusses on
monomeric designs. This insight could be leveraged for rational design of enzymes to overcome issues with

substrate binding or loops that have inherent flexibility.

Loop folding may provide metabolic regulation. These findings show that the CthEgtB active site and
subsequently the oxygen-binding site is only formed upon binding of TMH. This presents an alternative way
to facilitate O, binding to its active site: a dynamic response to substrate binding rather than a rigid,
permanently composed Oz channel as in MthEgtB. It is possible that the dynamic CthEgtB active site could

provide a form of metabolic regulation. TMH is therefore the first committed intermediate towards EGT
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biosynthesis. EgtD, the methyl transferase responsible for the production of TMH from histidine, is the
gateway to EGT biosynthesis and is subject to stringent feedback product regulation.'®® The catalytically
relevant CthEgtB active site, and oxygen binding pocket is only stabilized and formed when TMH is present
and bound. This may also provide an alternative strategy to preventing undesirable iron-Cysteine or iron-O;

chemistry before all substrates are present.

Oligomerisation enables evolutionary divergence. The evolutionary emergence of the EgtB family and
various types is an intriguing topic which we recently addressed. We proposed a common EgtB ancestor was
monomeric and used an alternative thiol donor could account for most of the variety observed in the present
EgtB family.”3 However, this does not provide any insight into the evolutionary path or selection pressures
that lead to complete active site remodeling and introduction of flexible loops to form the type Il EgtBs. This
study did not provide an obvious advantage for the loop architecture. What is apparent is that active site
loops 1 and 2 correspond to six and two residue insertions respectively and comprise part of the C-terminal
interface. Interestingly, insertions have a significant tendency to be located on interfaces and it has been
suggested that small insertions or deletions represent an important evolutionary mechanism for
oligomerization, having a profound impact on complex stability.’% 8% Furthermore, in many oligomeric
proteins, amino acid residues that form the intermonomer interfaces are located on extended loop regions. ™8
It is therefore tempting to suggest that the insertions in type Il EgtBs are not only catalytic loops but also
complex enabling regions that may have been an essential step in tetramer evolution. This is supported by (1)
the observation that all type |l EgtBs have these catalytic loops and are believed to be tetrameric. (2) loops
correspond to small residue insertions that make up part of the C-terminal interface and (3) our finding that
the loops and quaternary structure are connected, with the tetramer stabilizing the active enzyme form.
Perhaps the stability gained upon tetramerization enabled the radical active site redesign observed for the
type Il EgtBs as an ancestral EgtB underwent rapid diversification into types | - V. This provides an example
in which oligomerization enables evolutionary divergence, providing an explanation for how the dramatic

active site remodeling and catalytic residue hopping of the type Il EgtBs could have developed.
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Conclusion

Homo-oligomerization is well established to confer global stability or to install a means of functional
regulation such as allostery or co-operativity. The interplay between oligomerization, dynamic movement
and catalysis is less understood. We provide an example in which the homotetrameic structure of a type Il
EgtB reduces dynamic fluctuations to stabilize the active conformation of catalytic loops and increase
specificity. We show that i) loop folding is coupled to TMH binding, ii) the quaternary structure stabilizes the
enzyme:substrate complex and iii) loop folding is a limiting factor. The connection between loop folding and
quaternary-structure suggests that tetramerization was an essential strategy to stabilize active enzyme form
and to optimize enzymatic performance. We also propose that oligomerization enabled divergent evolution
of the EgtB family, providing an explanation for the extreme active site plasticity and divergence of type Il

EgtBs.
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Addendum on CthEgtB Ser92

What is the role of Ser92 on the CthEgtB active site loop 1?

Active site loop 1 contains four conserved residues Ser93, Tyr93, Tyr94 and G98. The first three are
delivered to the active site upon loop closing so that Ser92 points into the active site (Figure 3C) In the closed
crystal structure, the Ser92 B-hydroxyl group is observed in two conformations of equal occupancy that can
hydrogen bond to either the axial or with the equatorial chloride ligands (O-Clax, 2.9 A; and O-Cleg, 3.1 A)
(Figure 1). We surmised that S92 could either be involved in catalysis as Y93 or Y94 or in stabilizing the
activation conformation of loop 1, as Gly98 is. To investigate the role of S92, two point mutants were
generated: a Ser to Ala mutation (CthEgtB.S92A), in which the hydrogen capabilities of the amino acid side
group was completely removed and a Ser to Cys mutation (CthEgtB.S92C) in which serine was replaced with
a more acidic hydrogen bond donor (pK, (Ser)= 16 vs pKi(Cys) = 9). Both mutants were characterized using
Michaelis-Menten kinetics, varying both TMH and cysteine (Table 1, Figure 2) The serine to cystine mutation
catalyzes multiple turnovers without any sign of inactivation, and exclusively affected ke.t, with a 30-fold
decrease in reactivity. The serine to alanine mutation affected ket (7-fold decrease), product distribution, and
cysteine Kwu, which increased to 500 uM, 14 times higher than that for the WT. This indicates that hydrogen

bonding is important for substrate binding, while the introduction of a stronger hydrogen bond impedes

catalysis.
CYSmodelled
TMH His156 |
His153
Figure 1. Conformations and possible hydrogen bonding interactions (labelled (a) - (c).) of Ser92 in the

CthEgtB.WT/Fe/TMH structure with closed loops (PDB: 6QKJ). * The sidechain of Tyr93 has been omitted for clarity.

Table1. 1 Michaelis-Menten Parameters for CthEgtB.WT and mutants, CthEgtB.S92A & CthEgtB.S92C.

TMH Cysteine % Sulfoxide :
Keat(s-1) Kwm (UM) keat/ Km(M1s72) Keat (s-1) Kwm (UM) keat/ Km(M1s71) Sulfinic Acid
CthEgtB.WT 0.050 +£0.002 24+ 4 2080 0.06 +0.003 35+6 1700 80:20+ 10
CthEgtB.S92A 0.008 +0.001 19+3 430 0.008 +0.001 490 + 60 20 50:50+ 10
0.0022 + 0.0019 +
CthEgtB.S92C 69+6 32 40 +8 50 80:20+ 10
0.0001 0.0001
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CthEgtB Ser92

Active site loop 1 contains four residues which are conserved among all type Il EgtBs: Ser92, Tyr93, Tyr94
and Gly98. Theroles of Tyr93 and Tyr94 have been established as a catalytic acid and lewis acid respectively,
involved in stabilizing the iron bound superoxide. This study explores the role of two other conserved
residues, Ser?2 and Gly98, for a complete functional assignment of conserved loop 1 residues. Mutation of
Ser92 to an alanine affected keat, Km and product distribution, while replacement with cysteine only affected
keat, indicating that the function of the serine side chain as a hydrogen bond donor is essential to stabilize the

reactive species complex.

Structural Role of S92. Kinetic analysis of Ser92 mutants shows that a hydrogen-bonding interaction is
important for the binding of substrate cysteine and that the strength of the hydrogen bond plays a role in
modulating reactivity. Three possible hydrogen bond partners are viable for Ser92: i) the backbone amide of
Tyr93 as a hydrogen bond donor (O-N: 2.9 A, CB-O- N: 73.3° CB-O-S). ii) the substrate cysteine thiolate as
anacceptor (O-Cla: 3.1 A, CB-O- Clue 117.8°) and iii) the distal oxygen, also an accepter (O-Cleq: 2.9 A, CB-O-
Cleg: 97.8°). (Figure 6 (a)-(c)). The loss of an interaction to the amide backbone upon mutation of Ser to Ala
could destabilize the closed loop conformation, which would account for the change in Km and product
distribution. However loop 1 is held in place by several other interactions. While S92C replaces a good H
acceptor (R-OH) with a poor acceptor (R-SH), this hydrogen-bonding partner alone does not account for the
decrease in reactivity upon substitution of Ser for Cys. This indicates that Ser?2 must act as an H bonding
donor. To predict the identity of the hydrogen bond acceptor, we theorized how substitution of serine with a
more acidic residue would influence catalysis for both hydrogen bond acceptors. Hydrogen-bonding
acceptor/donor pairs with matching pKas generally form stronger H bonds than those with unmatched pKas.
Therefore a hydrogen bond to substrate thiol would be stronger for cysteine than serine, which would
increase the redox potential of metal thiolate compared to the WT, disfavoring formation of thiyl radial,
slowing down proton-coupled electron transfer in the proposed mechanism. ¢©¢* This could rationalize the
30-fold decrease in reactivity observed for CthEgtB.S92C. A hydrogen -bonding interaction between Ser92
and cysteine substrate seems, however, counterintuitive by virtue of the findings from a Ala82Ser mutation
in MthEgtB, in which engineering of a serine to substrate cysteine hydrogen bond was found to be
counterproductive for reactivity. However, the CthEgtB and MthEgtB active sites are completely different,
exemplified by the requirement of CthEgtB for a second catalytic tyrosine while MthEgtB requires only one.
Therefore a hydrogen bond to the substrate thiol in CthEgtB may not be counterproductive. Alternatively,
S92 could hydrogen bond to the distal oxygen of the molecular oxygen/superoxo species. The greater acidity
of cysteine in place of Ser?2 would increase the electron affinity of the iron(lll) superoxide species for
electrons. We believe this would aid reduction of oxygen in the first catalytic step. Following this logic, it is
unlikely this substitution could account for the CthEgtB.S92C phenotype or the increase in cysteine Kum for
the CthEgtB.S92A mutant. From this analysis, the thiolate of substrate cysteine seems the most probable

hydrogen-bonding partner for Ser92, playing an important role in substrate binding and orientation.
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Cth.EgtB.WT, S92A & S92C Michaelis-Menten Curves. All measurements are in triplicate.
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Figure 2A: CthEgtB.WT, variable TMH. Assay conditions included:
100 mM phosphate, pH 8, 100 mM NaCl, 3mM TCEP, 2 mM ascorbic
acid, 4 uM FeSQg4, 1.5 mM cysteine, TMH was varied at 500 pM, 250
pM, 125 uM, 62.5 pM, 31.25 pM, 15.625 uM and 7.81 pM. The

reaction was initiated with 1 uM of CthEgtB.WT.
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Figure 2C: CthEgtB.S92A, variable TMH. Assay conditions included:
100 mM phosphate, pH 8, 100 mM NaCl, 3mM TCEP, 2 mM ascorbic
Acid, 32 pM FeSQOg4, 1.5 mM cysteine, TMH was varied at 500 pyM,
250 uM, 125 pM, 62.5 1M, 31.25 pM, 15.625 uM and 7.81 uM. The
reaction was initiated with 8 uM of CthEgtB.S92A.
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Figure 2E: CthEgtB.S92C, variable TMH. Assay conditions included:
100 mM phosphate, pH 8, 100 mM NaCl, 3mM TCEP, 2 mM ascorbic
Acid, 32 uM FeSO4, 1.5 mM cysteine, TMH was varied at 1000 uM,
500 pM, 250 pM, 125 pM, 62.5 uM, 31.25 pM and 15.625 pM. The
reaction was initiated with 8 uM of CthEgtB.S92C.
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Figure 2B: CthEgtB.WT, variable Cysteine. Assay conditions
included: 100 mM phosphate, pH 8, 100 mM NaCl, 2 mM TCEP, 2
mM ascorbic acid, 4 uM FeSO4, 0.5 MM TMH, Cysteine was varied at
500 UM, 250 uM, 125 pM, 62.5 1M, 31.25 pM, 15.625 uM and 7.81
M. The reaction was initiated with 0.5 uM of CthEgtB.WT.
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Figure 2D: CthEgtB.S92A, variable Cysteine. Assay conditions
included: 100 mM phosphate, pH 8, 100 mM NaCl, 2 mM TCEP, 2
mM ascorbic acid, 32 uM FeSO4, 0.5 mM TMH, Cysteine was varied
at 2000 uM, 1000 UM, 500 UM, 250 uM, 125 uM, 62.5 pM and 31.25
UM. The reaction was initiated with 8 uM of CthEgtB.S92A.
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Figure 2F: CthEgtB.S92C, variable Cysteine. Assay conditions
included: 100 mM phosphate, pH 8, 100 mM NaCl, 2 mM TCEP, 2
mM ascorbic acid, 32 uM FeSO4, 0.5 mM TMH, Cysteine was varied
at 1000 pM, 500 UM, 250 uM, 125 pM, 62.5uM, 31.25 uM and 15.63
UM. The reaction was initiated with 8 uM of CthEgtB.S92C.
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Supplementary Figures

a2 |

Supplementary Figure 2. TMH binding pocket for each of the four CthEgtB structures with various loop conformation.
Surface areas are colored according to the segment which forms the pocket surface: Active loop 1 (magenta), active site

loop 2 (orange) and remaining structure (gray).
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Structure 2 - Active
Site Loop 1

Structure 3 \
- Active Site ]

\

z
S

Structure 2 - Active
Site Loop 2

Supplementary Figure 3. Superimposition of the CthEgtB.WT/Fe/TMH closed and partially closed structures. The
conformation of loop 1 in the closed structure clashes with the conformation of active site loop 2 in the partially closed

structure, indicating that closing of loop 1 decreases the degrees of freedom available for loop 2.

Supplementary Figure 4. Electron density (2m | Fo | -D | FC| ;o = 1.0) for active site loop 1 of structure 4. This enables

modelling of the C-a backbone, while side chain conformations could not be resolved.
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Supplementary Figure 5. Differential Scanning Fluorimetry (DSF) of CthEgtB variants with TMH and Cysteine: 4.9 uM of
CthEgtB.WT, CthEgtB.CF, CthEgtB.CF.G98A and CthEgtB.CF.G98V were incubated with 24.4 yM MnCl, in 10 mM
TCEP, 100 mM NaCl and 100 mM phosphate, pH 8. The TMH samples contained 10 mM TMH, the TMH + CYS samples
contained 10 mM TMH and 10 mM CYS, the cysteine samples contained 10 mM CYS, while the control reactions lacked
TMH.
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Cysteine - free construct. The cysteine-free (CF) variant is a CthEgtB variant in which all cysteine residues
were mutated to the next most populated residue at this position (CthEgtBcsya/cosir/csoss/caois/caota =
CthEgtBcr). All five cysteines are distant from the active site, are not conserved in all type Il EgtBs and make
limited side chain interactions. Cys37, Cys303 and Cys401 pack into a hydrophobic environment within the
monomer, the former hydrogen bonding to the carbonyl backbone of Asp360. Cys391 is buried upon
tetramerization, packing into the hydrophobic interface of neighboring monomer at the C-terminal Interface.
Mutation to serine may reduce complementarity at the interface. Cys231 also packs into a hydrophobic
environment, and its mutation to Phe could also introduce steric stress. The mutation of the latter two

residues is most likely to cause slight destabilization of the CthEgtB.CF.

Cys401
\ — C401A

cEOCC

C37 C231 C303 C391 C401
*Neighbouring chain in tetramer

Supplementary Figure 6. Location and local environment of the five cysteines in CthEgtB WT, and the residues each

cysteine is mutated to in the CthEgtB.CF construct. A sequence logo (N=100) is shown for each of the cysteine residues.
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Normalised Absorbances
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Supplementary Figure 7. Analytical Gel Filtration of CthEgtB variants. A. CthEgtB.WT B. CthEgtB.G98A C. CthEgtB.CF.
D. CthEgtB.CF + 10 mM DMH E. CthEgtB.CF.G98A. F CthEgtB.CF.G98A + 10 MM DMH and G CthEgtB.CF.G98V. A-F
contain 20 uM enzyme, while G contains 40 uM. Samples incubated with 10 mM DMH were run with a running buffer
containing 10 mM DMH.
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Supplementary Figure 8. Analytical Gel Filtration of CthEgtBwr (left) CthEgtBcr (right) in running buffer containing 0, 10
and 20 % Methanol.: 100 plL of 1 mg/mL (100 g total) CthEgtBwr and CthEgtBcr was injected onto a Superdex 200
Increase 10/300 column at room temperature with 200 mM NaCl, 50 mM Tris-HCI pH 8 containing either O, 10 or 20 %
MeOH, as running buffer (flow rate: 0.5 mL/min). Samples were pre-incubated with 5 eq. of FeSO4, 10 eq. of Ascorbic
Acid and 2mM DTT.
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Experimental

Recombinant CthEgtB constructs

The gene for EgtB from Chloracidobacterium thermophilum (CthEgtB, WP_014099806.1) was codon-
optimized for protein productionin E. coli and purchased from Genscript. The gene was ligated as Ndel-Xhol

fragments into a pET28a cloning vector.

Sequence of pET28.CthEgtB.WT:
GSSHHHHHHSSGLVPRGSHMEAARSHPEPIQSGEVSDRKAWQRHYRAVRAVSEATCQPLETEDYVVQPMPDVSPP
KWHLGHTSWEFFETFILKSGLADYRPFHPRYDYIFNSYYEAVGARHPRPQRGLLTRPTVSEVYAYRAHVDAAVERF
TAHSDTRTWAALQPILELGLHHEQQHQELLLTDIKAILATNPLDPVYRPQPQPLPSPVEQLSPTGDWHIVEGGRY
ATIGHAGRGFAFDNEGPRHDVLLRPCRIAARPVTNGEFLAFMADGGYRRPELWLSDGWAAVTARGWEAPLYWRQAA
DGTWETLTLHGVQPVAPYEPVCHISFYEADAYARWAGKRLPTEAEWEVVAARLPVTGNFYESGVLHPRPVSVSAA
FYGDVWVWTASPYVGYPGFRPVSGALGEYNGKFMCNQMVLRGGSCATSLTHIRSTYRNFFPPDARWQFTGVRLAE
DMS

m/z (CthEgtB.WT): calc.: 51131.48 Da, meas.: 51130.22 & 51307.36 Da (+177 corresponds to a-N-

6-Phosphogluconoylation of his tag).™?

£280(CthEgtBWT): 115280 Mt cm?

pET19.CthEgtB.WT for crystallization
For crystallization of the partially closed structure we cloned the CthEgtB gene into a modified vector,
pET19m, to encode an EgtB fusion construct with an N-terminal Hiss-tag followed by a TEV (tobacco etch

virus) protease cleavage site.

CthEgtBs: 5’—- acatcttcaactctttttttgaagcggttggt -3’
CthEgtBa: 5’ - accaaccgcttcaaaaaaagagttgaagatgt -3’

m/z(pET19.CthEgtB.W T cleaved his): calc.: 49293.54 Dameas.: 49293.95 Da
€280(pET19.CthEgtB.W T deavednis): 115280 Mtem™?

CthEgtB Cysteine-Free (CF) and Loop Mutants
The cysteine free and loop mutants were purchased from General Biosystems in a pET28a plasmid. The

seqguences are as follows:

Sequence of pET28.CthEgtB.G98A:

MGSSHHHHHHSSGLVPRGSHMEAARSHPEPIQSGEVSDRKAWQRHYRAVRAVSEAICQPLETEDYVVQOMPDVSPP
KWHLGHTSWFFETFILKSGLADYRPFHPRYDYIFNSYYEAVGARHPRPOQRGLLTRPTVSEVYAYRAHVDAAVERFE
IAHSDTRTWAALQPILELGLHHEQQHQELLLTDIKAILATNPLDPVYRPQPQPLPSPVEQLSPTGDWHIVEGGRY
AIGHAGRGFAFDNEGPRHDVLLRPCRIAARPVTNGEFLAFMADGGYRRPELWLSDGWAAVTARGWEAPLYWRQAA
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DGTWETLTLHGVQPVAPYEPVCHISFYEADAYARWAGKRLPTEAEWEVVAARLPVTGNFYESGVLHPRPVSVSAA
FYGDVWVWTASPYVGYPGFRPVSGALGEYNGKFMCNQOMVLRGGSCATSLTHIRSTYRNFFPPDARWQFTGVRLAE
DMS

m/z (CthEgtB.G98A): calc.: 51034.36 Da, meas.: 51035.24 Da
€280(CthEgtB.G98A): 116770 Mtem™

Sequence of pET28.CthEgtB.CF:

MGHHHHHHAENLYFQGHMEAARSHPEPIQSGEVSDRKAWQRHYRAVRAVSEATAQPLETEDYVVQPMPDVSPPKW
HLGHTSWFFETFILKSGLADYRPFHPRYDYIFNSYYEAVGARHPRPOQRGLLTRPTVSEVYAYRAHVDAAVERFIA
HSDTRTWAALQPILELGLHHEQQHOQELLLTDIKAILATNPLDPVYRPQPQPLPSPVEQLSPTGDWHIVEGGRYAT
GHAGRGFAFDNEGPRHDVLLRPFRIAARPVTNGEFLAFMADGGYRRPELWLSDGWAAVTARGWEAPLYWRQAADG
TWETLTLHGVQPVAPYEPVSHISFYEADAYARWAGKRLPTEAEWEVVAARLPVTGNFYESGVLHPRPVSVSAAFY
GDVWVWTASPYVGYPGFRPVSGALGEYNGKFMSNOMVLRGGSAATSLTHIRSTYRNEFFPPDARWQFTGVRLAEDM
S

m/z (CthEgtB.CF): calc.: 50987.18 Da, meas.: 50988.51 Da
€280(CthEgtB.CF): 116770 M Tecm™?

Sequence of pET28.CthEgtB.CF.G98A:

MGHHHHHHAENLYFQGHMEAARSHPEPIQSGEVSDRKAWQRHYRAVRAVSEATAQPLETEDYVVQPMPDVSPPKW
HLGHTSWFFETFILKSGLADYRPFHPRYDYIFNSYYEAVAARHPRPOQRGLLTRPTVSEVYAYRAHVDAAVERFIA
HSDTRTWAALQPILELGLHHEQQHOQELLLTDIKAILATNPLDPVYRPOQPQPLPSPVEQLSPTGDWHIVEGGRYAT
GHAGRGFAFDNEGPRHDVLLRPFRIAARPVTNGEFLAFMADGGYRRPELWLSDGWAAVTARGWEAPLYWRQAADG
TWETLTLHGVQPVAPYEPVSHISFYEADAYARWAGKRLPTEAEWEVVAARLPVTGNFYESGVLHPRPVSVSAAFY
GDVWVWTASPYVGYPGFRPVSGALGEYNGKFMSNOMVLRGGSAATSLTHIRSTYRNEFFPPDARWOFTGVRLAEDM
S

m/z (CthEgtB.CF.G98A): calc.: 51001.20Da, meas.: 50999.6361 Da
€280(CthEgtB.CF.G98A): 116770M 1 cmt

Sequence of pET28.CthEgtB.CF.G98V:

MGHHHHHHAENLYFQGHMEAARSHPEPIQSGEVSDRKAWQRHYRAVRAVSEATAQPLETEDYVVQPMPDVSPPKW
HLGHTSWFFETFILKSGLADYRPFHPRYDYIFNSYYEAVVARHPRPOQRGLLTRPTVSEVYAYRAHVDAAVERFIA
HSDTRTWAALQPILELGLHHEQQHOQELLLTDIKAILATNPLDPVYRPQPQPLPSPVEQLSPTGDWHIVEGGRYAT
GHAGRGFAFDNEGPRHDVLLRPFRIAARPVTNGEFLAFMADGGYRRPELWLSDGWAAVTARGWEAPLYWRQAADG
TWETLTLHGVQPVAPYEPVSHISFYEADAYARWAGKRLPTEAEWEVVAARLPVTGNFYESGVLHPRPVSVSAAFY
GDVWVWTASPYVGYPGFRPVSGALGEYNGKFMSNOMVLRGGSAATSLTHIRSTYRNEFFPPDARWQFTGVRLAEDM
S

m/z (CthEgtB.CF.G98V): calc.: 51029.26 Da, meas.: 51028.18 Da
€280(CthEgtB.CF.G98V): 116770M 1 cmt

Recombinant Protein Purification

CaClzcompetent BL21.pLysS (DE3) cells were transformed with either apET28CthEgtB or pET 19mCthEgtB
plasmid following standard heat-shocking procedures. An overnight preculture of rich Luria Broth (LB) media
(32 g tryptone, 20 g yeast extract and 5 g NaCl per L of media) containing the appropriate antibiotics
(kanamycin (50 mg/L) and chloramphenicol (34 mg/L) for the pET28 construct, and ampicillin (100 mg/mL)
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and chloramphenicol (34 mg/L) for the pET19m construct) was inoculated with the transformed cells and
incubated overnight at 37 °C whilst shaking at 180 rpm. 1 mL of pre-culture was used to inoculate growth
cultures of rich LB media containing the appropriate antibiotics at concentrations previously stated. Cells
were grown at 37 °C with shaking (180 rpm) until the optical density at 600 nm (OD600) reached 0.8.
Expression of the plasmid encoded gene was induced by the addition of IPTG to a final concentration of 0.1
mM. Protein expression was allowed to continue for 18 hours at 18 °C. Cells were harvested by
centrifugation at 2000 g for 20 minutes at 4 °C, the supernatant was discarded and the cell pellet was frozen
at-20°Cuntil required for purification. The cell pellet was thawed onice and resuspended in Lysis buffer (10
% (v/v) glycerol, 200 mM NaCl, 20 mM Tris, pH 8.0 and 10 mM imidazole) and was lysed in an Emulsiflex-C3
(Avestin). Cellular debris was removed by centrifugation at 25000 g for 40 minutes, at 4 °C. The supernatant
was incubated with Ni- NTA Agarose slurry at 4°C for 15 minutes. The agarose beads were washed with
washing buffer 1 (10 % (v/v) glycerol, 200 mM NaCl, 20 mM Tris, pH 8.0 and 20 mM imidazole). CthEgtB was
eluted and collected in fractions by washing with elution buffer (200 mM NaCl, 50 mM Tris, pH 8.0, 250 mM
imidazole). Protein concentration was determined for each collected fraction with a nano-drop 2000/2000c¢
spectrophotometer. Fractions identified as containing CthEgtB by concentration and SDS PAGE Gel were
pooled and incubated with 10 mM EDTA and 2 mM DTT to remove any metals. For kinetics and ITC, the
protein was dialyzed overnight into dialysis buffer at least twice (50 mM Tris, pH 8, 50 mM NaCl),
concentrated in an Amicon centrifugal filter device (cut-off 10 kDa) and then frozen in aliquots. For analysis
by gelfiltration, protein was further purified by Size Exclusion Chromatography (SEC) using a Superdex 200
pg 26/600 column with 200 mM NaCl, 50 mM Tris, pH 8 as the running buffer before freezing. For
crystallography, protein was dialyzed against 50 mM NaCl, 50 mM Tris, pH 8, and 1 mM DTT with TEV
protease at a final protein ratio of 12:1 for 16 hours at 4°C. After dialysis, the sample was run over a Ni-NTA
columntoremove the TEV protease and His tag. The flow through was purified by SEC using a Superdex 200
pg 26/600 column with 200 mM NaCl, 50 mM Tris, pH 8 as the running buffer. The CthEgtB peak fractions

were collected and concentrated for immediate use in crystallization trials.
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Supplementary Figure 9. SDS PAGE Gel of CthEgtB variants, 5 ug is loaded in each lane. 1. Molecular Weight Marker 2.
WT 3. G98A 4. CF 5. CF/G98A 6. CF/G98V

Enzyme Kinetics

Sulfoxide synthase activities of CthEgtB variants were measured in reactions containing 100 mM phosphate
buffer, pH 8, 100 mM NaCl, 2 mM TCEP, 2 mM ascorbate and FeSQO4 (4 equiv. to protein concentration),
TMH and cysteine. Reactions were initiated by addition of enzyme and were incubated at 26°C. Aliquots of
the reactions were quenched by addition of phosphoric acid. Reaction products were quantified by cation
exchange HPLC using 20 mM phosphoric acid at pH 2 with a NaCl gradient as a mobile phase.”
Chromatograms were recorded at 265 nm. Kinetic parameters for the WT and S92 mutants represent the
averages of at least three independently-determined rates of sulfoxide production, which were fitted to the
function v = V,,,,[s]/( Km + [s]). The Michaelis-Menten parameters k.; and k.../Ku were determined in the
presence of co-substrate at a concentration at least 3 times higher than the corresponding Ku and in air-
saturated buffers. For ket measurements of the loop and tetramer mutants, rates of sulfoxide production
were determined in the presence of 1 MM and 3 mM of both substrates. All values are the averages of three
independent measurements. The longer time scale plots used to visualize the lag phase were measured with
0.5 UM enzyme, in the presence of 1 mM TMH and Cysteine and represents the average of two individual

measurements.
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Supplementary Figure 10. Sulfoxide Production as a function of time of four CthEgtB loop mutants. Reactions contained

1 mM TMH and Cysteine and 0.5 uM enzyme. Data shown is the average of two individual measurements.
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kcat measurements for CthEgtB WT and various loop mutants
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Figure 10A. Vmax of Cth.EgtBWT with 1 mM of both
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Supplementary Figure 11. Vimnax Measurements of Cth.EgtB.WT and mutants. All measurements are triplicate. 0.5 uM of

each enzyme was used in the presence of 2 uM FeSQO.a.
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Characterization of reaction products by TH NMR

Reaction mixtures containing CthEgtB were analyzed by T NMR to identify the formed products. The
reactions contained 100 mM phosphate buffer - pH 8.0, 100 mM NaCl, 2 mM ascorbate, 2 mM TCEP, 4 uM
FeSO4, 1 mM TMH, 0.5 mM L- cysteine and between 1 and 5 uM of CthEgtB variant to a final volume of 2 ml.
These solutions were incubated overnight at room temperature. After lyophilization, the residue was
dissolved in D,O. 'H NMR (500 MHz, D20) was measured with at least 128 scans and analyzed by
MestReNova software. Substrates and products were identified based on a- and B-protons of the cysteine
moiety and the aromatic protons of TMH. All measures were done in triplicate, from which the standard

deviation was calculated.

DSF

DSF measurements were performed in a Prometheus NT.48 (Nanotemper) with a constant temperature
gradient (20 to 95°C at 1°C/min). 4.9 uM of CthEgtBWT, CthEgtB.G98A, CthEgtB.CF, CthEgtB.CF.G98A
and CthEgtB.CF.G98V were incubated with 24.4 uM MnCl; in 10 mM TCEP, 100 mM NaCl and 100 mM
Phosphate, pH 8. The TMH samples contained 10 mM TMH, the TMH + CYS samples contained 10 mM TMH
and 10 mM CYS, while the control reactions lacked both substrates. All values represent the average of three

measurements.
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Isothermal titration calorimetry (ITC)

100 uM of CthEgtB WT or variant was reconstituted with five equivalents of either FeSO4 (and 10
equivalents of ascorbate) or MnCl,in a buffering solution of 50 mM NaCl and 50 mM Tris, pH 8, and was
transferred into the sample cell (cell volume 1.4204 mL) of an isothermal titration calorimeter (VP200-
ITC system, MicroCal LLC). A 1 mM solution of TMH was added to the protein solution by syringe in 1
x 2 ul injection followed by 10 uL injections every five minutes. All ITC measurements were conducted
at 26°C. Data were plotted as the power needed to maintain the reference and sample cell at the same
temperature against time and as kcal/mol of injectant against the molar ratio of ligand and protein. The
program Origin7 (OriginLab Corporation) was used to analyze the data. The data from titration of TMH

and corresponding calculated dissociation constants are shown on the following page.

113



The Role of Oligomerization and Loop Foldingin atype Il EgtB

CthEgtBwr/Fe + TMH
Kp=9.8+0.2uM

pcal/sec

1

kcal mol™ of injectant

Time (min)

60 80

100

120 140

0.00 4

-0.50

-1.00

-1.50

-2.00

-2.50

-3.00

0.00

-2.00

-4.00

-6.00

-8.00 -

-10.00

0.0

T
05

T
1.0

T
15

Molar Ratio

CthEgtBee/Mn + TMH
Ko=67+4uM

-0.50

Mcal/sec

-2.00

-1

kcal mol™ of injectant

-1.00

-1.50 o

Time (min)
0 10 20 30 40 50 60 70 80 90 100110120130140

20

0.00 4

0.00

-2.00 4

-4.00 4

-6.00 4

0.0

T
0.5

10
Molar Ratio

T
15

20

25

CthEgtBwr/Mn+TMH
Kp=37+1uM

Time (min)
80 100

120

140

0.0(

3

T
7 “(WM \f'

-0.50 4
-1.00 4
-1.50 4

-2.00 4

=)

Hcallsec

-2.50 4

-3.00 4

\MH HMH[’“W

0.00 -
-2.00 4
-4.00 4

6.00
-

-8.00 4

kcal mol ™ of injectant

-10.00 .

T T
05 1.0 15
Molar Ratio

CthEgtBcr/icosn/Mn + TMH
No significant binding

Time (min)

0.00

-0.50 4

-1.00 4

Hcallsec

-1.50 4

2,00 4
0.00 . .

TN

-2.00 .,
- 'llnn-ln.
L] "

-4.00 4

-6.00 4

keal mol™ of injectant

-8.00 . . .

T
05 1.0 15
Molar Ratio

CthEgtBgses/Mn + TMH
Ko=38+3uM

Time (min)

0 20 40 60
0.20 T————

80 100 120 140 160

0.00

-0.20
-0.40 -
-0.60
-0.80 -
-1.00 4
1204
-1.40 -
-1.60 T T T T

S

pcallsec
3

1 ""IHHWWW(IHHH_

0.00

-2.00 4

-4.00 4

keal mol” of injectant

6.00 +—

T T T
05 1.0 15
Molar Ratio

0.0

CthEgtBcr/coev/Mn + TMH

No significant binding

Time (min)

T
20

25

80 100 120 140

0.00 4

3

-0.50

3

-1.00

Mcal/sec

-1.50 o

f((/v’

-2.00

"‘wh

1

0.00
Foan

-2.00 4

-4.00 4

-1

kcal mol™ of injectant

-6.00

T T
05 1.0 15
Molar Ratio

0.0

Supplementary Figure 12. ITC measurements for the titration of TMH into CthEgtBwr or a variant.
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Analytical Gel Filtration

All gel filtration was run on a Superdex 200 Increase 10/300 column at room temperature, using 200 mM
NaCl, 50 mM Tris-HCI pH 8 as running buffer (flow rate: 0.5 mL/min). Samples were incubated overnight at
the given concentrations to ensure concentration-dependent equilibrium was reached. Tested enzymes

were reconstituted with either Mn or Fe and ascorbate.
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Supplementary Figure 13. Analytical Gel Filtration of MthEgtB 100 pL of 1 mg/mL (100 pg total) of MthEgtB.WT was
injected onto a Superdex 200 Increase 10/300 column at room temperature with 200 mM NaCl, 50 mM Tris-HCl pH

8 as running buffer (flow rate: 0.5 mL/min). Samples were pre-incubated with 5 eq. of FeSO4, 10 eq. of ascorbic acid

and 2mM DTT.
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Size Exclusion Chromatography (SEC)

Figure 14A. SEC of CthEgtBwr at 5, 1 and 0.1 mg/mL.

Figure 14C. SEC of CthEgtBcr/cosaat 5,1 and 0.1 mg/mL.
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Figure 14B. SEC of CthEgtBcr at 5,
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Figure 14D. SEC of CthEgtBcr/cosvat 5, 1and 0.1 mg/mL.

Supplementary Figure 14. SEC plotted by enzyme (globally normalized).
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Figure 15A. SEC of CthEgtB WT, CF, CF/G98A & Figure 15B. SEC of CthEgtB WT, CF, CF/G98A &

CF/G98V at 100 uM (5 mg/mL). CF/G98V at 20 uM (1 mg/mL).
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Figure 15C. SEC of CthEgtB WT, CF, CF/G98A & CF/G98V at 2 uM (0.1 mg/mL).

Supplementary Figure 15. SEC plotted by concentration (Individually normalized)
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Crystallization

Crystallization of the CthEgtB Structure 3

Structure 2 was obtained through the soaking of native crystal structures. Initial crystallization conditions for
the crystallization of CthEgtB were determined with the vapor diffusion method in a sitting drop 926-well
format. Drops were set up using a dispensing robot (Crystal Gryphon, Art Robbins) mixing 0.2 pL of EgtB
solution (6.5 mg mL™1) with 0.2 pL of reservoir solution, equilibrated against 30 pL reservoir solution. The
screens were stored at 30 °C. Several initial hits were identified and optimized in 24-well plates using sitting
drop format. Crystallization conditions that led to the native crystals used for soaking contained 23 % PEG
3350, 0.25 M MgAc mixed in a 0.5 : 0.5 plL ratio with CthEgtB at (6.5 mg mL), equilibrated against 50 pL.
Plates were incubated at 30°C with crystals appearing within a few days. The soaking solution was prepared
by mixing reservoir mother liqueur with 10 mM TMH and 15 % (v/v) glycerol. Solution was added on top of

grown crystals and they were left for 24 hours before flash freezing and storage in liquid nitrogen.

Crystallization of the CthEgtB Structure 4

Structure 4 was obtained through co-crystallization of Hiss-tagged CthEgtB. crystallization conditions of
CthEgtB with TMH were determined with the vapor diffusion method in a sitting drop 26-well format using
the commercially available screen, Morpheus HT. CthEgtB was mixed and incubated with TMH (10 mM) for
1 hour preceding crystallization. Drops were set up using a dispensing robot (Crystal Gryphon, Art Robbins)
mixing different ratios of EgtB-TMH solution (6.5 mg mL™) with reservoir solution (0.2 uL:0.1 pL, 0.1 pL:0.2
pLand 0.2 pL:0.2 pL) and were equilibrated against 30 uL reservoir solution. The screens were stored at 30
°C and crystals appeared within several days. Several initial hits were identified, flash cooled in liquid nitrogen
and a synchrotron was taken for data collection. A crystal from E12 of Morpheus 0.12 M Ethylene Glycols
(0.3M Diethylene glycol; 0.3M Triethylene glycol; 0.3M Tetraethylene glycol; 0.3M Pentaethylene glycol),
0.1 Buffer system 3 (Tris (base); BICINE), pH 8.5, 37.4 % precipitant mix 4 (25% v/v MPD; 25% PEG 1000;

25% w/v PEG 3350) mixed in a 1:2 ratio of protein to reservoir solution diffracted well.
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Data collection, data processing, structure solution and refinement

Data of structure 3 crystal was collected at the Xo6SA (PXI) beamline using a Pilatus 6M-F detector, while
datafor the structure 4 crystal were collected at beamline Xo6DA (PXI11) using a Pilatus 2M-F detector, both
at the Swiss Light Source (SLS), Villigen, Switzerland. The collected diffraction data were indexed and
integrated using XDS™7 and were scaled using aimless'®®. Both structures were solved by molecular
replacement, structure 3 used the native structure (PDB: 6QKI)172 as search model, while structure 4 used
the closed TMH structure (PDB: 6QKJ)*2 with the loop regions removed as search model.’*? Several rounds
of iterative model building and refinement were performed using Coot'¢! and Refmac®¢? or PHENIX¢3, 5%
of the data were excluded from refinement and used for cross-validation. Data collections and refinement
statistics are summarized in Supplementary Tables 1 and 2 respectively. Stereochemical validation of the
final models was performed using Mol Probity.1* Interfaces of proteins were analysed by PISA> and Figures

were prepared PyMOL Molecular Graphics System, Version 1.7 (Schrodinger).
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Supplementary Table 1. Data Collection Statistics

Structure 3

Structure 4

X-ray Source

X-Ray detector
Wavelength (A”)

Space group
Celldimensions a, b, ¢ (A")
Cell Angles a, B,y (*)
Solvent content (%)
Molecules in asymmetric unit
Resolution limits (A%
Rimerge'

Rmeas*

CC¥%

<I/a(l)>

Total reflections

Unique reflections
Completeness
Multiplicity

Mosaicity

X06SA (PXI)
PILATUS 6MF
0.99

P1211
85.1,127.1,88.9
90,113.2,90

45

4

49.34-2.82 (2.921-2.82)
0.6372(0.9168)
0.6564 (0.9666)
0.875(0.663)
2327 (3.43)
698050 (29240)
40032 (2618)
17.4(9.6)

93.16 (62.90)

0.33

Xo6DA (PXII)
PILATUS 2MF
1.00

c121
84.6,117.0,199.3
90, 93.8, 90

49

4

48.96-2.4 (2.486-2.4)
0.1541(1.116)
0.1669 (1.206)
0.996 (0.615)
12.54(1.81)
518160 (53270)
75693 (7580)
6.8(7.0)

99.95 (99.99)

0.23

fRmerge = S hkIYi[li(hkl)—hI(hkDi| / S hkISi li(hkl), where li(hkl) is the observed intensity for a reflection and hi(hkl)i is the average

intensity obtained from multiple observations of symmetry-related reflections.

#Rmeas = Y hkl [N/(N-1)]11/2 Si |lithk)—hI(hkD)i| / S hkIYi li(hkl), where li(hkl) is the observed intensity for a reflection, hi(hkl)iis the
average intensity obtained from multiple observations of symmetry-related reflections and N is the number of observations of

intensity I(hkl).
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Supplementary Table 1. Refinement Statistics

CthEgtB Open Loop 2 Structure CthEgtB Open Loop 1 Structure

Resolution limits ( A) 49.34-2.82 (2.921-2.82) 48.96-2.4(2.486-2.4)
Rwork * 0.1971(0.2631) 0.1861(0.2468)
Rfree ** 0.2439(0.3039) 0.2258 (0.3006)
Number of non-H atoms 12936 13596

macromolecules 12856 13068

ligands 60 60

solvent 20 468
Protein residues 1592 1632
Clashscore *** 11.65 10.44
R.m.s.d fromideal

Bond lengths (A”) 0.009 0.008

Bond angles (u) 1.54 1.21
Ramachandran favored *** (%) 93.65 9542
Ramachandran outliers *** (%) 1.35 1.49
Average B values (A" 2) 48.74 41.15

macromolecules 48.82 41.26

ligands 37.51 38.53

solvent 32.71 38.52

Numbers in parentheses refer to the outer shell.

* Rwork = > hkl|| Fobs|—|Fcalc|| / > hkl|Fobs|

** Rfree is the R value calculated for 5% of the data set that was not included in the refinement.
*** Molprobity.
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4. The Structure of a Sulfoxide Synthase Homologue implicated
in Carbon-Selenium Bond Formation reveals insights into

Selenium Activation

Anja R. Stampfli, Sebastian Fltckiger and Florian P. Seebeck.
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Selenium-containing secondary metabolites and their biosynthetic enzymes are incredibly rare in nature.
Consequently, the discovery of selenoneine, a selenium isolog of ergothioneine, was met with great curiosity,
and in particular its biosynthetic origin. It has been suggested that ergothioneine could be produced via the
ergothioneine biosynthetic pathway. However, for reasons discussed within, this proposition seems
implausible. To provide an alternate approach for selenoneine production, we solved the structure of
Vpa2054, a sulfoxide synthase from Variovorax paradoxus, which is implicated in oxidative C-Se bond
formation. Conservation of Vpa2054 in a three-gene cluster is consistent with a pathway that utilises TMH
and a selenophosphorylated sugar to form the C-Se bond of selenoneine. This hypothesis is supported by
structural and biochemical characterization of two members of the three-operon gene cluster. We discuss
features that may enable selenium-based activation of molecular oxygen at an iron center and highlights the

amenability of the EgtB scaffold for evolutionary variance.
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Chapter 4

Introduction

Ergothioneine (EGT) is a sulfur-containing metabolite produced by many bacterial and fungal species. It is
assimilated through diet into mammals, including humans, where cellular concentrations of up to 1 mM have
been found.™* 22 While the antioxidant properties have clearly been demonstrated in vitro, the in vivo function
of EGT remains elusive.™ Following the first isolation in tuna fish, selenoneine, the selenium isolog of EGT,
was found to accumulate in humans with seafood-rich diets, raising considerable interest in its physiological
function and implications for human health.'®>18” The in vivo function of selenoneine is also unclear. While
sulfur and selenium atoms have a similar valency, electronegativity and size, the two elements display
distinctly different reactivities.> %8 In brief, selenols are more acidic and reductive compared to thiols and will
readily react with oxygen to auto-oxidase without the necessity of a transition metal catalyst.'88187 The
recent total synthesis and characterization of selenoneine highlighted a number of functional differences
between EGT and selenoneine, suggesting that the two isologs can fill distinct functional niches.’”® Examples
of natural selenium-containing secondary metabolites are sparse. Practically all selenium metabolites are

isologs of corresponding sulfur compounds and lack their own dedicated biosynthetic machinery.>®

The biosynthetic origin of selenoneine is unknown. It has been suggested that selenoneine could be produced
via the ergothioneine biosynthetic pathway. In most bacteria, ergothioneine is produced in an oxygen-
dependent pathway that utilises an iron-dependent sulfoxide synthase, EgtB, to form the key C-S bond of
ergothioneine. EgtB utilises N,N,N-a-trimethylhistidine (TMH), L-cysteine (cys) (or a derivate) and oxygen as
substrates in an oxidative C-S bond-forming reaction, forming a sulfoxide, which is subsequently converted
to ergothioneine (Figure 1A).2% 73 -Utilisation of selenocysteine as a building block by EgtB rather than
cysteine would, in theory, produce selenoneine (Figure 1B). The detection of small amounts of selenoneine
production by Schizosaccharomyces pombe grown in selenocysteine-enriched media supports this idea. 4% 171
However, SeCys seems an unlikely biosynthetic building block, as cellular SeCys concentrations are typically
exceedingly low in any organism, with no free pool existing unlike other amino acids.'”? We are not aware of
any biosynthetic pathway that utilizes free SeCys as a genuine substrate. Furthermore, the bacterial sulfoxide
synthases are highly inefficient catalysts for oxidative C-Se bond formation. In contrast, the fungal sulfoxide
synthases (type 1V) do not distinguish between Cys and SeCys.** These findings indicate that either 1.
selenoneine production is not catalysed by the enzymes involved in ergothioneine biosynthesis or; 2. that
selenoneine is produced utilising the fungal EgtB enzymes. However it is only a fungal, and not a bacterial

metabolite.

Subtle active site adaptations can dramatically improve the ability of enzymes to make C-Se bonds. As the
structure of the type |11 sulfoxide synthases are not known, the structural basis that facilitates oxidative C-Se
bond formation in the fungal enzymes is unclear. An alternative approach to understanding the structural
features which enable selenium derivatization is to study an enzyme which naturally accepts a selenium-
containing substrate. We identified a distinct class of EgtB homologues that are encoded in conjugation with
a selenophosphate synthetase. Selenophosphate synthetases catalyse the formation of selenophosphate

from selenide, and are believed to be a signature of selenium utilization in biology, indicating these enzymes
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may produce selenium-containing metabolites.17317¢ Therefore, we characterised Vpa2054, from

Variovorax paradoxus, to gain insight into the likely substrates of this enzyme, and to determine active site

features that might facilitate C-Se bond formation at aniron center.
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Figure 1 A. Many bacteria and fungi utilise an iron dependent sulfoxide synthase, EgtB, to form the key C-S bond of
Ergothioneine (1). TMH (3), cysteine and molecular oxygen are converted to sulfoxide (4) which is converted to
ergothioneine by the PLP-dependent-lyase, EgtE. B. Use of a SeCys building block could produce selenoxide (5), which is
rapidly reduced to (6), and decomposes to selenoneine (2). C. Hypothesis for an alternative route to selenoneine
biosynthesis in Variovorax paradoxus by a three-gene operon encoding for a selenophosphate synthetase, a glycosyl

transferase, and an EgtB homologue to form the C-Se bond of selenoneine.
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Results

A conserved 3-gene operon. Exploration of the EgtB bioinformatic space identified a sub-cluster of type-1
enzymes, primarily from B-proteobacteria, with a unique genomic environment to characterized EgtB
proteins (Figure 2 A&B) Enzymes of this cluster are consistently co-encoded with a selenophosphate
synthetase and a glycosyl transferase (GT) (Figure 2 D&E) and lack residues associated with cysteine and y-
GC binding. We speculated that this subclass might catalyse C-Se bond formation providing a basis for

selenoneine biosynthesis in bacteria.

A egtD egtE
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Synthetase

Figure 2 Genomic environment for the sulfoxide synthases from A. Mycolicibacterium thermoresistibile, B.

Chloracidobacterium thermophilum, and C & D. Variovorax paradoxus and E. Sulfurifustis variabilis.

Crystal Structure Determination of Vpa2054. The crystal structure of Vpa2054 was determined by X-ray
crystallography. Vpa2054 was crystallized as the native protein in complex with iron(l). The crystal diffracted
to aresolution of 2.7 A and belonged to space group P21 with two monomers inthe asymmetric unit. For data
collection and refinement statistics, see supplementary Table 1. The crystal structure was solved by
molecular replacement using the native structure of MthEgtB (PDB: 4X8E) as a search model. MthEgtB and
Vpa2054 share 31% sequence identity. The electron density revealed a continuous polypeptide chain from

residues 6 to 412 with the exception of a small interdomain segment (187-196) (Figure 3A).

Vpa2054 Overall Structure. The asymmetric unit is comprised of two monomers and 45 % solvent content.
The two monomers pack into long fibril units, indicating that the packing observed is an artefact of crystal
packing and has no biological relevance. The overall Vpa2054 structure closely resembles that of
characterized EgtBs, with atwo domain fusion (Figure 3A). The N-terminal domain is comprised of a four helix
bundle, most closely related to zinc-dependent thiol-S transferases (DinB_2 domain).*?? The a-helices are
arranged in an up, down, down, up conformation. An extensive span of random coil with several short helices

(45 residues, al-a2 loop) connects the second and third helices, folding close to the front of the active site.
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An interdomain section connects the N-terminal DinB_2 domain to the C-terminal FGE-like domain. No
electrondensity is visible for this interdomain section, likely owing to high flexibility in this region. This section
is also disordered in the homologue, CthEgtB.>"® In the FGE-like domain, named after the copper-dependent
formylglycine generating enzyme (FGE), an extended B-sheet wraps around a C-lectin type fold which is void
of much secondary structure.’” Instead, numerous ionic interactions appear to stabilize this fold. The active
site is located within a 10 A deep and 10 A wide tunnel at the interface of the two domains. A single iron is
bound by three histidines from the a-helical domain; His71 (Fe-N, 2.3 A), His167 (Fe-N, 2.2 A) and His171
(Fe-N, 2.2 A) at the bottom of this tunnel in a facial coordination manner. The binding of two water molecules
(both Fe-0, 2.5 A) gives iron a square pyramidal geometry, leaving an open site at the axial position. While
this site is typically filled by either a water/chloride ligand or thiol substrate in structures of homologues, a
third water molecule is not observed in the axial position. This is however likely due to the low resolution of
the structure. Tyr362 points into the active site from the C-terminal domain, with the phenolic group
hydrogen bonding to one of the iron-coordinating water molecules (O-O, 2.5 A). The hydroxy! group of
Ser112is also in close proximity to this water molecule, (O-O, 4.2 A) and is within hydrogen bonding distance
to the axial coordination site on iron (Figure 3B). Ser112 resides on the a1-a.2 loop close to the iron center
and narrows the tunnel to the binding pocket at this point, largely closing off the active site to the solvated

exterior (Supplementary Figure 1).

Figure 3. Structural Analysis of the Vpa2054 native structure. A) Cartoon of a Vpa2054 monomer. The N-terminal
DinB_2-like domain (residues 6-183) is shown in yellow while the C-terminal FGE-like domain is shown in orange
(residues 184-237) and light yellow (residues 237-412). Iron (brown), the metal coordinating histidine (yellow) and
water molecules (red spheres) are shown to indicate the location of the active site B) Active site of Vpa2054, showing
iron, histidine coordination sphere, two water molecules and residues in second coordination sphere, Tyr362 and Ser112.
The 2m|F,| - D|Fc| map is shown for iron, the three histidine ligands, two coordinating water molecules and Tyr362 and

Ser112, contoured at o-level = 1

TMH Binding Site. The Vpa2054 crystal structure reveals that the binding pocket for the first substrate
closely resembles the binding pockets of TMH in CthEgtB and MthEgtB (Figure 4) In the Vpa2054 structure,
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the side chains of Phe396, Phe397, Asn395 and backbone carbonyl of Phe396 create a negatively-polarized
and aromatic box which is typical of quaternary ammonium binding proteins.?® With this pocket as an
anchoring point, we modelled TMH into the Vpa2054 native structure (Figure 4A). The modelled TMH fits
well into the active site, occupying an identical conformation as TMH in the MthEgtB and CthEgtB
structures.*” 173 The described aromatic box packs around the N-a-trimethylamine moiety of TMH and the
three N-methyl groups are in close proximity to Asn395 and the backbone carbonyl of Phe396 (Figure 4C,),
The Met170 side chain sits in a conformation in which it cannot directly interact with TMH, instead forming
the base of the binding pocket underneath the substrate imidazole ring. Nt of this ring could directly
coordinate to iron. In both MthEgtB and CthEgtB, the Nn hydrogen bonds to the backbone carbonyl of
Tyr380min/Tyr385c via a bridging water molecule. In Vpa2054, Tyr366 occupies an identical conformation
to Tyr380 in MthEgtB, and points into the binding pocket, indicating that a water-mediated interaction
between the backbone carbonyl of Tyr366 and Nt of TMH is also feasible in Vpa2054. The carboxylate of
TMH points into the center of the active site, towards where the second substrate presumably binds. The
observations from our model indicate that no conformation changes are required of the native structure for
TMH binding. Overall, the active site appears rigid and closed, resembling the active site of the type | EgtBs.*
In contrast, the native structure of a type Il EgtB shows an open and exposed active site until substrate
binding induces conformational changes in two loop regions to fold over and sequester the active site

(Chapters two and three).

\/\* 4 [ Ag20
RAO1 S 4
(e = R}M

N395 - CcYS
- 4 modelled
.% , iTMHmaeneg H167 P /’:MHﬁ tes
: F415 :
M170,= V71 f
-2

F39% HO;;‘ - €N 137 : ~€@\H62 415
&r 2~ A Y380
Y366 Y385 p
7 H156

D Glutamy! (of
CthEgtB  Cysteine Binding TMH Binding  y-GC) Binding
Catalytic Dyad } 5

Type I M.thermoresistibile AHIG.... LYD-—----AFVHPRASRVHL.....VS e LTYQRYS.....RPSF HPIIRQ
Type II C.thermophilum  GHTS.... IFNSE¥EAVGARHPRPQRGLL.....LH ... ALGE¥N...... PPDARW
Type V T.elongatus ADGRPKVERQHL......Li ... P.YRGYS...... SRSTRE
Type X V.paradoxus SSRVAHRTRWAL....ALHAEAMHAE...... S EPHIRD
Type III A.fumigatus @ GHIP....IDP------DVDNPEHCHSHS.... FE QHNYPY
Type III N.crassa e LYPGYT...... QORNYPY
Type III S.pombe DIEDPSKCHWHS.....YE e LYPDXT...... QRNYPY
Type IV M.aeruginosa ATPEELNSA-....IE RRNF-Y
I I
Iron Binding MthEgtB
Catalytic Tyr

Figure 4. Substrate binding sites of A. Vpa2054 native structure. B. CthEgtB TMH bound structure and C.
MthEgtB.Mn.DMH,y-GC complex. Key residues for binding and catalysis are highlighted and labeled. D) Sequence
alignment of characterized EgtB homologues M. thermoresistibile?”>°, C. thermophilum®’3, V. paradoxus (highlighted), M.
aeruginosa®’, A. fumigatus®®, N. crassa,® S. pombe'?? and uncharacterized T. elongatus'’®. Residues highlighted in red

indicate active site loop 1 of CthEgtB. Key residues for binding and catalysis are highlighted and labeled.
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A polar substrate binding pocket. The Vpa2045 structure itself in comparison to the CthEgtB and MthEgtB
structures does not advocate for an obvious second substrate. On visual inspection, the Vpa2045 binding
pocket appears larger than that observed for cysteine binding in CthEgtB, yet smaller than that for y-GC
binding in MthEgtB (Supplementary Figure 2). The surface of the binding pocket appears to be very polar,
with numerous hydrogen bonding donors and acceptors at the surface of the binding pocket. (Figure 5A&B).
Arg401 and Arg374 (the latter is not shown) form a positively charged region (Figure 5B) above the TMH
binding site. The oxygen atoms of the Tyr177 phenolic group and backbone carbonyls of two consecutive
backbone carbonyls, Pro60 and Glué1, point into the active site forming the back and top of the binding
pocket, while the side chains of Asné3, Glué8, Arg120 and Ser112 form the right side of the pocket and point
inwards to the binding pocket. To gain insight into which residues lining the binding pocket might facilitate
important interactions to the second substrate, we investigated the conservation of each of these residues.
Todoso, the 50 closest Vpa2054 homologues were cumulated from a pBLAST search. Homologues that were
not co-encoded with a selenophosphate transferase and a glycosy! transferase were removed to ensure that
all sequences were Vpa2054-like. Analysis of the remaining 36 sequences for residue conservation revealed
that only five of the nine residues that line the binding pocket are strictly conserved in all sequences analyzed:
Asné3, Ser112, Arg120, Glué8 and Arg401 (Supplementary Figure 3). This observation indicates that these
residues are likely important for substrate binding and should be of prominence in developing criteria for

deciphering the second substrate.

Substrate Binding Assays. To test our hypothesis that TMH is the first substrate, we investigated the binding
of potential substrates with a fluorescence-based thermal shift assay. This technique assesses protein
stability through measurement of a melting curve, and can be used to determine if there are any changes in
protein thermal stability upon the binding of a ligand.?°° The stabilizing effect by a given ligand is proportional
toits concentration and affinity to the protein and can therefore be used to screen for potential substrates.?°t
In aninitial assessment, we evaluated the stabilizing properties of various histidine derivatives. Incubation of
Vpa2054 with 10 mM TMH increased the melting point of Vpa2054 by 9 °C in comparison to a control
reaction containing only buffer. Incubation of Vpa2054 with histidine or DMH did not result in an increase in
melting tempearature.>” Anidentical degree of stabilization (+ 8.5 ° C) was observed for CthEgtB with 10 mM
TMH (Chapter 3). TMH binding was further quantified by the measurement of a Kp of 2.5 + uM using
Isothermal titration calorimetry (ITC). This value is in the same range as values measured for MthEgtB (2 uM)
and CthEgtB (10 puM) (Chapter 3). In a further screening, we assessed the binding of glucose-p-1-
thiophosphate (G1-SP), as the three-gene operon is consistent with a pathway that utilizes a
selenophosphate sugar. Glucose was chosen due to its abundance in nature, and thiophosphate as an
analogue of selenophosphate, as the latter is very reactive and air sensitive.?°? Incubation of Vpa2054 with
TMH and G1-SP did not further increase the melting temperature, suggesting that G1-SP does not bind to
Vpa2054 and is therefore an unlikely substrate. However it is possible that following the binding of TMH,
Vpa2054 is energetically in the most stable conformation and that binding of the second ligand does not elicit

a further response. Such an effect has been seen in CthEgtB, where TMH binding stabilizes CthEgtB, yet the
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addition of cysteine or cysteine alone does not increase the melting temperature, despite being a native

substrate (Chapter 3).

Glucose-1-seleno-
phosphate

2 i
A

phosphate

‘modeligd

Figure 5. The Vpa2054 substrate binding pocket shown in inverse surface mode and colored by atom. A. Binding pocket.
B. Binding Pocket showing resides that comprise the binding pocket, colored by atom. C. Binding pocket with TMH
modelled and shown as spheres. D. Binding pocket with TMH and Glucose-1-seleno-phosphate modelled and shown as

spheres. E. Binding pocket with TMH (sphere) and Glucosamine-1-selenophosphate (spheres) modelled.

Vpa2053, a glycosyl transferase. To gain insight into the second substrate of Vpa2054, we examined the
gene encoded beside Vpa2054, Vpa2053, annotated as a GT. GTs catalyse the transfer of a saccharide moiety
from a glycosy! donor to an acceptor molecule.?932%4 The activated sugar donor is often a nucleotide sugar,
however lipid phosphor-sugar donors and sugar-1-phosphates are also widely used, while the possible
acceptor substrates are incredibly diverse, including mono-, di-, or oligo- carbohydrates, proteins, lipids,
DNA, and numerous other small molecules.?°32%4 This diversity of each of the three reaction components
involved in glycosyl transfer reactions renders functional assignment incredibly difficult. Prediction of
substrate specificity is notoriously challenging as prokaryotic GTs share low sequence identities, and no clear
sequence motifs for substrate specificity have been established.?%>-2%¢ A pBLAST search of Vpa2053 did not
return any characterized homologues with significant similarity. From sequential analysis, Vpa2053 is
classified as a clan I, inverting GT, yet this does not provide any aid in substrate identification. Further
difficulties ensued upon attempts to produce Vpa20583, as the used construct was insoluble. We therefore

focused our attention on the glycosyl transferase from Sulfurifustis variabilis (SvaGT), which shares 40 %
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sequence identity with Vpa2053 and is co-encoded with a Vpa2054-like EgtB and selenophosphate
synthetase (Figure 2E). SvaGT was producible and UV-vis absorbance of the purified protein contained a
strong absorption band at 260 nm, which is indicative of co-purification with a bound nucleoside. This result
supports the genetic annotation of Vpa2053 as a GT and indicates that the donor is likely to be a nucleotide
sugar. The fluorescence-based thermal shift assay method was utilized to screen for the preferred
nucleoside. In the presence of uridine diphosphate (UDP), SvaGT was stabilized by 9 °C, while adenosine
diphosphate (ADP) and guanidine diphosphate (GDP) increased melting temperatures by less than 4 °C,
providing evidence that the substrate is comprised of a UDP component. Two commercially available UDP-
sugars, UDP-glucose and UDP-galactose, were tested for stabilization of Vpa2053, increasing the melting
temperatures of SvaGT by 8.4 °C and 6.4 °C, respectively. These results indicate that amonosaccharide-UDP
is alikely substrate for SvaGT, with UDP-glucose being a viable candidate. However, no activity was detected

upon use of SvaGT and UDP-glucose combined with thiophosphate as an acceptor molecule.>”
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Discussion

Biosynthetic Hypothesis. Inspection of the Variovorax paradoxus genome revealed that two genes are
annotated as sulfoxide synthases, indicating a divergent function for one of these genes. The genomic
environment of the first gene is similar to that of type Il EgtBs, co-encoded with EgtD, a methyl transferase
(Figure 2B&C). The second annotated sulfoxide synthase gene (Vpa2054) sits within a conserved gene
cluster consisting of a selenophosphate synthetase, and a glycosyl! transferase (Figure 2D). The presence of
selenophosphate synthetase indicates that the gene cluster may produce a selenium-containing metabolite.
Several comparative genomics studies have suggested that the selenophosphate synthetase gene is an
indicator of Se utilization in biology.>”*17> The product, selenophosphate, is an essential selenium donor for
the formation of SeCys and methylaminomethyl-2-selenouridine.’”® We hypothesise that selenophosphate
is the glycosyl acceptor in the glycosyl transfer reaction catalysed by Vpa2053.This would produce a
selenophosphate-sugar conjugate which could be utilised by Vpa2054 to form a C-Se between the
selenophosphate sugar and TMH, and oxidation of the conjugate to a selenoxide. Under reducing cellular
conditions, the selenoxide would be reduced and would decompose to form selenoneine. The possibility that
selenoneine might be biosynthesized via an alternative route is intriguing, as examples of natural selenium-

containing secondary metabolites are sparse.

Vpa2054 Substrates. All EgtB homologues characterized thus far utilize TMH as the first substrate 3347490,
173,199.207 The modelling of TMH into the Vpa2054 native structure and conservation of crucial residues in
MthEgtB and CthEgtB demonstrate that TMH is a feasible substrate. In addition, the similarity of the
measured TMH binding properties to those in reported EgtBs provides strong evidence that TMH is the first
Vpa2054 substrate. In contrast, the second substrate remains elusive. Variance in the donor substrate and
modes of binding the donor substrate has been observed among the EgtB family.33 47 49-50.173,199.207 Ty e |
EgtBs utilize y-GC, the substrate of EgtB from T. elongatus is unknown, and, while types I1-1V utilize cysteine,
the binding pocket is not conserved among the three types. (Stampfli & Seebeck, unpublished). The Vpa2054
structure reveals that the native second substrate is polar, likely to be larger than cysteine, and contains
numerous hydrogen bond donors and acceptors. Structural and bioinformatic analysis revealed that five
residues, Asné3, Ser112, Arg120, Glué8 and Arg401, are likely important for substrate binding. Of these
residues Arg401 and Argl20 are conserved in other homologues. Arg401 is conserved in the MthEgtB
structure (Arg420mi), forming a salt bridge to the glutamyl moiety of y-GC (Figure 4C&D). However, in
contrast to Arg420wmin, Arg374vp. folds down into the pocket in a different conformation from Arg420wmi,
creating a smaller binding pocket. Arg401 forms a salt bridge to Asp403, and is therefore unlikely to
compensate for a charged group in the substrate. The other key functionality involved in y-GC binding,
D416, is not conserved, indicating that y-GC or its selenium isolog are unlikely substrates. (Figure 4C&D).
Arg120y,qis also conserved in both MthEgtB and CthEgtB, which in these homologues, is believed to bind the
carboxylate group of cysteine and the cysteine moiety of y-GC along with a second arginine in an RXXR motif.
The second arginine in the RXXR motif is not conserved in Vpa2054, and is instead replaced by a histidine.
While Arg120 occupies a similar conformation in Vpa2054 as Argl103usn and Arg87cw in MthEgtB and

133



The Structure of a Sulfoxide Synthase homologue implicated in C-Se Bond Formation

CthEgtB, respectively, the Ca. backbone occupies a different conformation, such that His123 does not
structurally align with Arg106m and Arg@0c+h, The proximity of Arg120 to the iron site and its conservation
suggests that it may provide an important interaction, potentially to the selenophosphate group, which would
coordinate to the axial iron site. The structure modelled with TMH indicates that this substrate primarily
forms the base of the second substrate binding pocket, suggestive of an ordered binding mechanism, as
observed in CthEgtB.*! The carboxylate of TMH points into the second substrate binding pocket (Figure 5B).
In MthEgtB, the carboxylate of DMH forms a hydrogen bond to the amide functionality of y-GC (Figure 4C).#
Studies with substrate analogues in CthEgtB show that a salt bridge interaction occurs between the TMH
carboxylate and cysteine amine that is important for binding of the second substrate and catalysis.'* As the
TMH binding mode appears to be conserved in Vpa2054, it is likely the carboxylate requires either a

hydrogen bond, or more likely, a salt bridge partner in the second substrate, to compensate for this charge.

Vpa2054 Modelling. The finding that the Vpa2053 homologue, SvaGT, binds and stabilizes a UDP nucleoside,
supports the annotation of this enzyme as a GT and identifies UDP-glucose as a potential substrate. UDP-
glucose is one of the most abundant nucleoside sugars. The reaction of UDP-glucose with selenophosphate
would produce 1-B-selenophosphoglucose, due to the classification of Vpa2053 as an inverting GT. We also
hypothesized that 1-selenophosphorylated glucosamine could also be a viable substrate, as the C2-amino
group could compensate for and interact with the carboxylate of TMH. We wanted to determine if these
propositions are feasible. Therefore, TMH was modelled into the Vpa2054 active site with 1-
selenophosphoglucose and 1-selenophosphoglucosamine. From this analysis we wanted to establish if 1) the
binding pocket is large enough to accommodate a monosaccharide-selenophosphate conjugate and 2) If any
favorable interactions are possible, in particular to the carboxylate of the modelled TMH and Arg120. Ligand
restraints were generated for both isomers of 1-selenophosophoglucose and  1-
selenophosophoglucosamine, and the molecules were approximately modelled into the active site, so that the
selenium atom coordinates to the iron center (Figure 5 D&E). The approximations indicate that 1) the binding
pocket is large enough to fit TMH and either of the selenophosphate sugars, both of which pack well into the
active site and do not present any obvious clashes. A larger ligand would very likely result in clashes, and is
therefore unlikely to be a substrate 2) The B conformation of 1-selenophosphorylated glucosamine appears
more compatible with the binding pocket. And 3) As modelled, Arg120 is in close proximity to the
selenophosphate group, as are the C2-amine of glucosamine and carboxylate of TMH, which could potentially
provide favorable interactions. These impressions indicate that a selenophosphorylated sugar is a viable
substrate and that the Vpa2054 structure does not contradict the bioinformatic-based hypothesis. However,
we were unable to observe any reactivity between G1-ST and TMH, possibly due to not having identified the

correct sugar substrate, or the thiophosphate group being an inadequate selenophosphate analogue.

Oxygen Binding Site. Formation of a C-Se bond would also require molecular oxygen as an oxidant. In
CthEgtB and MthEgtB oxygen is proposed to directly to iron, providing an octahedral binding geometry.
Conservation of the oxygen pocket, indicates this is also likely for Vpa2054. Tyr362 hydrogen bonds to the
water molecule at the proposed oxygen-binding site (O-O, 2.5 A). In EgtB types | and |1l a tyrosine conserved

in sequence (Tyr377 in MthEgtB) is a vital catalytic residue to facilitate the reduction of molecular oxygen to
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initiate C-S bond formation.®® 72 In the Vpa2054 structure, Tyr362 occupies an identical conformation to
Tyr377in MthEgtB. This conservation suggests a similar function and conservation of the oxygen binding site

and mechanism of activation in Vpa2054 (Figure 4D).

Comparison to other EgtB structures. The overall structure of Vpa2054 is very similar to the CthEgtB and
MthEgtB structures, with rmsd values of 1.4 A (241 Co atoms) and 1.2 A (248 Ca. atoms), respectively.
(Supplementary Figure 4). The C-terminal domains are almost identical, as are the helical fragments of the N-
terminal domain. The interhelical segments are however less conserved. In particular, the a1-a.2 loop varies
greatly between the three structures available, in the number of residues and conformation that this section
takes up. In CthEgtB, this a.1-a2 loop forms a flexible loop that contains catalytic residues that closes over the
active site to form the oxygen binding site. This active site plasticity with respect to the oxygen binding is a
hallmark of the EgtB family, largely stemming from the diversity in structure and sequence of this interhelical
loop region. The deviances in this loop region have implications on reactivity, as the differences in active sites
manifests themselves in the ability of different homologues to utilize SeCys as a substrate.** However, due
to the lack of secondary structural elements in the a.1-a2 loop, predictions on the structural determinants
that drive the observed reactivity differences are unsubstantiated. While the active sites of CthEgtB and
Vpa2054 look completely different, the a1-a2 loop also contributes to the Vpa2054 active site, with Ser112

pointing in close proximity to iron. How this residue may facilitate selenium reactivity will be discussed.

Hydrogen Bonding supports oxidative C-Se bond formation. While enzymes involved in sulfur metabolism
do not typically discriminate against selenium, another cysteine-utilising iron oxygenase, cysteine
dioxygenase (CDO), does not tolerate sulfur-to-selenium substitutions and is unable to oxidise
selenocysteine.>>>¢ This suggests that iron oxygenases are perhaps more sensitive to S-Se substitution due
to their requirement for finely tuned electronics to mediate oxygen activation at an iron centre. In CDO,
binding of the cysteine thiolate to iron is a pre-requisite for O, activation, and the exact positioning is
important for determining the reaction outcome.?%2%? While SeCys binds to CDO in an identical fashion as
cysteine, CDO is unable to oxidize SeCys. Calculations show this lack of reactivity stems from the stronger
electron density donor ability of selenium versus. sulfur to iron, consequently lowering the reduction
potential. The Brunold group stipulates this increased donor ability impairs oxygen binding®®, while
calculations by the Che group indicate that oxygen can bind and be activated to form a selenium-based
radical. Yet, the increased donor ability of selenium hinders the ability of iron to access the iron(l1) oxidation
state, halting catalysis.?®? A qualitative analysis of CthEgtB indicates that increased donor ability of using
SeCys as a substrate manifests itself in all three key catalytic steps. One approach heavily used in biology to
modulate the reduction potential and electronic properties of a metal-thiolate system is the use of hydrogen
bonding to a metal-bound thoiolate.?19-?13 Removal of hydrogen-bonding interactions in a [2Fe-2S] cluster
decreased the redox potential by up to 132 mV,?* the reason being that hydrogen bonding to a metal thiolate
will alter the covalency of the metal-ligand bond, decreasing the charge donation, leading to a more positive
redox potential.®%¢1 In MthEgtB, engineering of a hydrogen bond (Ala82Ser mutation) to metal thiolate

disfavoured thiyl radical formation and provided evidence for proton-coupled electron transfer (PCET) in an
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early step in the mechanistic proposal.®> Therefore hydrogen bonding of Ser112 to a selenium-containing
substrate would reduce the electron density donated by selenium, counteracting the reduced reduction
potential arising from the stronger electron density donor ability of selenium. This would increase the
reduction potential of the metal-thiolate, perhaps enabling the active site to support selenium-mediated
oxygen activation at an iron centre. If so, the Vpa2054 structure provides another example from the EgtB
family of how variance in the a1-a2 loop leads to dramatic active site plasticity and, in this case, divergent

reactivity.
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Conclusion

The Vpa2054 structure presents another unique EgtB active site, highlighting the plasticity of the active site
in this enzyme family and the amenability of the a1-a.2 loop for evolutionary variance. The crystal structure,
together with the preliminary biochemical characterization, provides strong evidence that TMH is the first
substrate. A selenophosphorylated glucoside as the second substrate is consistent with the conserved gene
cluster, and preliminary characterization of a GT homologous to Vpa2053. The formation of a
selenophosphorylated sugar would provide a selenium delivery systemto form the C-Se bond of selenoneine.
The structure additionally provides a platform to determine if substrate predictions are plausible and
afforded residues that are likely to be important in substrate recognition and binding. This study narrows
down the possibilities for proposals for the pathway encoded for by the three-operon gene cluster. If the
second substrate does contain selenium, the finding that a dedicated enzyme exists for selenoneine would
cement the importance of selenoneine as a biologically relevant and important selenium metabolite. In
contrast, other selenium-containing metabolites, aside from SeCys, do not have dedicated pathways, with
their production dependent on cellular selenium concentrations and utilizing the same catalytic machinery as
their sulfurisologs. This finding would also represent the first iron-dependent enzyme with a native selenium-
based substrate for the activation of molecule oxygen. We hypothesize that Ser112 might play an important
role inhydrogen bonding to the selenium substrate, modulating the redox potential to enable selenium-based
activation of molecular oxygen at an iron center in the EgtB scaffold. The electronic requirements of this
would be an intriguing study that would provide an interesting parallel to the fungal EgtBs which do not

distinguish SeCys from Cys.
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The Structure of a Sulfoxide Synthase Homologue implicated in Carbon-
Selenium Bond Formation reveals insights into Selenium Activation
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Supplementary Figures

Active site

Supplementary Figure 1. Surface View of Vpa2054 native structure monomer. A) Cartoon of a Vpa2054 monomer. The
N-terminal DinB_2-like domain (residues 6-183) is shown in yellow while the C-terminal FGE-like domain is shown in
orange (residues 184-237) and light yellow (residues 237-412). The active site is located between the two domains in a

deep tunnel, iron (brown) and coordinating water molecules (red spheres) are shown.

_—

Supplementary Figure 2. Substrate binding pockets colored by atom. A: Vpa2054, TMH is modelled in and shown as
spheres. B: MthEgtB (PDB: 4X8D) with DMH shown as spheres and C: CthEgtB (PDB: 6QKJ) with TMH shown as

SRR

E61 N63 E68 S112 R120 Y177 R374 R401

-

P6

DT

<

<

Supplementary Figure 3. Sequence logo of 36 Vpa2054-like enzymes, all of which contain a selenophosphate transferase

and a glycosyl transferase in their close genomic environment (+/- 10 genes).
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Supplementary Figure 4. Structural comparison of the overall structures of Vpa2054 (yellow), CthEgtB (blue) and

MthEgtB.(green). Superimposition shows a high structural similarity between the three structures in overall structure.
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Experimental

Recombinant Vpa2054 construct
The gene for EgtB from Variovorax paradoxus (Vpa2054, WP_012747184.1) was codon-optimized for protein
production in E. coli and was purchased from Genscript in a pUC57 plasmid. The gene was ligated into the

pET19 and pET28 expression vectors using the restriction enzymes Ndel/Xhol.

Sequence of pET28.Vpa2054
(M) GSSHHHHHHSSGLVPRGSHMDSTLPVY SVAGAPEALALRAGPPASVRAALLAARRRTLDLADDFRAALGDAY
PGIGYAPELNPPLWELGHVAWFQEWWIGRNRQRARGVACEPDHAREPSLLPQADAWYDSSRVAHRTRWALPLPDA
EATRGYLERTFAQTLALLDELPPDAHDDALYFFRLVALHEAMHAEAAAYMAEGLGISLREGGPGPQLAEDAELEL
PARRFRIGSEAGAGFAFDNELLPHDVAIGPLRIDAQAVSWARFLPFVEAGGYENPAWWS DAGRGWLARQPLRQPA
CLRAAGTGWQQQRGGRWLPLGPQAAAVHLNAHEAEAWCRWAGRRLPTEAEWECAALTLPGFAWGRVWEWTSSPFE
PYPGFAPHPYRDYSAPWFGTRRVLRGACHATSAALAHARYRNFFEPHRRDIFAGFRSCRAAGG

m/z (CthEgtB.WT): calc.: 48096.0 Da, meas.: 48094.2 Da

£280(CthEgtBWT): 122380 Mt cm’?

Sequence of pET19.Vpa2054
MGHHHHHHAENLYFQ/GHMDSTLPVYSVAGAPEALALRAGPPASVRAALLAARRRTLDLADDFRAALGDAYPGIG
YAPELNPPLWELGHVAWFQEWWIGRNRQRARGVACEPDHAREPSTLPQADAWYDSSRVAHRTRWALPLPDAEATR
GYLERTFAQTLALLDELPPDAHDDALYFFRLVALHEAMHAEAAAYMAEGLGISLREGGPGPQLAEDAELELPARR
FRIGSEAGAGFAFDNELLPHDVAIGPLRIDAQAVSWARFLPFVEAGGYENPAWWSDAGRGWLARQPLRQPACLRA
AGTGWQQQRGGRWLPLGPQAAAVHLNAHEAEAWCRWAGRRLPTEAEWECAALTLPGFAWGRVWEWTSSPFEPYPG
FAPHPYRDYSAPWFGTRRVLRGACHATSAALAHARYRNFFEPHRRDIFAGFRSCRAAGG

m/z (CthEgtB.WT): calc.: 46258.1 Da, meas.: 46257.0 Da
e280(CthEgtB.WT): 122380 Mt cm™?

Recombinant Protein Purification

CaClz2 competent BL21.pLysS (DE3) cells were transformed with a pET28Vpa2054 or pET19Vpa2054
plasmid following standard heat shocking procedures. An overnight preculture of Luria Broth (LB) media (10
gtryptone, 5 g yeast extract and 10 g NaCl per L of media) containing the appropriate antibiotics: kanamycin
(50 mg/L) and chloramphenicol (34 mg/L) for the pET28 vector, ampicillin (100 mg/L) and chloramphenico
(34 mg/L) for pET19, were inoculated with the transformed cells and incubated overnight at 37 °C whilst
shaking at 180 rpm. 1 mL of pre-culture was used to inoculate growth cultures of rich LB media containing
the appropriate antibiotics at concentrations previously stated. Cells were grown at 37 °C with shaking (180
rpm) until the optical density at 600 nm (ODgoo) reached 0.8. Cells were cooled down to 18 °C and expression

of the plasmid encoded gene was induced by the addition of IPTG to a final concentration of 0.1 uM. Protein
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expression was allowed to continue for 16 hours at 18 °C. Cells were harvested by centrifugation at 7000
rom for 20 minutes at 4 °C, the supernatant was discarded and the cell pellet was frozen at - 20 °C until
required for purification. The cell pellet was thawed on ice and resuspended in Lysis buffer (300 mM NaCl,
50 mM NaxHPO4, pH 8) and was lysed in an Emulsiflex-C3 (Avestin). Cellular debris was removed by
centrifugation at 4000 g for one hour, at 4 °C. The supernatant was incubated with Ni- NTA Agarose slurry
at 4°C for 20 minutes. The agarose beads were washed with washing buffer 1 (300 mM NaCl, 50 mM
NazHPO., pH 8and 20 mM imidazole). Vpa2054 was eluted and collected in fractions by washing with elution
buffer (300 mM NaCl, 50 MM Na,HPOy4, pH 8, 250 mM imidazole). Protein concentration was determined
for each collected fraction with a nano-drop 2000/2000c spectrophotometer. Fractions identified as
containing Vpa2054 by concentration and SDS PAGE Gel were pooled and incubated with 10 mM EDTA at
0°Ctoremove any metals. The pET28 construct used for binding studies and activity assays was dialyzed into
dialysis buffer (50 mM Tris, pH 8, 50 mM NaCl), at least twice for a minimum of four hours, before flash
freezing and storage for further use.

The pET19 construct used for crystallography was dialyzed against 50 mM NaCl, 50 mM Tris, pH 8, and 1
mM DTT with TEV protease at a final protein ratio of 12:1 for 16 hours at 4°C. After dialysis, the sample was
run over a Ni-NTA column to remove the TEV protease and His tag. The flow through was purified by Size
Exclusion Chromatography (SEC) using a Superdex 200 pg 26/600 column with 200 mM NaCl, 50 mM Tris,
pH 8 as the running buffer. The Vpa2054 peak fractions were collected and concentrated for immediate use

in crystallization trials.

kDa =+
100 «

—
50 e
37 -

25 ww

M 1

Supplementary Figure 5. SDS PAGE Gel containing molecular weight marker (Lane M) and recombinantly produced and

purified Vpa2054 (Lane 1). Adapted from 7.

Biophysical Characterization
Please see the PhD thesis of Sebastian Fllckiger ‘Mechanistic Studies of Sulfur-Carbon Bond Formation by
Metal-Dependent Enzymes’ (2018)°7 for experimental details on the fluorescence-based thermal Shift Assay

and Isothermal titration calorimetry (ITC) and activity assays.
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Crystallization

Crystallization conditions for the crystallization of Vpa2054 were determined with the vapor diffusion
method in a sitting drop 96-well format. Drops were set up using a dispensing robot (Crystal Gryphon, Art
Robbins) mixing different ratios of Vpa2054 solution (31 mgmL*) with reservoir solution (0.2 uL:0.1 pL, 0.1
pL:0.2 uLand 0.2 pL:0.2 uL) and were equilibrated against 35 L reservoir solution. The screens were stored
at 20°C. Acrystal from E12 of Morpheus 0.12 M Ethylene Glycols (0.3M Diethylene glycol; 0.3M Triethylene
glycol; 0.3M Tetraethylene glycol; 0.3M Pentaethylene glycol), 0.1 Buffer system 3 (Tris (base); BICINE), pH
8.5, 37.4 % precipitant mix 4 (25% v/v MPD; 25% PEG 1000; 25% w/v PEG 3350) mixed in a 1:2 ratio of

protein to reservoir solution diffracted well.

Data collection, data processing, structure solution and refinement

Data of the Vpa2054 crystals were collected at the Xo6SA (PXI) beamline using a EIGER 16M X Detector at
the Swiss Light Source (SLS), Villigen, Switzerland. The collected diffraction data were indexed and integrated
using XDS™7 and were scaled using aimless™®®. The structure was solved by molecular replacement using the
native structure of MthEgtB (PDB: 4X8B)*’ as the search model. The initial model of native was built using
AUTOBUILD of the PHENIX package.™® Several rounds of iterative model building and refinement were
performed using Coot'®! and Refmac'®? or PHENIX™3. 5% of the data were excluded from refinement and
used for cross-validation. Data collections and refinement statistics are summarized respectively.
Stereochemical validation of the final models was performed using Mol Probity. %4 Interfaces of proteins were
analysed by PISA' and Figures were prepared in PyMOL Molecular Graphics System, Version 1.7
(Schrodinger).

Modelling

TMH (PDB ligand: AVJ is modelled into the active site of Vpa2054 through superimposition of the TMH-
bound structures of MthEgtB (PDB:4X8E) onto Vpa2054. The ligand restraints for 1-B-
selenophosophoglucose and both isomers of 1-selenophosophoglucosamine were generated using grade.?™
Cootwas used to place the compounds into the Vpa2054 structure to approximate if binding was plausible. 76t
Ligands were placed in such a way that (1) The selenium group co-ordinates directly to iron, in an analogous
binding mode as y-GC in the quaternary MthEgtB structure (PDB:4X8D) (2) Arg120 could co-ordinate to the
phosphate group (3) the C2 amide of glucosamine can interact with the TMH carboxylate and (4) the whole

ligand does not clash with any protein residues.
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Supplementary Table 1. Data Collection and Refinement Statistics

Data Collection Statistics Vpa2054 Refinement Statistics Vpa2054

X-ray Source XO6SA (PXI) Resolution limits ( A) 40.5-2.7 (2.8-2.7)
EIGER 16M

X-Ray detector Rwork * 0.1979 (0.2740)
(Dectris)

Wavelength (A") 0.99 Rfree ** 0.2532 (0.3568)

Space group P1211 Number of non-H atoms 6298

Celldimensions a, b, ¢ (A") 51.3,120.9 63.7 macromolecules 6281

Cell Angles a, B,y () 90,91.6,90 ligands 2

Solvent content (%) 38 solvent 15

Molecules in asymmetric unit 2 Protein residues 796

Resolution limits (A% 40.5-2.7 (2.80-2.7) Clashscore *** 5.64

Rmerge! 0.06551(0.2539) R.m.s.d fromideal

Rineas.t 0.09264(0.2539) Bond lengths (A") 0.003

CC% 0.99(0.861) Bond angles (u) 0.68

<l/o(1)> 6.92(247) Ramachandran favoured *** (%)  97.08

Total reflections 39361 (3865) Ramachandran outliers *** (%) 1.55

Unique reflections 20954 (2102) Average B values (A" 2) 354

Completeness 1.9(1.8) macromolecules 3543

Multiplicity 96.96(98.96) ligands 27.41

Mosaicity 0.1/ solvent 24.57

T Rimerge = > hKIS T [li(hkD)—hI(hk1)i] / > hkISi li(hkl), where li(hkl) is the observed intensity for a reflection and hi(hkl)i is
the average intensity obtained from multiple observations of symmetry-related reflections.
F Rineas = > hkI IN/(N-1)11/2 S [li(hk)—hI(hkDi] / S hkIS i lithkl), where li(hkl) is the observed intensity for a reflection,
hi(hkl)iis the average intensity obtained from multiple observations of symmetry-related reflections and N is the
number of observations of intensity I(hkl).

Numbers in parentheses refer to the outer shell.
* Rwork = 5 hkl|| Fobs|—|Fcalc|| / > hkl|Fobs|

** Rfree is the R value calculated for 5% of the data set that was not included in the refinement.

***Molprobity.
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5. The Structural Characterization of Ergothioneine Solute

Binding Proteins

This research will be form part of a publication, along with the work of Mariia Believa and Alice Maurer.

The molecular basis for ergothioneine biosynthesis is well established, as is the chemistry of a key EGT-
degrading enzyme, ergothionase. A discrepancy was observed between the organisms that can produce
ergothioneine and degrade ergothioneine. As most ergothionases are intracellular, a transporter system for
EGT must exist. Herein we report the structural characterisation of two types of solute-binding proteins that
bind EGT or ergothioneine sulfonic acid (EGTSO3” with high affinities. Solute-binding proteins are a key
component of the ABC transporter system which facilitates solute uptake into bacterial cells. The finding that
a specific transport system exists for EGTSOg, provides clear evidence that EGTSOg3 is a relevant EGT
degradation product in nature. Comparison of structures of the two SBP types identified residues that
determine substrate selectivity. The application of these motifs to explore the sequence space of betaine
solute-binding proteins revealed several key insights into EGT utilization and evolutionary history of the EGT
related SBPs. This study presents a molecular handle and genomic precedent to identify organisms that
utilize ergothioneine without biosynthesizing or degrading it, Until now, no approach was available to identify
such organisms. This greatly increases the prevalence of known ergothioneine utilization, highlighting the

ubiquity and importance of ergothioneine to many life forms.






Chapter 5
Introduction

Ergothioneine and its derivatives. The biosynthesis of ergothioneine (EGT) and the enzymes involved are
well-established, as is the transporter for its uptake into human cells.?® 2132 216 |n contrast, very little is
currently known about the degradative pathways of EGT and the biologically relevant forms and oxidation
states that EGT can exist in. Recent work reported the characterization of “ergothionase”, an ammonia lyase
that catalyzes the 1,2-elimination of trimethylamine from EGT to form thiouraconic acid (Figure 1). The
oxidized analogue, ergothioneine-sulfonic acid (EGTSOg3’) was also found to be accepted as a substrate with
a similar catalytic efficiency to EGT.2Y It is unknown if this oxidized metabolite is a biologically-relevant
substrate or if the characterized ergothionase is merely promiscuous towards EGTSO3". Oxidation of EGT to
the sulfonic acid can be mediated by reactive oxygen species. Stimulated human neutrophils were found to
produce EGTSO3. However, the levels of hypochlorite produced through induced oxidative burst are
artificially high, and it is therefore unknown if EGTSOg3  is a relevant metabolite under normal physiological
conditions.?1821 Reactive oxygen species can also lead to oxidative desulfurization, resulting in N-N-N-a-
trimethyl histidine (TMH).” Another proposed degradation pathway is methylation, to form S-methyl
ergothioneine (MeEGT) (Figure 1). While this metabolite has been isolated, the enzyme responsible for

methylation has not been identified.?%°
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Figure 1. EGT metabolites. Oxidative degradation of EGT could produce N-a-trimethyl histidine and ergothioneine-
sulfonic acid~21? Methylation of EGT by an unknown methyl donor leads to S-methyl Ergothioneine. Elimination of the

trimethylamine moiety of EGT and EGTSO3 by ergothionase leads to their corresponding thiouracanic acids.?”
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Structural Characterization of Ergothioneine Solute Binding Proteins

Ergothionase Genomic Environment. Ergothionases are typically intracellular, yet many of the organisms
with an ergothionase, do not biosynthesize EGT. Furthermore, EGT is not membrane permeable, which, in
conjugation with the disparity between organisms that degrade and produce EGT, indicates that a system for
EGT acquisition must exist.?° To identify proteins that might be involved in EGT uptake, the genomic
environment of genes encoding for ergothionase were analysed. This bioinformatic analysis revealed that
genes annotated as components of the ATP-binding cassettes (ABC) transport system, including an ABC
solute binding protein, were sometimes clustered with ergothionase genes, as exemplified in the Citrobacter
koseri genome (Figure 2). ABC transporters transport compounds across the cellular membrane, being driven
by ATP hydrolysis. These importers require a solute binding protein to bind and deliver the substrate to the
periplasmic gate of the transporter. The close genomic environment of the SBP to ergothionases suggested

that an ABC transportation system may exist for EGT and/or its degradation products.

[JABC Solute Binding Protein [l Ergothionase [ ] ABC transmembrane domain
B ABC ATP binding domain

Figure 2. Genomic environment of ergothionase in Citrobacter koseri. In numerous Citrobacter species the ergothionase
gene is flanked by genes annotated as components of the ABC transport system, including both the transmembrane and

ATP binding domains and a solute binding protein.

ATP-binding Cassette (ABC) Transport Systems. ATP-binding cassettes (ABC) transport systems are alarge
and important class of active transport system for the uptake of nutrients from the periplasm and delivery to
the cytoplasm in gram-negative bacteria. The ABC transport system consists of five proteins organized into
three main components (Figure 3): (i) a pair of integral membrane protein domains, the transmembrane
domain (TMD). These components span the cytoplasmic membrane a minimum of six times each and form
the channel through which the solute passes through. (i) A pair of ATPase domains, which are associated with
the cytoplasmic surface. This is the site of ATP hydrolysis, which is coupled to movement of the substrate
through the channel. And finally, (iii) the solute binding protein (SBP) (also called periplasmic binding protein)
provides the specificity for solute transfer by recognizing and binding the substrate and delivering it to

membrane protein domain for translocation.?2222
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Figure 3. Simplified schematic for the mechanism and components of ABC importers. Three domains comprise the ABC

periplasm

transport system to transfer a solute from the periplasm to the cytoplasm using ATP.

Solute Binding Proteins. SBPs are absolutely essential for the function of the ABC transporters. They are
abundant receptors, ensnaring their ligands with high binding affinities (Kp of 10-10000 nM) and large
association rate constants (1-10 x 107 M1 s, In the periplasm, SBP are typically found in concentrations of
0.1-1mM, greatly surpassing the concentration of the membrane-associated components of the transporter

system, and often the binding solute. These features enable rapid response to the presence of a ligand.??*

SBPs are monomers, which can range in size from 25000 to 60000 kD. They facilitate the transport of an
extensive range of substrates of diverse sizes including amino acids, sugars, peptides, oxyanions, polyamines,
vitamins, metal ions and their chelates. Their solubility and relatively high periplasmic concentrations lends
itself to excellent overexpression and purification. Furthermore, SBP are very amenable to crystallization, in
most cases diffracting to high resolutions. This amenability provides a plethora of structural data on the
SBPs.221

Solute Binding Protein Structure. Despite the huge diversity among the substrates and the often low-
sequence homology between different SBPs, there is a common structural architecture to the solute binding
proteins. This architecture consists of two similar globular domains. Each domain consists of a central beta-
pleated sheet, which is flanked by alpha helices. The two domains are connected by either two or three (in
rare cases, one) connecting segments, referred to as switch segments. This results in the two domains being

comprised of non-contiguous regions of the polypeptide (Figure 4).2%*
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Structural Characterization of Ergothioneine Solute Binding Proteins

Figure 4. Structure of a type |l Solute Binding Protein, ProX from Archeoglobus fulgidus (PDB: 1SW1, 1.9 A). The two
domains are in blue and yellow while the switch segment with two segments is colored in red. The N & C terminals are

labelled and secondary structures labelled.

The protein substrate-binding site is located in the cleft between the two domains. Binding is associated with
alarge movement of the domains towards one another, closing in around the substrate so that the substrate
is typically completely sequestered from solvent. This is referred to as the closed conformation. The
structures of the domains themselves do not significantly change when moving from an open to closed
conformation. Instead, their relative angles to one another differ, with the interdomain switch segments
acting as a hinge (Figure 5). In solution, the unliganded open form is in equilibrium with unliganded closed
form. The ligand binds to an open form of protein, interacting with just one of the domains. It is common that
one domain will provide a larger substrate-binding surface area than the other domain. When the two
domains do come together, the ligand is buried within the protein, interacting with both domains and shifting
the equilibrium towards the closed conformation. This complete enclosure of the substrate gives rise to a

multitude of protein-ligand interactions, accounting for the remarkable selectivity and high affinities.
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Figure 5. Structures of ProX from Archeoglobus fulgidus in an open, unliganded form (PDB: 1SWS5, 1.8 A) and in a closed
form in complex with glycine betaine (PDB: 1SW5, 1.9 A). Both the cartoon and surface representations are shown for

the two colored domains, while proline betaine is shown in a stick representation in pink.

Betaine Binding Solute Binding Proteins. Several betaine solute binding proteins have been functionally and
structurally characterized. One family of SBPs, called ProX, binds glycine betaine (GB) and proline betaine
(PB) with high affinity. Two variants: a bacterial and archaeal system, have been well characterized. The
bacterial species, Bacillus subtilis, has six transport systems, which are used in response to stress, three of
which, OpuA-C, are of the ABC superfamily. The solute binding domains of each are labelled with a second C.
OpuAC and OpuCC both bind GB and PB, while OpuBC binds choline.??3??7 Phylogenetic analysis suggests
these five solute-binding proteins cluster into three clades with distinct active sites. The bacterial ProX and
OpuAC form one clade, the archaeal ProX forms its own, while OpuBC and OpuCC form a third (Figure 6).

The betaine-binding sites of an enzyme from each clade will be discussed.

ProX ... €& PDB:1R9L
OpuAC
ProX_ . . e.g. PDB: 1SW2

OpuCC e.g. PDB: 3PPP

OpuBC
Figure 6. A qualitative phylogenetic tree containing characterized solute binding proteins specific for betaines: OpuAC,

OpuBC and OpuCC from Bacillus subtilis and ProX from Escherichia coli and archaeon Archaeoglobus fulgidus.

Bacterial ProX. In 2004, crystal structures of a bacterial ProX, a betaine binding SBP were reported.
ProXpacterial is reported to bind both GB and PB selectively and with high affinity, with Kp values of

approximately 1 uM and 5 uM respectively.'?8 228230 | jganded structures revealed that both ligands are
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entirely engulfed in the closed conformation and that cation-n interactions between the positive charge of
the quaternary amine of the ligand and three tryptophan residues were key determinants for substrate
selectivity (Figure 7A). Trpé5 and Trp144 sit almost parallel to one another, on either side of the
trimethylated amine of GB or PB. These two tryptophans, along with Trp188, form three faces of a
rectangular aromatic box, forming the basis of binding quaternary amine binding. Site-directed mutagenesis
was used to validate the individual contributions of each of the Trp residues in substrate binding. The
carboxylic group of GB points out of this aromatic box and makes hydrogen-bonding contacts to the
backbone amides of Gly141 and Cys142. These residues sit on a loop held in a particular conformation by a

disulfide bond. The carboxylic group also makes another hydrogen bond to the imidazole of His69.37

Archaeal ProX. The ProX from an archaeal species, ProXarchaeal, also binds GB and PB, with Kp values of 50 and
60 nM respectively.?3t Structures solved of ProXarchaeal in complex with its natural substrates revealed a
different substrate-binding site to that of ProXpacterial (Figure 7B&A respectively). Despite a low-sequence
similarity between ProX and ProXarchaeal (29 %), both SBPs provide a similar solution for the binding of cationic
quaternary amines by utilizing cation-n interactions. Instead of using tryptophan, four tyrosines: Tyré3,
Tyr111, Tyr190 and Tyr214, form four faces of a box, forming an “aromatic girdle of tyrosines” that
encompass the trimethylated amine of GB. In contrast to the ProXpacterial binding site, ProXarchaeal also makes
use of non-classical hydrogen bonds between the methyl groups of the quaternary ammonium and phenolic
groups of the four tyrosines and a mainchain carbonyl. The mainchain carbonyl of Asp109 points in towards
the quaternary ammonium headgroup, forming the bottom of the rn-box. This aromatic girdle provides a
negative surface potential to complement the cationic charge on the trimethylated amine. The carboxylic
group of GB points out of the aromatic cage and forms a salt bridge to Lys13 and Arg149 and a hydrogen
bond to Thré6. A second contrast to ProXpacterial is that the solutes are not completely closed off from solvent.
One water molecule sits within the active site, separating the ligand from the rest of the bulk solvent. This
water molecule makes no direct contact to GB, yet makes two hydrogen bonds to residues in close

proximity.2%?

OpuCC. OpuCC also utilizes an aromatic girdle to bind GB, as revealed through numerous crystal structures
in complex with various betaines; GB, choline, ectoine and carnitine. The quaternary amines of these
molecules are all bound in an identical fashion to the archaeal ProX with an aromatic girdle comprised of four
tyrosines, Tyr91, Tyr137, Tyr217 and Tyr241 (Figure 7C). As in ProXarchael, @ Mmainchain carbonyl, Asn135
points in towards the cationic ammonium group, forming the base of the aromatic cage. Residues close to the
box contribute differently to bind the different substrates. The carboxylic group of GB is fixed in place by
three hydrogen bonds, to Thr24, GIn39 and a water molecule, which also makes hydrogen-binding contact to
GIn39. This also contrasts with the archaeal and bacterial ProX, as neither makes direct contact to a water
molecule. However this may be a result of the substrate promiscuity, as the longer chained betaine, carnitine

substrates occupy more space and do not make contact to any water molecules.
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Figure 7. Active sites of three SBP that bind glycine betaine (GB). GB is shown in green, while important substrate-binding
residues are labelled and shown as sticks and coloured according to their domain. A. ProX from E coli. in complex with GB
(PDB: 1R9L, 1.6 A). B. ProX from Archeoglobus fulgidus in complex with GB (PDB: 1SW2, 2.1 A) and C. OpuCC from Bacillus
subtilis in complex with GB (PDB: 3PPP, 2.4 A).
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Solute Binding Protein Phylogenetic Analysis. To explore the idea that EGT and its derivatives may have a
specific solute-binding protein as part of an ABC transport system, a qualitative phylogenetic tree was
created from characterized betaine-binding proteins. The sequences of three potential EGT solute-binding
proteins from the close genomic environment of EGT were included (Figure 8). A preliminary sequence
alignment and analysis indicates that the tyrosine girdle that is responsible for quaternary amine binding in
ProXarchaeal and OpuCC/BC is conserved among the hypothetical EGT binding proteins. This indicates that
the solute bound by the SBPs of interest likely contains a quaternary ammonium. In the phylogenetic tree,
the SBP homologues that are co-encoded with ergothionases cluster away from those that bind GB/PB and
choline-binding SBP, suggesting these are unlikely to be the native solutes. This is consistent with our
hypothesis that these proteins may be involved in EGT transportation (Figure 8). The sequences associated

with EGT also split into a further two clades, suggesting further diversity among the sequences.

ProX & OpuAC

bacterial

OpuCC & OpuBC

ProX

archael

SBP4 & SBP5

SBP14

Figure 8. A qualitative phylogenetic tree containing characterized solute-binding proteins specific for betaines and three
SBPs implicated for EGT binding: OpuAC, OpuBC and OpuCC from Bacillus subtilis, ProX from Escherichia coli and
archaeon Archaeoglobus fulgidus, SBP4 from Martelella endophytica, SBP5 from Trabulsiella odontotermitis, SBP14 from
Bacillus sp. FJAT-27264.

Functional Characterization, performed by Mariia Beliaeva. Several potential EGT binding SBPs were
selected, produced and their affinities tested for a range of substrates including betaine, histidine, EGT,
EGTSOgs, MeEGT and TMH. This was performed by Mariia Beliaeva. Affinities were determined by
Isothermal titration calorimetry (ITC). Of the various SBP investigated, three representative proteins have
been selected, SBP4, 5 and 14, the Kps for which are listed in Table 1. SBP4 and SBP5 both bind EGTSOx5
with high affinities of 9 and 11 nM respectively. EGT also binds, but with much weaker affinities of 35 and 32
uM respectively. Both proteins have no measurable affinity for MeEGT. SBP5 also has no measurable affinity
for TMH, while SBP4 binds TMH with a Kp of 23 uM. SB14 binds all four EGT variants, with the thiol variants
inthe low nM range. EGT binds with the highest affinity (Kp = 20 nM), while TMH is bound with a Kp of 5 uM.
These results implicate SBP4 and 5 as EGTSOg3 binding SBPs and SBP14 as a EGT SBPs.
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Table 1. Kp values of four solute binding proteins for EGT and three derivatives, the solute with the highest affinity of
each protein is highlighted as bold. A dash (-) indicates that no significant binding was measured (Kp > 0.5 mM).

Egt EGTSOs MeEGT TMH
SBP4 35+ 5uM 9+2nM - 23+ 3 uM
SBP5 34+ 5uM 26+1.3nM - -
SBP14 20+2.3nM 170+ 11nM 26+1.3nM 4.90+0.61 uM

Aim of this Chapter. The goal of thiswork is to structurally characterise several different EGT-related solute-
binding proteins with different ligands. A structural basis will enable the determinants of substrate selectivity
to be identified through structural comparison, compounded with a bioinformatic approach. This chapter
then aims to test these hypotheses in the framework of a sequence similarity network, which allows for a
complete coverage of sequence space. This will finally be utilised to analyse the distribution of the SBPS and
their genomic environment to gain further insight into the organisms that do not produce EGT but utilise it,

and evolutionary insights into the genes.

This chapter encompasses the structural characterization of three SBPs with various ligands, listed below.
Each protein and its structure(s) will be discussed consecutively, followed by a structural and bioinformatic

comparison and discussion.

EGTSO3 specific binders:

e SBP4, asolute binding protein from Martelella endophytica (proteobacteria)

e SBP5, asolute binding protein from Trabulsiella odontotermitis (enterobacteria)
EGT specific binders:

e SBP14, asolute binding protein from Bacillus sp. FIAT-27264 (firmicute)
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Results and Discussion

Structural Characterization of SBP5

Crystal structure determination of SBP5. Functional characterization identified SBP5 as an EGTSOg3" -
specific SBP. To gain insight into the binding mode and selectivity determinants, structures of SBP5 in
complex with EGTSO3 and EGT were determined by X-ray crystallography. Structures in complex with
EGTSO3 and EGT were obtained by co-crystallization, with crystals diffracting to resolutions of 2.1 and 1.2
A respectively. Inthe presence of EGTSOg, SBP5 crystallized in space group P212121 with cell constants a,b,c
=43.8,107.6 and 227.9A respectively. While in the presence of EGT, SBP5 crystallized in space group P12:1
with cell constants a,b,c = 46.0, 45.5 and 61.9 A respectively and B = 103.6 °. For data collection and
refinement statistics, see Supplementary tables 4 and 5 respectively. The first crystal structure (with EGT as
a ligand) was solved by molecular replacement using a search model derived from four published structures
of SBP5 analogues (PDB: 3PPN,4Z7E,1SW4,3R6U). The EGTSO3 liganded structure was solved by
molecular replacement with the SBP5-EGT model. The electron density for both structures revealed a
continuous polypeptide chainfromresidues 25 to 295 (Figure 9). The first two residues of the construct used
for crystallization lacked electron density and have therefore not been modelled. Both ligands could be

unambiguously modeled into the (Fo-Fc) difference density map (Figure 10).

5
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Figure 9. Structural Analysis of SBP5 in complex with EGTSO3". Cartoon of the SBP5- EGTSOg structure. Domain 1
(residues 25 - 127 & 232 - 295 is show in green while the domain 2 (residues 128 - 231) is shown in yellow. EGTSOgz

(orange) is bound as a ligand and indicates the location of the substrate-binding site.
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Figure 10. Omit maps for SBP5 bound ligands. EGTSOs (2.1 A) and Egt(1.2 A). (m | Fo | -D | Fc| ,electrondensity; 6 = 3.0).

The SBP5 structure revealed a fold typical of the type Il SBPs, and like all SBPs can be divided into two
domains. Domain 1 (residues 25 - 127 & 232 - 295) comprises two B sheets, one with two parallel strands,
and the second with three antiparallel sheets, of which one strand is much shorter than the other two. Domain
1 also contains eight a-helices. Domain 2 (residues 128 - 231) contains two beta sheets, a two-stranded

parallel sheet and a two -stranded antiparallel sheet, and six short a-helical coils.

SBP5 Ergothioneine-Sulfonic Acid Binding. EGTSOs3 is bound in a deep groove between the two domains,
in which solvent access is minimal. The trimethyl amine moiety resides closest to the center of the protein,
while the sulfur group points outwards towards the protein surface. The trimethyl moiety is bound by an
aromatic girdle of four aromatic residues (Tyr83, Tyr129, Phe209 and Tyr233). However, in contrast to the
canonical four tyrosines, one tyrosine is replaced by a phenylalanine. (Figure 11A). The backbone carbonyl
group of Asn127 points towards the trimethyl moiety making non-typical hydrogen bonds to each of the
ammonium methyl groups (3.1, 3.1 and 3.4 A). Such an interaction is also observed in the archaeal ProX and
in EgtB structures with TMH bound.#? 173231 The side chain of Thr86 also makes such a contact to a methy!
group (3.2 A). The EGT carboxy! group forms salt bridges with Lys33 (2.8 & 3.4 A) and Arg166 (3.0 & 3.3 A),
and a hydrogen-bonding contact to Thr86 (2.6 A). In the substrate imidazole ring, Nt hydrogen bonds to
Tyr129 (2.9 A), while Ne does not make any contacts. The oxygens of the sulfonic acid moiety make numerous
hydrogen-bonding contacts, forming interactions to the side chains of GIn207 (2.9 A) and Tyr129 (3.1 A) and
to the backbone amides of four consecutive residues, which make up a loop region between B-sheet 6 and a.-
helix-7: Gly161 (2.8 A), Ala162 (3.2 A), Glu163 (2.9 A) and Phe 164 (3.1 and 3.5 A). The side chain of Glu163
points in towards the active site, making contact to and positioning Arg167 (3.1 A).
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$
N127,C=0 Ergothioneine-
Sulfonic Acid

B6-a7 loop

A162

B6-a7 loop

K33

Figure 11. Active Site of SBP5 with A. EGTSO3 bound and B. EGT bound. Substrate binding residues are shown as

sticks and are colored according to their domain location. The 6 a.7 loop rearranges on the presence of the sulfonic

acid moiety.
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SBP5 Ergothioneine Binding. EGT binds in a similar fashion to EGTSOs3, with a slightly different tilt with
respect to the rest of the protein (Figure 12). However, several key interactions are lost in comparison to
EGTSOs structure. The EGT carboxyl group forms salt bridges with Lys33 (2.8 & 3.4 A) and a hydrogen bond
to Thr86 (2.8 & 3.2 A). In the substrate imidazole ring, Nt hydrogen bonds to Tyr129 (2.9 A), however this
residue moves further out of the structure in comparison to its location in the EGTSOg3" structure, giving a
greater hydrogen-bonding distance, and presumably a weaker interaction. Nz of the imidazole ring now
forms a water-mediated hydrogen bond to the backbone amine of Ala162. The sulfur hydrogen bonds to the
backbone of Gly161 (3.3 A), Glu163 (3.4 A) and the side chain of GIn207 (3.4 A). Only two hydrogen-bonding
contacts are made to the Bé-a7 loop, in contrast to the numerous interactions (7 hydrogen bonds) that the
sulfonic head group of EGTSOs” makes to this loop. Through the loss of these interactions the B6-a7 loop in
the EGT structure folds into another conformation, which moves Argl67 out of the active site. In the
EGTSOgs structure, Argl67 forms a key salt bridge to the substrate carboxylate. An interaction is also lost
between the sulfonic moiety and Tyr129, which sits further out of the active site. The movement of Tyr129
and rearrangement of the B6-a7 loop and consequently movement of Arg167 further impacts EGT binding,
as these structural rearrangements result in a less well packing substrate (Figure 13). A larger binding pocket
results, with space around the carboxylic group that is filled by several water molecules. In contrast EGTSO3

is tightly encased, providing a greater surface area for substrate binding.

Figure 12. Conformations of EGT and EGTSOg3™ in SBP4. The quaternary ammonium of both ligands occupy the same
space, taking this atom as a fixed point, EGT is tilts up by 7.5 °in the active site in comparison to EGTSO3".

The loss of interactions; the salt bridge to the carboxylate and numerous hydrogen bonding interactions to

the sulfonic head group, combined with the less-encased binding pocket account for the almost 3000-fold

decrease in binding affinity of SBP5 for EGT (Kp of 34 uM) versus EGTSOs (Kpof 26 nM).
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Figure 13. Comparison of the substrate binding pockets in the EGT and EGTSOj3 bound structures in SBP5. Amuch

larger, and less well-packed cavity results with EGT as a ligand.
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Structural Characterization of SBP4

Crystal structure determination of SBP4 with Ergothioneine. In parallel to SBP5 crystallization, the same
experiments were carried out for SBP4. SBP4 & SBP5 are closely related, and are both EGTSO3™ binders.
However, only structures of SBP4 in the presence of EGT were obtained. SBP4 crystalized in space group
P2,212; with cell constants a = 39.7 A b =53.7 Aand c = 127.4 A with a crystal diffracting to a resolution of
1.4 A. For data collection and refinement statistics, see Supplementary tables 4 and 5 respectively. The
structure was solved by molecular replacement using the structure of SBP5 + EGT as search model. SBP4
and SBP5 share 60 % sequence identity. The electron density revealed a continuous polypeptide chain from
residues 25 to 295 (Figure 14). The first three residues of the construct used for crystallization lacked
electron density and have therefore not been modelled. EGT could be unambiguously modeled into the (Fo-

Fc) difference density map (Figure 15).

Figure 14. Structural Analysis of SBP4 in complex with EGT. Cartoon of the SBP5-EGT Structure. Domain 1 (residues 25
- 153 & 260 - 295) is show in green while the domain 2 (residues 154 - 259) is shown in yellow. EGT (orange) is bound

as a ligand and indicates the location of the substrate binding site.

Figure 15. Omit map for SBP4 bound EGT. (m | Fo | -D | Fe | electron density; ¢ = 3.0).
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SBP4 Ergothioneine Binding. EGT binds in adeep groove between the two domains, binding in a similar mode
to EGT in SBP5. The aromatic girdle is comprised of four tyrosines, Tyr82, Tyr128, Tyr208 and Tyr232, in
contrast to the 3Tyr-1Phe motif of SBP5 (Figure 16). The backbone carbonyl group of GIn126 points towards
the trimethyl moiety, making non-typical hydrogen bonds to each of the ammonium methyl groups (3.2, 3.2
and 3.3 A). The EGT carboxy! group forms salt bridges with Lys32 (2.8 & 3.4 A) and Arg166 (2.8 & 3.2 A) as
inthe SBP5 EGTSO3- structure. In the substrate imidazole ring, Nt hydrogen bonds to Tyr128 (2.9 A) while
Nr forms a water-mediated hydrogen bond to Glu162 (2.8 & 3.4 A). Glu162 has no equivalent in SBP5, vet
appears tohydrogen bond to the EGT sulfur. Alsoin close proximity to the sulfur are three atoms, the electron
density of which allows for their unambiguous placement (Figure 17). The central atomis 2.0 A from sulfur,
and 2.0 and 1.7 A from the peripheral atoms. These short distances rule out hydrogen bonding, and are best
explained by a central metal that coordinates to EGT and two crystallographic water molecules. These water
molecules make further contacts to the amine backbone of Glu162, Gly160, Phe103 and the side chains of
Asn206 and Glu162. The most likely central metals are Na* and Zn?* due to significant containment in the
crystallization conditions. A trigonal planar geometry is however unusual for both metals.?32-23 This unusual

metal binding geometry likely arises because the protein is electrostatically optimized to bind a sulfonate.

ITC showed that EGTSO3 binds with an almost 4000-fold greater affinity to SBP4 than EGT does, indicating
that this is the preferred substrate (Table 1). The structure itself indicates this, with the ordered water
molecules occupying the space most likely taken up by the oxygen atoms of the EGTSO3 head group. It is
likely this head group would make similar interactions to those that water molecules make in the EGT-bound
structure. While crystals of SBP4 containing EGTSO3 were grown and diffracted well, the data proved

difficult to solve.
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N126, C=0O
E162

Figure 16. EGT binding site. Substrate-binding residues are shown as sticks and are colored according to their domain

location.

f<

A4

Figure 17. Electron density for EGT and coordinating atoms. (2m|F,| - D|F¢| electron density; o = 1.0).
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Structural Characterization of SBP14

Crystal structure determination of SBP14. SBP14 represents a SBP from a different region of sequence
space than SBP4 and 5. Any differences between the two groups appear to manifest themselves in the
substrate selectivities, as SBP14 was found to bind EGT with high affinity. To characterize these differences,
SBP14 was crystalized in the presence of several ligands. In the presence of Egtor related derivative, SBP14
crystallized in space group P2:3 with cell constants a,b,c = 98.2 A. Liganded structures with EGT, MeEGT,
EGTSO3 or TMH were obtained by co-crystallization, with crystals diffracting to a resolution of 1.6, 1.9, 1.8
and 2.0 A respectively. For data collection and refinement statistics, see Supplementary tables 4 and 5
respectively. The first crystal structure, with MeEGT as a ligand, was solved by molecular replacement using
the native structure of SBP5 + EGT as search model. SBP5 and SBP14 share 41 % sequence identity. The
other liganded structures were solved by molecular replacement with the SBP14-MeEGT model. The
electron density for all structures revealed a continuous polypeptide chain from residues 54 to 322 (Figure
18). The first 13 residues of the construct used for crystallization lacked electron density and have therefore
not been modelled. All ligands could be unambiguously modeled into the (Fo-Fc) difference density map

(Figure 19).

Figure 18. Structural Analysis of SBP5 in complex with EGT. Cartoon of the SBP5-EGTStructure. Domain 1 (residues 54
-153& 260 - 322) is show in dark blue while the domain 2 (residues 154 - 259) is shown inyellow. EGT (orange) is bound

as aligand and indicates the location of the substrate-binding site.
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N

Figure 19. Omit maps for SBP14 bound ligands. Respectively: EGT, MeEGT, EGTSOzand TMH (m | Fo | -D | FC| ,electron

density; 6 = 3.0).

SBP14 Ergothioneine Binding. The ligand with highest affinity, EGT, is bound in a deep groove between the
two domains, in which solvent access is minimal. The trimethyl amine moiety resides closest to the center of
the protein, while the sulfur group points outwards towards the protein surface. As with SBP4 and 5, the
trimethyl moiety is bound by the archetypical aromatic girdle. The backbone carbonyl group of GIn154 points
towards the trimethyl moiety and appears to make a dipolar contact (3.3 A) to a methyl group. The EGT
carboxyl group forms salt bridges with Lysé1 (2.8 A) and Arg194 (2.9 & 3.1 A). In the substrate imidazole ring,
Nt hydrogen bonds to Tyr156 (2.9 A), while Ne makes contact to Asp91 (2.8 & 3.4 A). Asp91 makes water-
mediated contactsto Lysé1 and Arg194, suggesting its charge is saturated. The head groupis rather isolated,
with the sulfur making hydrogen bonding to only GIn92 (3.4 A) (Figure 20A).

In contrast to SBP5, all four liganded structures of SBP15 adopt superimposable positions. Structural
alignment of the four liganded structures showed that all four substrates (EGT, MeEGT, EGTSO35 & TMH)
bind in an identical fashion and do not lead to any rearrangement or change of active site residue
conformation (Figure 20AB). For MeEGT and EGTSO3 no additional interactions are made from varying
sulfur moiety in comparison to the EGT structure. While in the EGTSO3- bound structure, GIn92 can make
contact to the sulfonic oxygen (3.0 A) instead of the sulfur as in EGT and MeEGT. The lack of interactions

around the head group may explain the lack of selectivity between the EGT metabolites.
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Y156

® Ergothioneine

EGT/MeEGT/
EGTSO,H/TMH

Figure 20. Substrate binding site of SBP14 with A. EGT bound Figure B: Alignment of the four liganded SBP14 with EGT
inorange, TMH in pink. MeEGT in green and EGTSOg3" in yellow. Substrate-binding residues are shown as sticks and are

colored according to their domain locations.
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Structural Comparison

The overall structures of SBP4, 5 and 14 are very similar, with rmsd values of 0.71 A (232 to 232 C-o atoms)
for SBP4 & SBP5, 1.28 A (241 to 241 C-a atoms) for SBP4 and SBP14, and 1.54 A (244 to 244 C-a, atoms)
for SBP5 and SBP14. A large proportion of the active site is also well-conserved among the three structures
However, some key differences exist around the binding of the imidazole ring and sulfur head group (Figure
21). The active site residues closer to the center of the protein, which are responsible for binding of the
quaternary ammonium group and carboxylic group, are well conserved. All three proteins make use of an
aromatic girdle, with a carbonyl backbone to create a negatively-charged aromatic cage for binding of the
trimethyl-amine group. A lysine and arginine are conserved in all three homologues, forming a salt bridge to
the substrate carboxylate. It should be noted that in SBP5, the interaction to the latter arginine is dependent
on folding of a loop in a specific conformation around the sulfonic head moiety. One of the tyrosines in the
aromatic girdle hydrogen bonds to Nt of the substrate imidazole ring. The interactions around the rest of the
substrate imidazole ring and the sulfur head group differ among the three proteins. In SBP14, Nw has a direct
hydrogen -bonding partner, Asp%1, while in SBP4, such an interaction to Glu162 is mediated by a water
molecule. In contrast, Nrthas no hydrogen-bonding partner in SBP5. For binding of the sulfur head group, an
asparagine is conserved in the EGTSO3 binders. In addition to this asparagine, a glycine-rich loop that folds
over the sulfonic acid moiety makes numerous consecutive interactions to the amine backbone of this loop.
In contrast, the SBP14 sulfur moiety makes only one interaction to a Asn92, and is otherwise surrounded by

an open unoccupied space.

From the comparison and analysis of these three structures, there are four key differences in the substrate
binding sites. In SBP14, Asp?1 and Asn92 are involved in EGT binding, while no equivalent residues exist in
the EGTSOg3 specific SBPs. Instead Asn206/207 and glycine-rich Bé-a.7 loop appear to be unique to the
EGTSOs SBP type. These residues will be explored in a bioinformatic analysis in the following section to

determine if they are conserved among close and distant homologues.
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SBP4
EGTSO3 SBPs
SBP5
EGT SBPs SBP14

)
Y110 § D91 N92

Figure 21. Comparison of the substrate binding sites of SBP4, 5 and 14.
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Selectivity of the solute binding proteins. SBP5 binds EGT, and EGTSOs3', yet not MeEGT and TMH. Lack of
TMH binding could be rationalized by the lack of a sulfur moiety, however MeEGT has such a group, yet has
no measurable binding affinity The sterics of the methyl group cannot be accountable, as the much larger
sulfonic head group binds with an even greater affinity. Perhaps electronics could rationalize the substrate
selectivity of SBP5. A similar selectivity is observed in the ergothionase from Treponema denticola
(TdeErgothionase). In solution and at a physiological pH, EGT exists predominantly in its thione form.™* In the
EGT activating enzyme, ergothionase, EGT appears to be bound in a zwitterionic form, as a thiolate and
imidazolium ring . Ergothionase accepted EGT and EGTSO3 as substrates, yet not MeEGT or TMH. The
ergothionase active site permits itself to solvate the zwitterionic side change, with an anionic head group and
a positive charge on the imidazolium ring. It has been proposed that this positive charge activates the
substrate for catalysis by increasing acidity of methylene group. TMH and MeEGT, neither of which are
accepted as substrates, cannot attain a zwitterionic state and bind to TdeErgothionase with a neutral side
chain (Figure 22). This was corroborated by mutations in the side chains to disrupt charge complementary in

the enzyme:ligand complexes.
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Figure 22: Proposed substrate-binding modes of EGT and derivatives in TdeErgothionase. Ligands that can form a

positive charge onthe imidazole ring and a negative charge on the sulfur head group complement the charges inthe active

site (green boxes) and are more active than substrates with a neutral imidazole ring (red boxes). 217

We were interested in determining if the binding of EGT as a zwitterion is a common theme among EGT-
binding proteins. Formation of a zwitterionic species would be accompanied by polarization of the C-S bond.
Ligand restraints were generated with grade for both the thione and thiol forms of EGT.?* The thione C=S
bond distance was set to 1.677 A with estimated standard deviation (esd) of 0.016 A, while the thiol
equivalent had a C-S bond distance of 1.722 A with an esd of 0.030. Despite having atomic resolution
structures, the differences in bond length between C=S and C-S (0.045 A) are too little to determine if
polarization of the C-S bond is occurring. Analysis of the residues forming the binding pockets of SBP4 & 5
indicates a zwitterionic binding mode is not likely, as no charged residues interact directly with the imidazole

ring or the sulfur head group. In SPB14, Asp%1 makes a direct contact to N of the substrate imidazole ring,
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yet Asp?1 also makes water-mediated contact to two likely positively-charged groups. Additionally, the
guanidinium side chain of Arg194 packs under the imidazole ring. Therefore a charged imidazole is unlikely.
Additionally, SBP14 binds all substrates and MeEGT and EGT with similar affinities, providing further
evidence that EGT and its derivatives are bound as a neutral thione without polarization, which is the most
stable form of EGT. This conceptually makes sense, as SBPs merely want to bind, not activate their substrates

for catalysis.
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Bioinformatic Analysis

Our ultimate goal is to predict which organisms utilize EGT and EGTSO3". The identification of two SBP types
that are specific for EGT and EGTSO3 and are part of an ABC transporter system provides the molecular
basis towards our goal. The structural characterization of three SBPs, provides a platform for this approach.
The comparison of these structures enables identification of the structural determinants that distinguish
EGT or EGTSO3 binding in the SBPs. The motifs will be tested through their correlation to clustering in a
sequence similarity network, and analysis of the SBP genomic environment. If corroborated these structural

motifs will then be leveraged to explore the distribution of the EGT related SBPs.

To determine the substrate-binding residues that are exclusive to a SBP type sequence, sequence LOGOs of
EGT SBPs (N = 10) and EGTSO3 SBPS (N=11) were generated and aligned using MUSCLE (Figure 23). The
sequences are numbered corresponding to SBP5 and SBP14 respectively. Interactions from the crystal
structures were noted and were annotated as follows: Sidechain interactions: ¢ NMez » CO, 4 SOz e
Thione % imidazole and backbone interactions: & NMe; > CO, © SO3 o Thione sk imidazole (Figure 23).
These interactions were then analyzed, looking for high conservation within the specific type, yet no
conservation between the two groups. This analysis afforded several residues which we propose are

indicative of binding EGT or EGTSOg3 binding, highlighted in yellow.
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Figure 23. Alignment of sequence logos for EGTSO3 and EGT binding SBPs. Sequence numbers correspond to gene
numbering of SBP5 and SBP14 for the EGTSO3 and EGT binders respective. Sidechain interactions: ¢ NMe; ACO»-
@ SO; e Thione % imidazole and backbone interactions: ¢ NMeg A CO,- <> SOs- o Thione Y imidazole. Yellow box

indicates residues proposed to be an indicative motif.

In the structural analysis, Asp?1 and Asn92 were identified as potential indicators of EGT binding. Both
residues are conserved in the EGT-binding logo, yet have no basis in the EGTSOs3" acid binders. In place of
Asp?1 and Asn92, the EGTSOs binders have a conserved Gly/Ala-Thr motif, highlighting these residues as
indicators of preferred solute. In the EGTSO3  SBPs, it is proposed that Asn207 is indicative of sulfonic acid
binding. This residue is largely conserved among the sulfonic acid binders. However, some sequences contain
a Tyratthis position, yet Tyr could also facilitate a hydrogen bond. At the equivalent position, the EGT binders
contain a non-polar residue, which is unable to facilitate any hydrogen-bonding interaction and therefore
contributes to the substrate selectivity. The B6-a.7 loop of SBP4 and 5 is unique to the sulfonic acid binders,
wrapping around EGTSO3 presumably in response to the sulfonate head group. This loop is not comprised
of a strictly-conserved motif. However, this region always contains at least one glycine residue, if not several.
There also appears to be covariance between positions 161 and 163 of this loop, with a glycine and glutamate
at each of the positions in the EGTSO3™ SBPs. At this position EGT SBPs™ have a conserved Ser/Thr188 &
Glu189 motif. In summary, the combination of these residues from this structural and bioinformatic analysis

highlights the following residues as indicators of EGT or EGTSOs. These residues are represented

176



Chapter 5

schematically in a sequence LOGO containing the residues identified as being a substrate selectivity

determinant (Figure 24).

- EGTSOsz binding:  G/A64,T65,N/Y207 and E/G161-G/E168.
- EGT binding: D91,N92,5/T188 and E189.

EGT DN SE .

92 93 189190 234

EGTSO3-G eee GQ .ee

o~ =
64 65 161162 207

Figure 24. Sequence logo of residues important for substrate selectivity.

(&

Sequence Similarity Network (SSN)

With these sequence motifs in hand, we examined the clustering of SBPs within a sequence similarity network
(SSN). SSNis allow for the visualization of relationships among protein sequences. In such a network the most
related proteins are grouped together in a cluster. Combined with the use of UniProt Reference Clusters
(UniRef) as sequence inputs, we can obtain complete coverage of sequence space to introduce a quantitative
aspect to a bioinformatic assessment.?** Using this approach, we wanted to determine if our hypotheses on
the SBP structural determinants are consistent with a muchlarger and unbiased set of sequences, rather than
hand-selected examples. Use of SSN can also leverage our selectivity determinants to answer the following
questions: (i) What type of lyases are in the close genomic environment of the EGTSO3 SBPs? (ii) What can
we learn about the evolutionary origins of EGT-related SBPs and diversity between the two types? (iii) Are

there lyases in the close genomic environment of the EGT SBPs?

(i) What type of lyases are in the close genomic environment of the Ergothioneine-sulfonic acid SBPs?

This chapter has shown that at least two EGT-related SBPs exist, which can be grouped by their preferred
substrate (EGT or EGTSO3). Our group recently discovered the same typology applies to the ergothionases,
with the discovery of EGTSOg3-specific lyases (type |l ergothionases). The sequence motifs that distinguish
the two types (type | -EGT, type ii - EGTSO3’) have also been established. This work was carried out by Mariia
Beliaeva and Alice Mauer and will be published in conjunction with the work in this chapter. Based off this
finding, we were intrigued to determine if the EGTSO3 SBPs are co-encoded with type Il lyases. To explore
this, a SSN was generated using pBlast of the 2000 closest SBP5 homologues. These 2000 sequences also
included the EGT binding SBP13 & 14 as out groups to ensure that we have a complete coverage of all

sulfonic acid binding sequences. SBP13 is another EGT-binding SBP, yet no structure exists, which has been
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included in this analysis as an additional reference point for an EGT SBP. Sequences with lengths greater than
380 were removed from the dataset leaving 910 sequences. An alignment score of 90 (corresponding to ~
41% pairwise identity) produced fractionation in which SBP4 & 5 are in the same cluster, yet not in the same
cluster as the EGT SBPs SBP13 & 14 (Figure 25). The class containing SBP4 and SBP5 was denoted as the
EGTSO3 binding cluster (orange Figure 25) and contains 82 sequences (A full list and description is given in
Supplementary Table 1. To confirm that these are EGTSOg3 binders, a multiple sequence alignment of all 82
sequences revealed conservation of all of the sequence motifs indicative of sulfonic acid binding. This
validates our hypothesis on the structural determinants of EGTSOg3 binding. The sequences in this cluster all
come from Proteobacteria and are primarily of the orders Rhizobiales and Enterobacterales. Two species are
from the order Rhodobacterales. To explore the genomic environment, this list of 82 sequences was reduced
to 32 representative sequences by removing sequences with greater than 90% sequence similarity. The
presence and position of a lyase relative to the SBP gene was noted (+ 10 genes), and classified as a type |
(EGT-specific) or type Il (EGTSOs™-specific) lyase through the presence of sequence motifs. The genomic
environment for 31 of the 32 sequences could be analysed. Of these 31 sequences, three SBP genes (10 %)
did not contain a lyase with + 10 genes. The remaining 28 (90%) contained a type Il lyase in close proximity.
Of these 28, three species (10%) contained a second SBP and type | Lyase specific for EGT. The full results of

this analysis are listed in Supplementary Table 2.
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Figure 25.SSN generated of 910 sequences from a pBlast of SBP5 homologues, separated with an alignment score of 90.
The sulfonic acid binding cluster (orange) contains 82 sequences of EGTSO3™ binders. Characterized homologues are
labelled as follows: EGT SBPs in green, SBP14: diamond and SBP13: triangle. EGTSO3™ SBPs in red, SBP5: diamond and
SBP4: triangle SBP4.
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This analysis very clearly indicates that the majority (90 %) of the EGTSO3- specific SBPs contain a type |1
lyase in close genomic environment, indicating that organisms that take up EGTSOgtypically degrade it. It

also confirms the predictive power of the sequence motifs proposed in the previous section.

(ii) What can we learn about the evolutionary origins of Ergothioneine-related SBPs and diversity among the

two types?

The application of the previous strategy to the EGT SBPs binders is much more complex because (1) many
bacterial species may uptake EGT yet not degrade it and (2) there appears to be much greater sequence
diversity amongst the EGT SBPs than amongst the sulfonic-acid binding SBPs. Difficulties immediately
transpire from the latter in attempts to generate a SSN with a sequence set that will encompass all EGT SBPs
and some sulfonic acid binders as outgroups. A pBlast of 10000 sequences (the SSN maximum) using SBP14
as aninput does not include any sulfonic acid binders. As a result, it is difficult to ensure a complete set of EGT
SBPs. Therefore, a different approach was taken to acquire sequences for SSN generation: sequences were

derived from members of an InterPro family.

IPRO07210. All the SBPs characterized by Mariia with a high affinity (Kp < 50 nM) for EGT or a derivative
(SBP-4,5,13 and 14) belong to the interpro family IPRO07210. The IPRO07210 family is the substrate-
binding domain of ABC-type GB transport system and encompasses 46,647 sequences (accessed
29.10.2019). The use of an interpro family ensures complete coverage of the SBP sequence space. Of these
sequences, 15 are reviewed by Swiss-Prot and have manual annotation. Crystal structures of eight family
members also exist in the PDB. The literature was reviewed for each candidate (see Supplementary Table 3)
and a list of 11 well-characterized IPRO07210 family members with high affinity ligands (Kp or Ku < 50 uM)
was curated. This list includes the OpuAC 2 OpuBC'1? and OpuCC?” 2328 SBPs of Bacillus subtilis, the
OpuAC of Lactococcus lactis?®* and the OpuCC of Listeria monocytogenes®*©?# that bind and transport GB,
choline, PB and carnitine. ProX from E. coli***¢ and archaea A.fulgidus***?* bind GB, as do OusX from Erwinia
chrysanthemi?*> and GbuC from Listeria monocytogenes®¢2#. ChoX from Rhizobium meliloti is a choline specific
SBP2# while TauA from E. coli binds taurine with very high affinity.?*® In addition to these published members,
we have verified function for a further four SBPs from the IPRO072 10 family; two sulfonic acid binders (SBP4
& 5) and two EGT binders (SBP13 & 14). All the characterized SBPs act as reference points in the SSN. The

use of an interpro family ensures complete coverage of the sequence space.

IPRO07210 SSN Generation. A SSN network was generated from the RefID90 database for the IPRO07210
family. In UniRef90, the sequences that share over 90% sequence identity over 80% of the sequence length
are grouped together and represented by a single sequence.?®! For the IPRO07210 family, the use of
UniRef%0 reduces the number of sequences in the dataset from 47140 to 15,758. Of these sequences, only
those with sequence lengths between 230 and 400 amino acids were used (Supplementary Figure 1). This
length filtering excluded one of the characterized examples, OpuAC of Lactococcus lactis, and reduced that

data set to 12,095 sequences. An alignment score of 78 corresponds to sequence identity of approximately
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47 %, results in fractionation in which the EGT-related SBPs (SBP4,5,13&14) are clustered together yet are

in distinct clusters from literature characterized homologues (Supplementary Figure 2).

Alignment score of 78. The SSN with an alignment score threshold of 78 places the characterized
IPRO07210 members into seven distinct clusters (Figure 26B). The EGT SBPs (SB13 and 14) and EGTSOg’
binders (SBP4 & 5) sit within the same cluster, which is loosely grouped in contrast to the other clusters. As
EGT and EGTSOs SBPs are in the same cluster, it suggests a close evolutionary relationship. The
relationships of the different clusters were explored by increasing and decreasing the alignment threshold
(Figure 26A&C). This primarily affected the EGT-related cluster, while the other six clusters were largely

unaffected.

N~ 8

Aligr:ment Score: 78 Alignment Score: 86

Alignment Score: 70

Figure 26. SSN of IPR0O07210 RefID90 family members (75% ReflD shown). Only clusters with characterized
homologues are shown (see Figures 36-38 for full SSN). Members from the literature are shown as red points, in B these
are labelled, and their preferred ligand(s) shown. EGT and EGTSO3 binders characterized in this work are shown as green

diamonds and yellow triangles respectively.

The most dramatic effect of increasing the alignment score is the splitting of the EGT SBP cluster into at least
nine significant clusters (Figure 26C). In contrast, the clusters of other characterized SBPs are largely
unaffected. At this alignment score, the two characterized EGT SBPs (SBP13 and 14) sit within different
clusters, while the EGTSO3 SBPs form a distinct cluster. These results indicate there is much more diversity
among the EGT binders than within the SBPs that bind EGTSO3 and other betaine binding SBPs. This greater
diversity suggests that EGT SBPs have a long evolutionary history, having accumulated substantial sequence
diversity through neutral drift over a long time. This is consistent with the suggestion that EGT is an ancient
molecule.®? In contrast, the EGTSO3 SBPs sit within a distinct and well-defined cluster with less sequence
diversity. It is likely all the EGTSO3 binders evolved from a single EGT binding ancestor. This cluster maps
well to the EGTSOg cluster in the previous bioinformatic study (Q(i), page 177). The agreement between

SSNs generated using different sequence inputs validates our approach.

Decreasing the alignment score results in 6 major clusters; the EGT-related SBPs merge with the
OpuCC/OpuCCtoformonelarge cluster (Figure 26C). Another discrete cluster contains ProXarchae, Which is
described in the literature as a GB SBP. However, ProXa-chael also binds EGT with a high affinity (Kp(EGT): 56
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nM, Kp(GB): 110 nM (Beliaeva & Seebeck, unpublished). As ProXarchaer does not cluster with other
characterized EGT-binding proteins at an alignment score of 70, yet unrelated betaine binders do, it is likely
that EGT binding SBPs evolved twice from different evolutionary origins. These findings suggest that the
general theme of diversity and multiple evolutionary emergences in EGT biosynthesis may also apply to

proteins involved in the utilization and degradation of EGT.

.(iii) Are there Lyases in the close genomic environment of the Ergothioneine SBPs?

The EGTSO3 SBPs are commonly co-encoded with atype Il lyase. We were interested to see if the abundancy
of the EGT SBPs are co-encoded with a lyase. The EGT SBPs appear much more prevalent and diverse. To
explore the genomic environment of EGT SBPs, the sequences identified as being EGT related SBPs from the
IPROO7210SSN at an alignment score of 78 (colored blue) were taken and separated into nine major clusters
at the alignment score of 86 (Figure 27). The genomic environment for each of these clusters was analyzed
through input into Genome Neighborhood Tool (GNT). For each cluster, the co-occurrence of an aromatic
lyase + 10 genes either side of the SBP gene is given and annotated (Figure 27). Of the nine major clusters,
only three have significant occurrence of a lyase in the close genomic environment. In the EGTSOg3 binding
cluster (purple), containing SBP4&5, 86 of 97 sequences (89 %) contain a lyase in the close genomic
environment 89%. This is very consistent with the analysis afforded for Q(i) (0% co-occurrence was found).
In the largest cluster (red), containing SBP13, 33 of 328 sequences contain a lyase in the close genomic
environment (10 %), while the cluster containing SBP14 also has a higher percentage of lyases in genomic
environment with a co-occurrence of 13 out of 17 sequences (76 %). The lyases corresponding to these latter
groups have not been classified. This shows that a large proportion of organisms that utilize EGT do not
degrade it. This provides evidence that EGT is an important molecule, even for organisms that (1) do not
produce EGT and (2) cannot degrade EGT. This identifies numerous organisms in which EGT may play a
physiological role, indicating that EGT chemistry is much more prevalent in nature than originally

hypothesized.
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Figure 27. Co-occurrence of an aromatic lyase and SBP for each of the EGT related SBPs at an alignment score

threshold of 86. Labels indicate co-occurrence of an aromatic lyase with the SBP.
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Conclusion

Herein we describe the characterisation of the SBP components of an ABC transporter system for EGT and
EGTSOgs. High-resolution crystal structures of EGT and EGTSO3 specific SBP complexed with ligands have
been solved. These atomic resolution structures allowed for recognition of the residues involved in substrate
binding, and in combination with a bioinformatic analysis provide a fingerprint for EGT and EGTSO3 binding
in the SBPs. These studies provide evidence that the oxidized analogue, EGTSOj3 is indeed a relevant
degradation product in nature. Further leverage of these structural determinants revealed that EGT SBPs
are diverse and are not commonly encoded with an ergothionase. This identifies organisms which (1) do not
product EGT, (2) cannot degrade EGT, yet (3) have an ABC system for its transport, thereby dramatically
increasing the organisms to which we know EGT is relevant, highlighting the ubiquity and prevalence of EGT

in nature.
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Supplementary Information

Supplementary Table 1 Organism name, Uniprot ID, phylum and order of the 82 EGTSOg3 binders from SSN analysis

(Figure 25).

Organism UniProt ID Phylum Order
Rhizobium sp. NFRO3. AOATHOWZ83 Proteobacteria Rhizobiales
Rhizobium leguminosarum bv. viciae (strain 3841) Q1M367 Proteobacteria Rhizobiales
Rhizobium sp. NFRO7. AOA1IOVTX2 Proteobacteria Rhizobiales
Rhizobium pisi. AOA427N3G9 Proteobacteria Rhizobiales
Brenneriasp. CFCC 11842. AOA2U1UCTS Proteobacteria Enterobacterales
Chelativorans sp. (strain BNC1) Q11E26 Proteobacteria Rhizobiales
Citrobacter koseri AOA427PID5 Proteobacteria Enterobacterales
Mesorhizobium sp. YR577. AOA1I7EFP7 Proteobacteria Rhizobiales
Rhizobium leguminosarum. AOA4441PI3 Proteobacteria Rhizobiales
Rhizobium leguminosarum. AOA444HS03 Proteobacteria Rhizobiales
Rhizobium leguminosarum bv. viciae. AOA222U5L6 Proteobacteria Rhizobiales
Rhizobium leguminosarum. AOA444ND25 Proteobacteria Rhizobiales
Roseovarius sp. TM1035. A6E628 Proteobacteria Rhodobacterales
Rhizobium etli 8C-3. AOA1L5PI31 Proteobacteria Rhizobiales
Bosea sp. 32-68-6. AOA258D508 Proteobacteria Rhizobiales
Bosea sp. RCAMO4685. AOA370L1I2 Proteobacteria Rhizobiales
Enterobacter sp. 10-1. AOA267RINO Proteobacteria Enterobacterales
Paracoccus aminophilus JCM 7686. S5XNL6 Proteobacteria Rhodobacterales
Citrobacter koseri (strain ATCC BAA-895 / CDC )

4225-83 ) SGSC4696) ABAKLS Proteobacteria Enterobacterales
Phyllobacterium bourgognense. AOA368YFG5 Proteobacteria Rhizobiales
Bosea sp. 12-68-7. AOA2577K53 Proteobacteria Rhizobiales
Agrobacterium radiobacter (strain K84 /ATCC BAA-

868) B2JID4 Proteobacteria Rhizobiales
Agrobacterium rhizogenes NBRC 13257. AOA061MY32 Proteobacteria Rhizobiales
Rhizobium leguminosarum bv. trifolii WSM1689. WOIR34 Proteobacteria Rhizobiales
Citrobacter koseri AOA381H7D7 Proteobacteria Enterobacterales
Rhizobium sp. L9. AOA2A6KSN5S Proteobacteria Rhizobiales
Rhizobium sp. L43. AOA2A6HRU7 Proteobacteria Rhizobiales
Klebsiella pneumoniae. AOA377VMY4 Proteobacteria Enterobacterales
Rhizobium sp. H4. AOA2A6RANT Proteobacteria Rhizobiales
Citrobacter koseri AOAQ78LCQ8 Proteobacteria Enterobacterales
Rhizobium sp. WYCCWR10014. AOA198YHL2 Proteobacteria Rhizobiales
Bosea sp. LC85. AOAOB5EW29 Proteobacteria Rhizobiales
Rhizobium jaguaris. AOA387FMD6 Proteobacteria Rhizobiales
Mesorhizobium sp. DCY119. AOA3A3HP34 Proteobacteria Rhizobiales
Agrobacterium rhizogenes. AOA0711930 Proteobacteria Rhizobiales
Aureimonas flava. AOASATIWN43 Proteobacteria Rhizobiales
Rhizobium leguminosarum bv. viciae. AOA1Q8HLLO Proteobacteria Rhizobiales
Rhizobium leguminosarum bv. trifolii. AOA1B8R?I8 Proteobacteria Rhizobiales
Rhizobium leguminosarum. AOA1B1CIA7 Proteobacteria Rhizobiales
Bosea sp. RACO5. AOA1B3NKL2 Proteobacteria Rhizobiales
Rhizobium lusitanum. AOA1C3XES6 Proteobacteria Rhizobiales
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Rhizobium leguminosarum bv. viciae.
Rhizobium leguminosarum.
Martelella endophytica.

Rhizobium laguerreae.

Martelella mediterranea DSM 17316.

Salmonella sp. HMSC13B08.
Roseovarius mucosus.

Bosea sp. BIWAKO-01.
Rhizobium loessense.
Mesorhizobium ephedrae.
Rhizobiales bacterium.
Mesorhizobium amorphae.
Phyllobacterium endophyticum.
Phyllobacterium zundukense.
Phyllobacterium brassicacearum.
Phyllobacterium sophorae.

Rhizobium sp. CF142.

Rhizobium leguminosarum bv. trifolii WSM2297.

Rhizobium sp. AP16.
Phyllobacterium sp. YR531.

Trabulsiella odontotermitis.

Rhizobium leguminosarum bv. trifolii WSM597.
Rhizobium leguminosarum bv. trifolii WSM2012.

Rhizobium leguminosarum bv. viciae

WSM1455)
Phyllobacterium myrsinacearum.
Citrobacter koseri
Rhizobium leguminosarum.
Salmonella enterica l.
Phyllobacterium sp. OV277.
Rhizobium anhuiense.
Rhizobium sp. NXC14.
Rhizobium leguminosarum.
Rhizobium sp. 24NR.

Bosea lupini.

Citrobacter koseri

Bosea sp. AAP35.

Hoeflea marina.

Bosea vaviloviae.

Rhizobium acidisoli.

Bosea lathyri.

AOA2L1CP29
AOA2K9ZE43
AOAODS5LL55
AOA1S9GZC8
AOCA1UPZ8G6
AOCA1F2K6J4
AOATVORMQ5
AOCA1E1V194
AOA1G4QW84
AOA2P7RPG1
AOA2WA4SY 6
AOA2W5BLO8
AOA2P7ANQ4
AOCAZN9VTNO
AOA2P7BERS
AOA2P7B9YO
J21811
JOKYX8
J2WFE3
J2VG25
AOAOLOGWC6
[9NEVO
JOCOES

JOB3W4

AOA259JQ57
AOA3S4IH65
AOA2Z4YNMO
AOA402QTJ3
AOATHOUINO
AOA3SOSSK1
AOAIW6Q350
AOABS4AEKS
AOA3S3SBG1
AOCATIH7TC34
AOA336Q393
AOAON1LDZ1
AOA317PSX8
AOAON1F3W2
AOAONIMCN8
AOATIH6C5Q0

Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria

Proteobacteria

Proteobacteria

Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria

Proteobacteria

Rhizobiales
Rhizobiales
Rhizobiales
Rhizobiales
Rhizobiales
Enterobacterales
Rhodobacterales
Rhizobiales
Rhizobiales
Rhizobiales
Rhizobiales
Rhizobiales
Rhizobiales
Rhizobiales
Rhizobiales
Rhizobiales
Rhizobiales
Rhizobiales
Rhizobiales
Rhizobiales
Enterobacterales
Rhizobiales

Rhizobiales

Rhizobiales

Rhizobiales
Enterobacterales
Rhizobiales
Enterobacterales
Rhizobiales
Rhizobiales
Rhizobiales
Rhizobiales
Rhizobiales
Rhizobiales
Enterobacterales
Rhizobiales
Rhizobiales
Rhizobiales
Rhizobiales

Rhizobiales
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Supplementary Table 2. Representative Sequences of EGTSOgs™ cluster (Organism name & Uniprot 1D) and notation of

lyase in genomic environment. Relative location in genome is noted.

First Lyase + 10 genes

Second Lyase + 10 genes

Organism UniProt ID Represented Sequences
Location UniProtID Type  Location UniProtID Type
Agrobacterium
radiobacter (strain
B9JID4 -1 B9JIDS Il -10 BYJIE4
K84/ ATCC BAA-
868)
Rhizobium
AOA1C3XES6 -1 AOA1C3XE19 Il
lusitanum.
Rhizobium jaguaris. AOA387FMD6 None found +- 10 genes
Rhizobium etli 8C-3. AOA1L5PI31 -1 AOAIL5PHNS Il Rhizobium sp. NXC14.
Aureimonas flava. AOA3AIWN43 +1 AOA3ATWNB2 Il
Paracoccus
aminophilus JCM S5XNL6 -2 S5XUM9 Il
7686.
Bosea sp.
AOA370L112 +1 AOA370LOD9 Il
RCAMO04685.
Bosea sp. AAP35., Bosea sp.
RACO5., Bosea lathyri., Bosea sp.
Bosea vaviloviae. AOAON1F3W2 +1 AOAONOMC47 Il
12-68-7.Bosea sp. 32-68-6.,
Rhizobiales bacterium.
Rhizobium sp. 24NR. AOA3S3SBG1 +6 AOA3S3VTV3 Il
Phyllobacterium sp.
AOATHOUINO +7 AOA1HOUID8 Il Phyllobacterium myrsinacearum.
OVv277.
Phyllobacterium endophyticum.,
Phyllobacterium sophorae.,
Phyllobacterium
Phyllobacterium
AOA2N9VTNO +6 AOA2P7RPG6 Il brassicacearum.,
zundukense.
Phyllobacterium bourgognense.,
Phyllobacterium sp. YR531.
Mesorhizobium sp.
AOALI7EFP7 +6 AOALI7EFU9 Il Mesorhizobium sp. DCY119.
YR577.
Martelella
mediterranea DSM AOA1U9Z8G6 -1 AOA1U9Z848 Il
17316.
Hoeflea marina. AOA317PSX8 -1 AOA317PQI2 Il
Rhizobium leguminosarum.,
Rhizobium leguminosarum bv.
trifolif WSM597., Rhizobium
Rhizobium acidisoli. AOAONIMCNS8 +6 AOAON1DQ59 Il
leguminosarum bv. trifolii
WSM2297., Rhizobium sp.
CF142.
Salmonella sp. HMSC13B08.,
Enterobacter sp. 10-1., Klebsiella
Citrobacter koseri AOAO078LCQ8 +1 AOAQ78LHJ6 Il pneumoniae., Citrobacter koseri
(strain ATCC BAA-895/CDC
4225-83/SGSC4696)
Trabulsiella
AOAOLOGWC6 +1 AOAOLOGXG1 Il
odontotermitis.
Rhizobium leguminosarum.
Rhizobium leguminosarum bv.
trifolii., Rhizobium loessense.,
Rhizobium leguminosarum bv.
Rhizobium sp.
AOA198YHL2 -1 AOA198YF95 Il viciae., Rhizobium laguerreae.,
WYCCWR10014.

Rhizobium sp. L43., Rhizobium
sp. L9., Rhizobium sp. H4.,
Rhizobium anhuiense, Rhizobium

pisi., Rhizobium leguminosarum
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Agrobacterium
rhizogenes NBRC
13257.
Chelativorans sp.
(strain BNC1)
Martelella
endophytica.
Roseovarius
MUCosUS.

Bosea sp. LC85.
Bosea lupini.
Mesorhizobium
ephedrae.
Salmonella enterica
I.

Rhizobium sp.
NFRO3.
Citrobacter koseri
Rhizobium
leguminosarum bv.
viciae.

Brenneria sp. CFCC
11842.
Mesorhizobium

amorphae.

AOAD6IMY32

Q11E26

AOAODS5LL55

AOATIVORMQS5

AOAOB5EW29
AOAIH7TC34

AOA2P7RPG1

AOA402QTJ3

AOATIHIWZ8E3

AOA3S41H65

AOA2L1CP29

AOA2U1UCTS

AOA2WS5BLO8

-1 AOA06IMWB1
+1 Q11E25

-1 AOAODS5LLVS

+1 AOATVORMQO
+1 AOAOB5EW28

+1 AOATH7TCO?

None found +- 10 genes

None found (+- 10 genes

unusual genome)

+6 AOAIHOWZCS8
+1 AOA3S5DP65
-1 AOA2L1CPB6
+1 AOA2U1UCU2
-2 AOA2WAZPB6

-10

AOA061IMY23

Q11E18

bv. viciae (strain WSM1455),
Rhizobium leguminosarum bv.
trifolit WSM2012., Rhizobium
leguminosarum bv. trifolii
WSM1689.

Agrobacterium rhizogenes,
Rhizobium sp. AP16.

Roseovarius sp. TM1035.

Bosea sp. BIWAKO-01.

Rhizobium sp. NFRO7.

Rhizobium leguminosarum bv.

viciae (strain 3841)
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Supplementary Table 3. Characterized Members of the IPRO07210 family and their binding affinities for various ligands
with references. Boxes highlighted in green indicates a ligand with significant binding (Kp or Ky < 50 uM). Those in grey

either substrates are unknown or have low affinities and have not been included in our bioinformatic analysis.

Ligand 1 Ligand 2 Ligand 3

St
Entry Name Name Organism Ko Ko Kb rue Notes Ref

Ligand
€ (uM)

Ligand
€ (uM)

Ligand

(uM)

Reviewed (Swiss-Prot) - Manually annotated UniProtKB:

PROX_ECOLI

GBUC_LISM4

OPUBC_BACS
u

OPUCC_BACS
u

YEHZ_ECOLI

TAUA_ECOLI

OUSX_DICD3

OSMX_SALTY

OPUAC_BACS
u

PROX_SALTY

OPUCC_LISM
4

PROX_ECO57

OPUCC_LISM
N

COSB_HALSS3

ORF1_CHRSD

POAFM2

Q9RR44

Q45462

032243

P33362

Q47537

EOSCY3

Q8ZPK2

P46922

Q87ZML1

G2J742

POAFM3

QOKHT7

BOR6A8

Q9L4K3

Escherichia  coli
(strain K12)

Listeria
monocytogenes
serotype 1/2a
(strain 10403S)

Bacillus  subtilis
(strain 168)

Bacillus  subtilis
(strain 168)

Escherichia  coli
(strain K12)

Escherichia  coli
(strain K12)

(Erwinia
chrysanthemi
(strain 3937))

Salmonella
typhimurium

Bacillus  subtilis
(strain 168)

Salmonella
typhimurium
Listeria
monocytogenes
serotype 1/2a
Escherichia  coli
0157:H7
Listeria
monocytogenes
Halobacterium
salinarum
Chromohalobact
er salexigens

IPR007210 Members with a PDB Entry:

Q92N37_RHI
ME

Q92N37

Rhizobium
meliloti

Glycine Q. 7%9
Betaine 1.42%8
K.
4.47%
Glycine
. K\/\ 2'
Betaine g247
K. 6248
. 3022
gho\m 18025
K 1227
K.
2.8238
Glycine
. K
Betaine 51237
238
Glycine  2700%
Betaine 7
Taurin 0.011%
e 0
Glycine 1625
Betaine ’
((;ho\m "Highe
Osulfat étBhig
e
Glycine 17260
Betaine

Proline

5.222‘?

Betaine

. 40007
Carnitine 5
Arsenoch 21002
oline B

. K
Carnitine Sgé
Choline 2245
Glycine "low'"?
Betaine 57
Proline 295%
Betaine 0

NA

NA

NA

Choline

NA

NA

NA

38
umM227

Annotated by similarity to ProX from E. coli, no affinities found.

Same as Q9KHT7

Annotated by similarity to ProX from E. coli, no affinities found.

Glycine

K.
OZAO
Betaine

241

Vague.

K
1020

242

Carnitine

Function inferred from homology.

Cholin
e

2.7249

Acetyl 14524
Choline 7

1R9Q
1R9L!

98

NA

3R6U

226
S5NXY
256
6EYG
6EYH
6EYL
6EYQ

3PPN

-R225

4WE

P257

NA

NA

NA

2B4
M260
2B4L?

Broad
substrate
range.
Other
Ligands:

- Choline-O-
sulfate- K -
4 UM238

- other
substratesin
mM
Unknown
ligand

Gene cluster
is necessary
for grow with
taurine.?®

Growth of
WT cells vs an
OsuM
transporter
mutant??

198,

245

259

191



Structural Characterization of Ergothioneine Solute Binding Proteins

WRF
1262
263
3HC
Q7
3L6G

239

3L6H

239

3066

1SwW1
D243
1SW4
5243
3MA
M244

**inhibition
studies K; of 27
41uM?¥?

EGTSOs: 226

0.033uM 23

Q7DAUS_LAC Lactococcus Glycine . Proline
LA Q7DAUS lactis T e Betaine
AGAOH3KOZ1 AOAOH3K0Z Staphylococcus
aureus
029280 _ARCF 029280 Arcbaeog/obus G\yd.ne 008 Pro\i.ne 005 EGT 0.016
U fulgidus Betaine Betaine
Unpublished IPRO07210 members charcterised by Mariia:
SBP4 AOAODSLLS  Martelella GO hooe  eoT 35 TMH 23
5 endophytica g
AOAOLOGW :
sBps Trabu/sre)!a. . EGTSO 0011 caT 20
Cé6 odontotermitis 3
AOAOC2R5)J
SBP13 3 Cohnella EGT 0020 MeEGT 24
kolymensis &2
AOA1B8WB .
Bacill . FJAT- EGTSOs
SBP14 4 aciis sp. EGT 002  MeEGT 0026 0172

27264

TMH-5uM

Genes used for EGTSO;™ binders sequence Logo (based off SBP5)
WP_049857012.1, WP_045679504.1, WP_049857012.1, WP_047458689.1,
WP_017800827.1, WP_081506961.1, WP_119539141.1, WP_105733597.1,
WP_115055625.1, WP_110030243.1

Genes used for EGT binders sequence Logo (based off SBP14)

WP_066368978.1, WP_053782311.1, WP_090949738.1, WP_099854310.1,

192

WP_046852135.1,
WP_112524158.1,

WP_020432100.1,
OPH57908.1, WP_079413395.1, WP_110771752.1, WP_053372609.1, WP_051237002.1
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at Each Length for Job ID 31686 (UniProt, Full Length)
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Length

Supplementary Figure 1. Histogram for the length distribution for all sequences used in the generation of a SSN using

the Ref90 of IPRO0O7210 family. The red box indicates the selection criteria for SSN generation, sequences less than
230 aaor greater than 400 amino acids were excluded from network generation.

Percent Identity vs Alignment Score for Job ID 31686
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Alignment Score

Supplementary Figure 2. Pairwise percent sequence identity as a function of alignment score for the SSN generated from

the 90RefID generated from family IPRO07210.
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Supplementary Figure 3. SSN of RefID90 of family IPRO07210. Alignment score of 70, coloured by clustering at an
alignment score of 78. Shown as a 75 % Ref ID.
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Supplementary Figure 4. SSN of ReflID?0 of family IPRO07210. Alignment score of 78. Shown as a 75 % Ref ID.
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Supplementary Figure 5. SSN of RefID90 of family IPRO07210. Alignment score of 86, coloured by clustering at an
alignment score of 78. Shown as a 75 % Ref ID.
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Experimental

Proteins

SBP4 — Solute Binding Protein from Martelella endophytica (WP_045679504.1)

MGHHHHHHAENLYFQGSADPIKVGSKNFTEQFILGEMYAILLEDAGYDVDRKINLGGTLIAHQALTTG
EIDLYPEYTGTALNSVVKGEVSSDADAVYKEVSDYYLNELGLVWLEPTGINNGYAIVVRQDTADEYGL
KTLSDLGKVSGDLVEFGGGPEFPDRADGLPGLKAVYDAEFKEFKQFAKLGLRYDALMOGDIDVANGYAT
DWOIGAEGLVPLDDDKGLEFPPYYVAPVVRKDVLDANPGMADVLNSLAPHVDNAVMRKLNAEVEKDHEE
PEDVARAYLEEIGLIKN

M/Z(SBP4+ey cleaved): calc.: 29802.37 Da, meas.: 29801.89 Da
€280(SBP4tey cleaved): 33350 M em™®

SBP5 — Solute Binding Protein from Trabulsiella odontotermitis (WP_049857012.1)

MGHHHHHHAENLYFQGSAADIVVGSKNFTEQYILAEIYARTLEQSGLSVERKTNLGGTLIAHAALLKG
EIDMYPEYTGTALSAVVKGKPSSGAAQVFKQVSDAYQQOYHLTWLOQPARVNNGYALLVSKQTAEKYHL
KTLSDLARAAPELTIGAGAEFGDRODGLKGLEQTYGITFKAFRQFAKVGLRYDALAAGQIDVANGEAT
DWOIAENQYVALEDDKHLEFPPYEVAPVVRDATLOKYPQIREIVNNVSQLLDNATMOKLNAEVEKNKEE
PRDVAEDFLREKGIIK

M/Z(SBP5tey cleaved): calc.: 30115.00 Da, meas.: 30114.73 Da
€280(SBP5tey cleaved): 30370 M em™?

SBP14 — Solute Binding Protein from Bacillus sp. FJAT-27264 (WP_066368978)

MGHHHHHHAENLYFQGSGCSNSKASEGKDTITILATKGFAESDILANAFKLLIENDTKLKTEVKTLDNT
LLWNAIDSGDVDAYVEYSGTALINILKQQPEFDPDKAFKTVVTQLKEKNKLIALDPLGEFNNTYVESVR
KDTAEKYGLKTTSQLAEKSGELVEFGASEEFLKRPDAWPYVESIYKPKFKETKSIQONSSLOYQATIKQKL
IDVMLAYSTDSQILANDLVALEDDKHVEVPYDAFPVVREQTLDEHPELKETLNKLAGKLDESAMOKLN
AEVEQDQKPAIDVAREWLKSQGLTIK

M/Z(SBP14 ey cleaved): calc.: 31547.79 Da, meas.: 31545.78 Da
€280(SBP14+ey cleaved): 29910M T em™?
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Protein Purification

The SBPs were produced, purified by Ni-NTA beads, the hiss tag was cleaved off, and a second Ni-NTA
purification was carried out by Mariia. These proteins were then further purified by size exclusion
chromatography (S300) using 200 mM NaCl, 50 mM Tris, pH 8. Fractions containing pure SBP were pooled
and concentrated to at least 35 mg/mL before immediate use in crystallization experiments. SDS PAGE Gel

of samples used for protein crystallization show a strong band corresponding to the correct molecular weight

(Supplementary Figure 6)).
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MWM SBP5 SBP13 SBP14 MWM SBP5 SBP4

Supplementary Figure 6. SDS PAGE Gel of SBP4, SBP5,SBP13 & SBP 14 used for crystallization. MWM: molecular weight
marker Left Gel: 10 pg are loaded of each protein.
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Crystallization

SBP4

The SBP4 EGT-containing structure was obtained through co-crystallization. SBP4 (20 mg/mL) was
incubated with EGT (4 mM) for at least 30 minutes before crystallization. Initial crystallization conditions
were determined with the vapor diffusion method in a sitting drop 96-well format. Drops were set up using a
dispensing robot (Crystal Gryphon, Art Robbins), mixing different ratios of SBP4- EGT solutionwith reservoir
solution (0.2 uL:0.1 ul, 0.1 ul:0.2 uL and 0.2 uL:0.2 uL) and were equilibrated against 30 uL reservoir solution.

The screens were stored at 20 °C in an automated imaging system (Formulatrix).

In drop 3 (2 uL protein : 2 uL reservoir solution) with condition A12 of PACT premier™ HT-96 (Molecular
Dimensions) a tiny crystal appeared within a few hours after plate set up and continued to grow in size for
another 3 days until dimensions of approximately 400 uM x 90 uM were reached (Supplementary Figure 7)
A12 conditions comprising 0.01 M Zinc chloride, 0.1 M Sodium acetate, pH 5 and 20 % w/v PEG 6000. 30 %
glycerol were used as cryoprotectant for the single crystal, which was fished and flash-cooled, stored in liquid

nitrogen and taken to the synchrotron for data collection.

Supplementary Figure 7. SBP5 crystal from A12 of PACT premier™ HT-96 (Hampton research) crystallization screen.
EGT is co-crystalized. The image was taken 3 days following plate set. The crystal is approximately 400 uM x 20 uM in

size.
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SBP5

The SBP5 structures in complex with EGT and EGTSO3™ were obtained through co-crystallization. Initial
crystallization conditions were determined with the vapor diffusion method in a sitting drop 96-well format.
Drops were set up using a dispensing robot (Crystal Gryphon, Art Robbins), mixing different ratios of SBP5-
ligand solution with reservoir solution (0.2 uL:0.1 uL, 0.1 ul:0.2 pL and 0.2 uL:0.2 uL) and were equilibrated
against 30 pL reservoir solution. The screens were stored at 20 °C in an automated imaging system

(Formulatrix).

SBP5+ EGT

SBP5 (25 mg/mL) was incubated with EGT (4 mM) for at least 30 minutes before crystallization.

Indrop 2 (1 uL protein: 2 uL reservoir solution) with condition A9 of PEG ION HT (Hampton Research) a tiny
crystal appeared 12 hours after plate set up and continued to grow in size for another 4.5 days until
dimensions of approximately 170 uM x 90 uM were reached (Supplementary Figure 8). A9 conditions
comprising 0.2 M Ammonium chloride, 20 % (w/v) Polyethylene glycol 3,350, pH 6.3. 30 % glycerol were used
as cryo protectant for the single crystal, which was fished and flash cooled, stored in liquid nitrogen and then

taken to the synchrotron for data collection.

Supplementary Figure 8. SBP5 crystal from A9 of PEG ION HAT (Hampton research) crystallization screen. EGT is co-
crystallized. The image was taken 5 days following plate set up, once the crystal stopped growing. The crystal is

approximately 170 uM x 90 uM in size.

SBP5 + EGTSOg

Crystals of SBP5 containing EGTSOg3™ grew in G4 of the Morpheus® HT-96 screen (Molecular Dimensions)
containing 0.1 M carboxylic acids (0.2M Sodium formate; 0.2M Ammonium acetate; 0.2M Sodium citrate
tribasic dihydrate; 0.2M Sodium potassium tartrate tetrahydrate; 0.2M Sodium oxamate), 0.1 M Buffer
system 1, pH 6.5 (Imidazole; MES monohydrate (acid)) & 50 % Precipitant mix 4 (25% v/v MPD; 25% PEG
1000; 25% w/v PEG 3350). Upon mixing of 0.1 uL of SBP5-Ergthioneine-solfonic acid mixture (28 mg/mL
thawed SBP5 + 1.05 mM EGTSO3 with 0.2 uL of the crystallization condition, crystals appeared two weeks
after screen set up. No photo was taken. The crystals were then harvested and stored in Na(l) until data

collection.
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SBP14 Crystallization

The SBP14 liganded structures were obtained through co-crystallization. SBP14 (28 mg/mL) was incubated
with 1.2 equivalents of ligand (1.05 mM) for at least 30 minutes before crystallization. Crystallization
conditions were identified using the vapor diffusion method in a sitting drop 96-well format. Drops were set
up using a dispensing robot (Crystal Gryphon, Art Robbins), mixing different ratios of the SBP14-ligand
solution with reservoir solution at three different ratios (0.2 pL:0.1 plL, 0.1 pL:0.2 pL and 0.2 uL:0.2 L) and
were equilibrated against 30 uL reservoir solution. The screens were stored at 20 °C inan automated imaging

system (Formulatrix).

SBP14 + EGT

Crystals of SBP14 containing EGT grew in E12 of the Morpheus® HT-96 screen (Molecular Dimensions)
containing 0.12 M ethylene glycols (0.3M Diethylene glycol; 0.3M Triethylene-glycol; 0.3M Tetraethylene
glycol; 0.3M Pentaethylene glycol), 0.1 M Buffer system 3, pH 8.5 (Tris (base); BICINE) & 37.5 % Precipitant
mix 4 (25% v/v MPD; 25% PEG 1000; 25% w/v PEG 3350) (Supplementary Figure 9). Upon mixing of 0.2 ulL
of SBP14-EGT mixture (28 mg/mL fresh SBP14 + 1.05 mM EGT) with 0.2 uL of the crystallization condition,
crystals appeared within 12 hours of screen set up. These cubic crystals continued to grow for another 12
hours with dimensions of approximately 60 pm before the crystals were harvested using 25 % glycerol as a

cryoprotectant and were stored in Na(l) until data collection.

O

Supplementary Figure 9. Crystal of SBP14 in complex with EGT from E12 of Morpheus® HT-96 screen (Molecular
Dimensions) crystallization screen. The image was taken 1 day after plate set up. The crystal is approximately 60 uM x 60

uMinsize.

SBP14 + EGTSOg

Crystals of SBP14 containing EGTSO3™ grew in F8 of the Morpheus® HT-96 screen (Molecular Dimensions)
containing 0.12 M Monosaccharides (0.2M D-Glucose; 0.2M D-Mannose; 0.2M D-Galactose; 0.2M L-Fucose;
0.2M D-Xylose; 0.2M N-Acetyl-D-Glucosamine), 0.1 M Buffer system 2, pH 7.5 (Sodium HEPES; MOPS
(acid)) & 37.5 % Precipitant mix 4 (25% v/v MPD; 25% PEG 1000; 25% w/v PEG 3350) (Supplementary
Figure 10). Upon mixing of 0.2 uL of SBP14-EGTSO3 mixture (28 mg/mL thawed SBP14 + 1.05 mM EGTSOg’
)with 0.1 uL of the crystallization condition, crystals appeared within 12 hours of screen set up. These crystals

continued to grow for 48 hours before the crystals were harvested and stored in Na(l) until data collection.
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Supplementary Figure 10. Crystal of SBP14 in complex with EGTSO3 from F8 of Morpheus® HT-96 screen (Molecular
Dimensions) crystallization screen. The image was taken 1 day following plate set up. The crystal is approximately 50 uM

x50 uMinsize.

SBP14 + MeEGT

Crystals of SBP14 containing MeEGT grew in G4 of the Morpheus® HT-96 screen (Molecular Dimensions)
containing 0.1 M carboxylic acids (0.2M Sodium formate; 0.2M Ammonium acetate; 0.2M Sodium citrate
tribasic dihydrate; 0.2M Sodium potassium tartrate tetrahydrate; 0.2M Sodium oxamate), 0.1 M Buffer
system 1, pH 6.5 (Imidazole; MES monohydrate (acid)) & 50 % Precipitant mix 4 (25% v/v MPD; 25% PEG
1000; 25% w/v PEG 3350) (Supplementary Figure 11). Upon mixing of 0.2 uL of SBP14-MeEGT mixture (28
mg/mL fresh SBP14 + 1.05 mM MeEGT) with 0.2 uL of the crystallization condition, crystals appeared within
12 hours of screen set up. These crystals continued to grow for another 12 hours before the crystals were

harvested using 25 % glycerol as a cryoprotectant and were stored in N(l) until data collection.

Supplementary Figure 11. Crystal of SBP14 in complex with MeEGT from G4 of Morpheus® HT-96 screen (Molecular
Dimensions) crystallization screen. The image was taken 3 days following plate set up. The crystal is approximately 40

UM x50 uM in size.

SBP14 + TMH (sls20181031/1242/8)

Crystals of SBP14 containing TMH grew in B4 of the Morpheus® HT-96 screen (Molecular Dimensions)
containing containing 0.09 M halogens (0.3M Sodium fluoride; 0.3M Sodium bromide; 0.3M Sodium iodide),
0.1 M Buffer system 1, pH 6.5 (Imidazole; MES monohydrate (acid)) & 37 % Precipitant mix 4 (25% v/v MPD;
25% PEG 1000; 25% w/v PEG 3350) (Supplementary Figure 12). Upon mixing of 0.2 uL of SBP14-TMH
mixture (28 mg/mL thawed SBP14 + 1.05 mM TMH) with 0.2 uL of the crystallization condition, crystals
appeared within 24 hours of screen set up. These crystals continued to grow for 2.5 days before the crystals

were harvested and stored in Na(l) until data collection.
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Supplementary Figure 12. Crystal of SBP14 in complex with TMH from B4 of Morpheus® HT-96 screen (Molecular
Dimensions) crystallization screen. The image was taken 3 days following plate set up. The crystal is approximately 50

UM x50 uMinsize.
Data collection, data processing, structure solution and refinement

Data of the various solute-binding proteins were collected at the Swiss Light Source (SLS), Villigen,
Switzerland on either the Xo6DA (PXIII) beamline using a Pilatus 2M-F detector, or the XO6SA (PXI) beamline
using an EIGER 16M (Dectris) detector. The collected diffraction data were indexed and integrated using

XDS™ and were scaled using aimless 8.

The SBP5 EGT-containing structure was solved by molecular replacement using a search model derived from
four published structures of SBP5 analogues (PDB: 3PPN,4Z7E,1SW4,3Ré6U) using PHENIX-Phaser.1>7 22>
226,243, 264 The initial model of SBP5 was built using AUTOBUILD of the PHENIX package.'®® The SBP5
EGTSOgs structure was solved by molecular replacement using the SBP5-EGT structure. The SBP4 in
complexwith EGT containing structure was solved by molecular replacement using the SBP5 EGT-containing
structure as a search model using PHENIX-Phaser.137-225-226.243.264 The injtial model of SBP4 was built using
AUTOBUILD of the PHENIX package.™® The SBP14 MeEGT-containing structure was solved by molecular
replacement using the SBP5 EGT containing structure as a search model using PHENIX-Phaser and an initial
model was built in AUTOBUILD.37 15%:226.243,264 160 || sybsequent SBP14 structures used the SBP14 MeEGT
as a search model using PHENIX-Phaser 127 225-226,243,264

Several rounds of iterative model building and refinement were performed using Coot'! and Refmac'¢?

or
PHENIX¢3, Ligand restraints were prepared on the Grade Web server, from Global Phasing Ltd. and could
be could be unambiguously modelled into the (F, - F¢) difference density map.?*> 5% of the data was excluded
from refinement and used for cross-validation. Data collection and refinement statistics are summarized in

Table 1 & 2 respectively. Figures were prepared in PyMOL.
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Supplementary Table 4a.Data collection for structures of the various Solute Binding Proteins.

SBP4 + EGT SBP5 + EGT SBP5 + EGTSOg
X-ray Source Xo6DA (PXIII) XO6DA (PXIII) XO6SA (PXI)
X-Ray detector PILATUS 2MF PILATUS 2MF EIGER 16M (Dectris)
Wavelength (A”) 0.98 0.98 1.00
Space group P212121 P1211 P212121

Celldimensions a, b, ¢ (A")

39.7,53.7,127.4

46.0,4545,61.9

43.8,107.6,228.0

Cell Angles a, B,y (*) 9090 90 90 103.6 90 90, 90, 90
Solvent content (%) 46 41 43
Molecules in asymmetric

1 1 4

unit

Resolution limits (A%

37.9-1.4(1.45-1.4)

44.7-1.2 (1.24-1.2)

42.0-1.94 (2.00-1.94)

Rmerge! 0.09914(0.8078) 0.03414(0.1509) 0.1383(1.805)
Rmeas* 0.1083(0.8759) 0.04105(0.1977) 0.1439 (1.876)
CC% 0.998(0.797) 0.999 (0.957) 0.999 (0.765)
<l/o(l)> 12.37(2.10) 18.03 (4.15) 13.19 (1.60)

Total reflections 342416 (35257) 228055 (12924) 1075789 (107393)
Unique reflections 53924 (5292) 75189 (7385) 80953 (7969)
Multiplicity 6.3(6.7) 3.0(2.0) 13.3(13.5)
Completeness 98.75(97.66) 98.79(95.82) 99.88(99.81)
Mosaicity 0.17 0.27 0.15

T Rmerge = S hKIS i [li(hk)—hI(hkD)i| / ShkIYi li(hkl), where li(hkl) is the observed intensity for a reflection and hl(hkl)i is the average
intensity obtained from multiple observations of symmetry-related reflections.
# Rmeas = Y hkl [N/(N-1)11/2 S |li(hk)—hI(hkD)i] / ShkISi li(hkl), where li(hkl) is the observed intensity for a reflection, hi(hkl)i is the
average intensity obtained from multiple observations of symmetry-related reflections and N is the number of observations of
intensity I(hkl).
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Supplementary Table 4b. Data collection for structures of the various Solute Binding Proteins.

SBP14 + EGT SBP14 + MeEGT SBP14 + EGTSOg3 SBP14 + TMH
X-ray Source XO6DA (PXIII) XO6SA (PXI) XO6DA (PXIII) XO6SA (PXI)
X-Ray detector PILATUS 2MF EIGER 16M (Dectris) PILATUS 2MF EIGER 16M (Dectris)
Wavelength (A”) 1.00 1.00 1.00 1.00
Space group P213 P213 P213 P213
Celldimensions a, b,c (A")  98.2,98.2,98.2 984,984,984 98.6,98.6,98.6 98.7,98.7,98.7
Cell Angles o, B,y () 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90
Solvent content (%) 51 51 51 51
Molecules in asymmetric

1 1 1 1

unit
Resolution limits (A") 439-1.6(1.66-1.6) 440-184(1.91-1.84) 49.3-1.9(1.97-1.9)  44.1-20(2.07-2.0)
Rerge! (%) 0.09101(2.217) 0.1171(4.577) 0.1121(2.623) 0.0983(3.96)
Rmeas* 0.09218 (2.246) 0.1187 (4.634) 0.1135(2.658) 0.09958 (4.008)
CC¥% 1(0.736) 0.999 (0.537) 1(0.765) 1(0.531)
<l/o(1)> 35.51(2.04) 19.30(0.94) 33.32(1.82) 24.04 (1.20)
Total reflections 1671237 (162598) 1085797 (112905) 1016011 (97492) 881799 (90252)
Unique reflections 41820 (4134) 27881 (2778) 25484 (2529) 21925 (2166)
Multiplicity 40.0(39.3) 38.9 (40.6) 39.9(38.5) 40.2 (41.6)
Completeness 99.98(99.98) 99.99 (100.00) 99.53(96.64) 99.95(99.95)
Mosaicity 0.10 0.21 20 0.11

T Rimerge = Y hkIS i li(hk)—hI(hkD)i| / S hkIYi li(hkl), where li(hkl) is the observed intensity for a reflection and hl(hkl)iis the average
intensity obtained from multiple observations of symmetry-related reflections.

FRmeas = Y hkI [N/(N-1)11/2 S [lithkl)—hI(hkD)i| / ShkIS i li(hkl), where li(hkl) is the observed intensity for a reflection, hi(hkl)iis the
average intensity obtained from multiple observations of symmetry-related reflections and N is the number of observations of intensity
I(hkl).
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Supplementary Table 5a.Refinement Statistics for structures of the various Solute Binding Proteins

SBP4 +EGT SBP5+EGT SBP5 + EGTSOg’

Resolution limits ( A) 37.9-1.4(1.45-1.4) 44.7-1.2(1.24-1.2) 42.0-1.94(2.00-1.94)
Rwork * 0.1694 (0.2364) 0.1529(0.2175) 0.2018 (0.2607)
Rfree ** 0.1987(0.2733) 0.1788(0.2417) 0.2402 (0.3058)
Number of non-H atoms 2563 2597 8847

macromolecules 2120 2164 8497

ligands 30 15 72

solvent 413 418 278
Protein residues 271 271 1086
Clashscore *** 4.97 3.43 9.56
R.m.s.d fromideal

Bond lengths (A”) 0.008 0.01 0.006

Bond angles (u) 1.27 1.37 1.04
Ramachandran favored *** (%) 974 9777 96.75
Ramachandran outliers *** (%) 0 0 0.37
Average B values (A" 2) 18.87 16.11 36.17

macromolecules 16.68 13.48 36.08

ligands 18.9 8.63 29.86

solvent 30.1 29.96 40.61

Numbers in parentheses refer to the outer shell.
* Rwork = 3 hkl|| Fobs|—|Fcalc|| / > hkl|Fobs|
** Rfree is the R value calculated for 5% of the data set that was not included in the refinement.

*** Molprobity.
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Supplementary Table 5b. Data collection for structures of the various Solute Binding Proteins.

SBP14 + EGT

SBP14 + MeEGT

SBP14 + EGTSOs

SBP14 + TMH

Resolution limits (A)

Rwork * (%)

Rfree **(%)

Number of non-H atoms
macromolecules
ligands
solvent

Protein residues

Clashscore ***

R.m.s.d from ideal
Bond lengths (A”)

Bond angles (u)

Ramachandran favored ***

(%)

Ramachandran outliers

(%)

Average B values (A" 2)
macromolecules
ligands

solvent

43.9-1.6(1.66-1.6)

0.1868(0.2279)
0.2037 (0.2468)
2376

2153

15

208

269

1.84

0.007

1.21

98.88

0
2677
26.25
184

32.76

44.0-1.84(1.91-1.84) 49.3-1.9 (1.97-1.9)

0.2034 (0.2660)
0.2429 (0.2745)
2229

2153

18

58

269

1.61

0.008

1.18

98.13

42.47
42.61
33.48

40.06

0.1968 (0.3841)
0.2349 (0.4389)
2263

2153

16

94

269

23

0.008

1.13

98.5

38.69
38.81
26.43

38.03

44.1-2.0(2.07-2.0)
0.2047 (0.3237)
0.2513(0.3635)
2193
2151
14
28
269

2.07

0.004

0.98

98.13

57.43
57.59
46.38

50.94

Numbers in parentheses refer to the outer shell.
* Rwork = 3 hkl|| Fobs|—|Fcalc|| / > hkl|Fobs|
** Rfree is the R value calculated for 5% of the data set that was not included in the refinement.

*** Molprobity.
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Conclusion and Outlook

The biological role of ergothioneine and its evolutionary history remains a complex question. Understanding
of any biochemical process must start with a detailed understanding of the chemistry of the enzymes
involved, their catalytic mechanisms and their structures. This thesis contributes to the development of a
molecular blue print of ergothioneine biochemistry. The approach used to do so involves the structural and
functional characterisation of homologues from different areas of sequence space. This has revealed
divergent enzymes and proteins, which through comparative enzymology have afforded several mechanistic

and evolutionary insights into ergothioneine biochemistry.

Chapter two characterizes a divergent EgtB. The discovery of EgtB as part of the aerobic biosynthetic
pathway represents an entirely new catalyst type that is distinct in both reactivity and structure from other
iron oxygenases. While EgtB, and other sulfoxide synthases have been the focus of numerous studies, its
catalytic mechanism is still disputed and its evolutionary history unknown. However, all mechanistic models
are based on the crystal structure of MthEgtB. To provide an alternative model system, we solved the crystal
structure of CthEgtB, a divergent homologue. This structure reveals a completely different configuration of
active site residues that are involved in oxygen binding and activation. This structure informed mutagenesis
studies, the outcomes of which provide evidence for a catalytic tyrosine dyad. One tyrosine plays an essential
role as a catalytic acid, while the other acts as a Lewis acid, both facilitating the reduction of the initial iron
(1) superoxide species, the first catalytic step towards sulfoxide production. The drastic active site
differences of CthEgtB to MthEgtB provide us with a powerful and unique approach to tease out mechanistic
features and to isolate the core catalytic principles of these catalysts via comparative enzymology. Re-
evaluation of the contentious mechanistic proposals in view of the structure of CthEgtB provides a new test
that may help to distinguish between different models. We believe that these additional constraints will be of
significant help in the elimination or validation of mechanistic proposals for the sulfoxide synthase-catalyzed

reaction.

Furthermore, comparison of the two EgtB structures and to the primary sequences of other bacterial and
fungal homologs identified several sequence motifs predictive of active site features and function. The
conservation of these features, or lack thereof, revealed that the class of ergothioneine biosynthetic sulfoxide
synthases is characterized by remarkable active site diversity. It also led to the identification of another
divergent EgtB homologue from T. elongatus, which remains uncharacterized. Finally, the observed diversity
indicates that these sulfoxide synthase types may have emerged from an ancestral enzyme with different
substrate specificity to any known extant homolog, gaining insight into evolutionary divergence explanation

for the incredible diversity observed.

The evolutionary model proposed in chapter 2 explains the diversity of substrates and substrate-binding
modes in the EgtB family. However, it does not account for the dramatic active site remodeling and catalytic

residue hopping observed in CthEgtB. The introduction of two active site loops in CthEgtB is also
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accompanied by tetramerization. In chapter three, two novel CthEgtB crystal structures are presented that
each show an alternative loop conformation, providing evidence of the dynamic conformations that can be
taken by the two active site loops. Structural and bioinformatic analysis identified two residues important for
loop folding and substrate binding, Ser?2 and Gly98. Mutation of Gly98 in a destabilized tetramer perturbed
one of the tetrameric interfaces and hindered TMH binding through destabilizing loop folding. This showed
that i) Gly98 acts as a hinge for loop folding ii) loop folding is coupled to TMH binding, iii) the quaternary
structure stabilizes the enzyme:substrate complex and iv) loop folding is a limiting factor. Mutational analysis
of Ser%2 revealed that it is an important hydrogen bond donor for substrate-binding and formation of a
catalytically relevant loop conformation. The assignment of roles for Ser22 and Gly98, in conjunction with
the catalytic tyrosine dyad in chapter 2, provides a complete functional assignment of the four conserved
active site loop 1 residues. We also propose that oligomerization enabled divergent evolution of the EgtB

family, providing an explanation for the extreme active site plasticity and divergence of type Il EgtBs.

Further exploration of the EgtB sequence space identified another divergent EgtB, Vpa2054. The genomic
environment and conserved three-gene cluster implicates Vpa2054 in C-Se bond formation. In chapter four
the structural characterization of Vpa2054 is reported. The structure shows a similar overall architecture
compared to other EgtBs, yet the active site and substrate-binding sites differ. This again highlights the
plasticity of the active sites in the EgtB family. The crystal structure, together with the preliminary
biochemical characterization, provides strong evidence that TMH is the first substrate. TMH is the key
component of all ergothioneine biosynthetic pathways characterized to date, suggesting that this enzyme
could make ergothioneine or its seleno- isolog, selenoneine. While the second substrate is unknown, a
selenophosphorylated glucoside is consistent with the conserved gene cluster and the Vpa2054 substrate-
binding pocket. This study narrows down the possibilities for proposals for the pathway encoded for by the
three-operon gene cluster, and highlights the amenability of the EgtB scaffold for evolutionary divergence to
accept alternative substrates and perhaps, alter reactivity. This work provides a platform for further studies

to identify the second Vpa2054 substrate and product of the three-operon gene cluster.

The identification of an enzyme for ergothioneine degradation (ergothionase) revealed a discrepancy in the
organisms that can produce ergothioneine and degrade ergothioneine. As ergothionases are typically
intracellular, atransport system for ergothioneine must therefore exist. Chapter five describes the structural
characterization of two types of solute-binding proteins (a key component of the ABC transporter systems)
that are specific for ergothioneine or ergothioneine sulfonic acid. The comparison of several high-resolution
crystal structures of EGT and EGTSOs specific SBP complexed with ligands revealed sequence motifs
indicative of substrate binding. These studies provide evidence for a transport system for EGT and its
oxidized analogue, EGTSOg3 , revealed EGTSOg3 is indeed a relevant degradation product in nature. This
molecular basis was applied to explore the sequence space of the solute binding proteins and revealed several
key insights into EGT utilization and evolutionary history. (i) EGT SBPs are incredibly diverse, more diverse
than any other betaine SBP (ii). This great diversity suggests EGT is an old molecule. (i) EGT SBPs have
evolved at least twice from independent origins. These findings are consistent with the hypotheses from the

anaerobic biosynthetic pathwy. (iv) The EGTSO3 SBPs are less diverse, are typically co-encoded with
210
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EGTSOg3 specific lyase, and likely evolved from a EGT-specific SBP. (v) EGT SBPs are not commonly encoded
with a lyase. The latter is important as it means we can identify organisms which (1) do not produce EGT, (2)
cannot degrade EGT and (3) have an ABC system for its transport. From the crystal structures, we have a
molecular handle and genomic precedent to identify organisms in which ergothioneine may play a
physiological role. Until now, no approach was available for identifying such organisms. This dramatically
increases the number of organisms to which we know EGT may be relevant. This highlights the ubiquity and

prevalence of EGT in nature.

The findings of this thesis provide numerous new examples of diversity in proteins involved in ergothioneine
biosynthesis and utilization. The EgtB family in particular shows remarkable active site diversity, to the extent
that key catalytic residues and substrates are not conserved among subtypes (Chapter 2). This highlights the
amenability of the EgtB scaffold for evolutionary diversification, to lead to different active sites, substrates
and perhaps even reactivity (Chapter 4). The oligomerization of the EgtB scaffold may even have facilitated
the complete active site remodeling of CthEgtB(Chapter 3). Chapter 2 provided several sequence motifs that
are indicative of a structural feature or behavior. Further exploration of the EgtB sequence space with these
motifs is likely to reveal further divergent EgtBs. The characterization of these, along with detailed
characterization of EgtB types iii-iv will provide further approaches to disentangle the catalytic mechanism,
explore the evolutionary history and perhaps discover new reactivity and pathways. The structural
characterization of a type Il fungal enzyme would be particularly fruitful due to its ability to accept
selenocysteine as a substrate, and may provide an intriguing parallel to Vpa2054 (chapter 4) once the

substrates are delineated.

As for EgtB, this thesis also develops a molecular blue print for the utilization of EGT and its derivatives,
enabling the identification of new organisms to which ergothioneine is relevant. As we further explore the
biochemistry of ergothioneine, its production, degradation and utilization, the organisms which make use of
ergothioneine become more abundant, indicating the physiological importance of ergothioneine to numerous
life forms. These results provide further evidence that ergothioneine is an old molecule, and that its
biochemical components have emerged numerous times from independent origins, again advocating for a
fundamental role in life. Incorporation of the detailed molecular basis of ergothioneine described in this thesis
and elsewhere into a larger framework, which includes interconnected metabolic pathways and whole
organisms, can provide a crucial mechanistic understanding of the role of ergothioneine to cells, organisms,

their regulation and at a very basic level, even life.
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