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ABSTRACT: Ergothioneine is an emergent factor in
cellular redox biochemistry in humans and
pathogenic bacteria. Broad consensus has formed
around the idea that ergothioneine protects cells
against reactive oxygen species. The recent discovery
that anaerobic microorganisms make the same
metabolite using oxygen-independent chemistry,
indicates that ergothioneine also plays physiological
roles under anoxic conditions. In this report we
describe the crystal structure of the anaerobic
ergothioneine biosynthetic enzyme EanB from the
green sulfur bacterium Chlorobium limicola. This
enzyme catalyzes oxidative sulfurization of Na-
trimethyl histidine. Based on structural and kinetic
evidence we describe the catalytic mechanism of this
unusual C-S bond forming reaction. Significant active
site conservation among distant EanB homologs
suggests that oxidative sulfurization of heterocyclic
substrates may occur in a broad range of bacteria.

Sulfur plays a central role in the primary and
secondary metabolism of any organism. The
availability of numerous redox states and the high
polarizability enable sulfur to react as nucleophile, as
electrophile or as radical, and make this element an
irreplaceable building block in many small and large
biomolecules.> The malleability of sulfur is also
reflected in the broad range of different enzymatic
reactions that form carbon-sulfur (C-S) bonds.!
Because of this diversity it is not uncommon that
natural products with similar  sulphurous
substructures emerge from entirely different
chemistries. For example, the thiazolidine moiety of
penicillin is formed in an oxygen-dependent reaction
catalysed by an iron-dependent oxidase,® whereas the

thiophane ring in biotin is formed by an S-adenosyl
methioneine dependent radical enzyme.?

Even more remarkable is the case of thiamine
biosynthesis where bacteria, archaea and eukaryotes
utilize different C-S bond forming reactions to
produce an identical product.8-°
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Figure 1. The rhodanese-like enzyme EanB from
Chlorobium limicola catalyzes oxidative sulfur transfer
to Na-trimethylhistidine (TMH) in an oxygen-
independent reaction." The sulfoxide synthase EgtB
from  Mycobacterium  thermoresistibile catalyzes
oxygen-dependent sulfurization of TMH."> This second
pathway requires two additional enzymes (EgtC and E)
to produce ergothioneine.’34

Recently, we discovered that ergothioneine
biosynthesis also emerged through multiple routes.™
15 Actinobacteria, cyanobacteria, many
proteobacteria and most fungi synthesize
ergothioneine by way of an iron-dependent sulfoxide
synthase (EgtB, Figure 1). In cooperation with two
additional enzymes EgtB attaches a cysteine-derived
sulfur atom to the imidazole ring of Na-trimethyl
histidine (TMH).®*® Although the mechanistic
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details of the EgtB reaction are controversial, the
involvement of oxygen as an electron acceptor is
undisputed.’> 92° In contrast, a group of mainly
anaerobic bacteria and archaea recruited a
rhodanese-like enzyme (EanB) to introduce sulfur

linker 2,
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domain

(

into TMH." Rhodanese-like enzymes are ubiquitous
C-S bond forming catalysts involved in the
biosynthesis of cofactors, thiosugars and thiolated
nucleic acids.” ® 223 Invariably, these enzymes bind
their substrate in activated
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Figure 2. A: Overall view of EanB in complex with TMH (turquoise). Active site residues are shown in lilac and
turquoise-blue, N-terminal domain in green, central domain in blue, C-terminal domain in violet, linker regions in
red. B: active site of TMH complexed EanB structure with residues represented as sticks, H,O_1is shown a red sphere.
C: pseudo C, symmetry axis between central and C-terminal domain. D: active site of apo-EanB. H,O_1 hydrogen
bonds to a second water molecule instead of TMH. E: anomalous sulfur electron density map at catalytic cysteine
persulfide (Cys412-SS) revealed presence of two sulfur atoms. F: Active site model of the reactive complex with TMH

and Cys-SS-. Distances indicated in red.

form, after phosphorylation or adenylylation, and
mediate nucleophilic substitution of the phosphate
or the AMP leaving group with a sulfur atom. EanB
does not follow this paradigm. This enzyme binds
its substrate TMH without prior activation and
attaches a sulfur atom in place of a proton. This
combination of substrate activation with oxidative
sulfurization is unprecedented in enzymology.'

To elucidate the catalytic mechanism of EanB we
solved the crystal structure of this enzyme and we
examined the catalytic activity of this enzyme and
variants thereof. The described structural and
kinetic observations suggest that C-S bond
formation occurs by nucleophilic attack of an active
site persulfide anion onto the imidazolium ring of
TMH. Significant active site similarity among a
large subclass of rhodanese-like enzymes with
unknown functions indicates that this reaction type
may apply to several different biosynthetic
pathways occurring in proteobacteria, spirochaetes
and firmicutes.

Results

Crystal structure of native EanB. We produced
EanB from Chlorobium limicola in Escherichia coli
as previously described.” To optimize EanB for
crystallization we engineered a truncated version of
this protein that lacks the first 34 residues. A
homology model of EanB based on the crystal
structure of the rhodanese-like enzyme YnjE
suggested that this N-terminal appendix is not part
of the folded core and is located far away from the
presumed active site.>4 In addition, we mutated
three consecutive lysine residues on the protein
surface to alanine (K357A, K358A and K359A) in
order to reduce the surface entropy (Figure S1).>5
The resulting protein (EanBsgr) is stable, active
(Table 1) and formed diffracting crystals (Figure S2).
One diffraction data set with a resolution of 1.8 A
was used to solve the structure of EanB by
molecular replacement (Table S1).2¢ The measured
electron density revealed a continuous polypeptide
chain from Glu3s to Pro456. The residue numbering
was chosen in accord with the gene locus Clim_1149
in the genome of Chlorobium limicola DSM 245.
EanB folds into three consecutive rhodanese-like

domains (35 - 139, 160 - 291, 319 - 445) which are
connected by 19 and 26 residue long linker regions
(red, Figure 2A). The structure of EanB is
remarkably similar to the E. coli protein YnjE
(Figure 3A).24 A detailed description of the overall
structure of EanB can be found in the supporting
information (Figure S3 and S4). The central- and C-
terminal domain form a dimer with pseudo C,-
symmetry (Figure 2C). The active site - as identified
by the location of a conserved cysteine residue in
the third domain,>* maps to the dimer interface
near the pseudo C,-symmetry axis. The N-terminal
docks to this dimer far away from the active site and
possibly serves as a stabilizing clamp. One
conspicuous difference between EanB and YnjE
occurs near the active site. EanB residues 245 - 260
and 348 - 360 form two loops that shape the active
site into a deep and narrow tunnel with the catalytic
cysteine at its bottom. YnjE lacks the first loop
leaving the active site as a large and water exposed
cleft (Figure 3).24

Structure of EanB in complex with TMH. Based
on a data set with a resolution of 2.8 A (Table S1) we
also obtained the structure of EanB in complex with
the substrate TMH. This structure provides the first
view at a triple-domain rhodanese-like enzyme
bound to its genuine substrate (Figure 2B, Figure
S5). TMH stacks on top of the indole ring of Trp416.
Nt and Nr of the imidazole ring hydrogen bond to
the backbone carbonyl of Alaz74 (2.8 A, Figure Sg)
and to a water molecule (H,O_1, 2.6 A) respectively.
This water molecule is immobilized by two
additional hydrogen bonds to the side chains of
Thr414 (2.5 A) and Tyr353 (3.0 A). The backbone
amides of residues 414 - 416 point three additional
hydrogen bond donors towards H,O_1 (3.0 - 3.5 A).
The carboxylate group of TMH is solvated by the
phenol functions of Tyr375 and Tyr3ss (Figure S6).
The Na-trimethyl ammonium moiety docks into an
aromatic box formed by the side chains of Tyri88,
Trp216, Trp416, Tyr3ss. The side chain of Glui78
points towards this aromatic pocket and
presumably neutralizes the positive charge of the
ammonium ligand. In the apo structure this
ammonium binding pocket hosts a loosely
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coordinated magnesium cation, corroborating the
cation-binding propensity of this site. It is unlikely
that this cation plays any role in EanB catalysis.
Similar aromatic boxes are typical for betaine
binding proteins.?729

Structure of the persulfide form of EanB. A third
data set with a resolution of 1.6 A revealed the
structure of EanB with extra electron density
around the active site cysteine Cys412 (Figure 2E).
This protrusion fits well to a model with a sulfane
sulfur attached to Cys412. A point atom refined
model revealed a distance of the electron density
maximum centers between Cys-Sy and the

. most significant
difference

active site closing loop EanB

EanBG243

YnjeG230 EanBH261 @€

YnjeED232

protrusion (point atom) of 2.04 A. This distance is
in good agreement with the expected length of an
S-S bond (2.07 A).3° In contrast, the S-O bond of a
cysteine sulfenic acid is much shorter (1.67 A), and
produced no acceptable fit upon model refinement
(Figure S7). Further evidence for the presence of a
persulfide function at Cysgi2 was gained from
anomalous diffraction data sets. Restrained SAD
data refinement revealed a peak in anomalous
sulfur electron density map corresponding to two
sulfur atoms at this position (Figure 2E). The
presence of persulfide function is corroborated by
the observation that recombinant EanB can convert
up to one equivalent of
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TMH to ergothioneine in the absence of exogenous
sulfur donor. * The persulfide is in hydrogen
bonding distance to the guanidinium side chain of
Argq17 (2.8 A, Figure 2F). The sulfane sulfur atom
approaches Arg417 in the plane of the guanidinium
function (dihedral angle NCNS: -8.6° bond angle
CNS: 120°). This geometry is suggestive of hydrogen
bonding. The entire persulfide is placed in the
positive electrostatic field generated by the dipole
moment of one of the two symmetry-related o-
helices (residues 415 - 429). In the absence of the
sulfane sulfur atom, the side chain of Cys412 adopts
an identical conformation placing the side chain in
hydrogen bonding distance to Gly415 (3.2 A) and to
H20_1(33A).

Model of the reactive complex. Comparison of
the native structure of EanB, the persulfide form
and the complex with TMH shows that substrate
binding induces almost no conformational change
in the active site (Figure S8, Table S2). Therefore,
we concluded that superposition of the persulfide
form and the TMH complex should provide a
relevant model for the reactive complex of EanB
(Figure 2F). In this model the sulfane sulfur on
Cysg412 approaches TMH from below the imidazole
plane to a near Van der Waals distance (Scys; -
C21mu, 3.4 A). The phenol ring of Tyr3s3 hoovers on
the other side of the imidazole plane in contact with
Arg417 (2.8 OA), H,O_1 (3.0 A), and the backbone of

Gly413 (3.3 A).

Mutagenesis of active site residues. The surface
of the active site is formed by ten residues. Although
six out of the ten residues are aromatic, polar
interactions are clearly most important for binding
and catalysis. To examine these interactions we
constructed four EanB variants that each lack one
hydroxyl group by mutating Thrqi4 to Ala and
Tyr3s3, Tyr 355 or Tyr375 to Phe (Table 1).

Table 172!
Enzyme Keurnover keat Kvvb Keamover/
[s7] [s7] (M] K
X103 X103 X107 (M7s7]
EanB, 8.3 1 40 275
EanBggg 8.5 n.d. n.d. n.d.

Journal of the American Chemical Society

Figure 3. A: Superposition of EanB structure with YnjE in simplified ribbon representation (PDB code 3IPO, RMDS:
2.64 A over 400 residues).>+ B: the extra active site loop in EanB is shown in dark blue (residues 245 - 260). The much
shorter turn in YnjE is shown in orange. C: superposition of active site residues of EanB with YnjE.

EanBr,,a <01 n.d. n.d. n.d.
EanBy;.;r <01 n.d. n.d. n.d.
EanBy;ssr 6.5 5.0 4900 1.0
EanBy,, ¢ 5.5 2.5 1700 1.5

[BJAIl values represent averages of at least two
independent measurements. The standard error on all
kinetic parameters is < 20 % of the average value.
bIData from Ref.". Pl n.d. = not determined.

We excluded Arggr7 from this study, because
mutagenesis of active site arginines to any other
proteinogenic amino acid is usually too disruptive
to give interpretable results.

The catalytic activities of these variants (EanBr,,a,
EanBy,;y;r, EanBy;sr, EanByy,.r) were assessed by
measuring the rate of ergothioneine production in
single turnover reactions. For this characterization
we exploited the fact that EanB can be isolated
partially in persulfide form from E. coli lysates.” The
persulfide content of the EanB variants was also
determined by colorimetric quantification of
thiocyanide formed when the proteins were
incubation with cyanide (Table S3). This analysis
showed that all isolated EanB variants contained
between 0.2 to 0.5 equivalent sulfane sulfur.

To determine single-turnover rates (Kmover), We
incubated the enzymes with a saturating
concentration of TMH and monitored product
formation by HPLC. In this assay EanBy, EanBggg,
EanBy,s; and EanBy,,; catalyzed sulfur transfer to
TMH at similar rates (Table 1, Figure Si0). In
contrast, no product formation was observed for
EanBr,,a and EanBy,.r, suggesting that their
activity is less than 1 % of the wild type activty. This
dramatic effect establishes Thr414 and Tyr3s3 as
essential catalytic residues. The available kinetic
data does not allow a judgement as to whether the
mutations predominantly affected substrate
binding or turnover. However, since these residues
only make indirect or weak interactions with TMH,
it is save to assume that the mutations
predominantly affected turnover.

To interrogate the functions of Tyr3ss5 and Tyr37s5 in
more detail, we determined the Michaelis-Menten
parameters for EanB,,, EanBy,;;r and EanBy,,¢ by
measuring Kwmover @s a function of the TMH
concentration (Figure Su and S12). This experiment
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showed that EanBy,;; and EanBy,,; are characterized
by a Ky values 170 and 60-fold higher than that
determined for wild type. Meanwhile, the catalytic
constant (ke,) remained largely unaffected by either
mutation. These observations suggest that Tyr3ss
and Tyr3ys are mainly important for substrate
recognition.

pH dependence of catalysis. The active site of
EanB and the substrate TMH contain several
ionizable groups with pK;s close to the reaction pH
(8.0). Therefore, we found it important to
determine the pH-dependence of EanB (Figure S12).
This experiment showed that increasing the
reaction pH from 5 to 9 reduced the Ky by 20-fold
and kiymover Only by 1.3-fold. Plotting the catalytic
efficiency against pH revealed that the change in
activity is related to a single protonation event
characterized with a kinetic pK, of 6.1 + 0.1. Because
keumover 1s not affected, it is clear that this
protonation affects an equilibrium reaction before
the rate limiting step. Since the imidazole pK, of
TMH as inferred by NMR titration is 6.0 + 0.1
(Figure S13), we interpret the pH dependence as
evidence that EanB binds TMH only in neutral
(deprotonated) form. Hence, lowering the reaction
pH reduces the effective substrate concentration
and in turn increase the observed Kj.. The absence
of additional kinetically relevant protonation
equilibria suggest that catalytic residues such as
Tyr3s3 and Cys412 do not change their protonation
state between pH 5 and 9.

Kinetic isotope effects. To probe which
elementary step in the catalytic cycle of EanB may
be rate limiting we measured substrate and solvent
kinetic isotope effects (KIE). We have shown earlier
that the rate limiting step must occur during sulfur
transfer from EanB to TMH, rather than during
sulfur transfer to EanB." To examine whether
abstraction of the proton from the TMH imidazole
ring at C, (C,-H) may be rate limiting, we
determined the substrate KIE on kiymover using C,-
deuterated TMH as a substrate (Figure Si4). This
experiment revealed a KIE of 1.1 + 0.3, suggesting
that deprotonation of C, is not rate limiting. Proton
exchange at the C, center of imidazole rings at pH
8.0 is slow enough that we can exclude non-
enzymatic wash-out of the deuterium label from
TMH as an explanation for the observed KIE.3

In contrast, we observed a significant inverse

solvent KIE effect on kuymover (SKIE = 0.8 £ 0.04,
Figure Si5). The observation that the sKIE is not

larger than unity provides evidence against a
mechanism in which an exchangeable proton is
being transferred during the rate limiting step.

Discussion

EanB-catalyzed sulfur transfer to TMH is formally
an oxidation reaction that couples C-S bond
formation with S-S bond reduction. This reaction
type is also interesting because both the imidazole
ring of TMH and cysteine persulfide can in principle
act as nucleophile or as electrophile, depending on
their protonation state. In the following we will
match structural and kinetic evidence with
different mechanistic proposals. As a result, we find
that EanB-catalyzed sulfurization of TMH most
likely occurs via nucleophilic attack of a persulfide
anion onto the imidazolium ring of TMH.
Subsequently, we will summarize the indications
that this reaction type may be catalyzed by many
YnjE-like rhodaneses.?

Catalytic mechanism. Rhodanese and most
rhodanese-like enzymes can transfer sulfur to
cyanide to form thiocyanide.3* This reaction is
facilitated by the considerable nucleophilicity of
cyanide anion and the acidity of hydrogen cyanide
(pK, = 9).33 By analogy we surmised that EanB could
deprotonate TMH at C, to form the corresponding
carbene which may attack the Cys412 persulfide (1a,
Scheme 1). This scheme would require
deprotonation of the imidazole or imidazolium ring
of TMH. Although C, protons in imidazolium rings
are not particularly acidic (pK, = 24)3 the
conjugated base, the imidazole-2-yl carbene, does
occur as an intermediate during proton exchange in
water.3' The involvement of carbene intermediates
in enzyme catalysis is also precedented by the
cofactor chemistry of thiamine pyrophosphate.3435
However, formation of a TMH carbene in the EanB
reaction is unlikely. Proton abstraction would
require a strong base positioned in plane with the
imidazole ring, juxtaposed to the scissile C,-H. The
two candidate bases, Tyr3s3 and the persulfide
anion of Cys412 are both located out of plane
(Figure 2F). In addition, both moieties are weak
bases (Tyr: pK, = 10; persulfide: 6 - 7)33 and both
make direct hydrogen bonding contact with the
cationic side chain of Arg417. This interaction likely
reduces rather than increases the basicity of Tyr3s3
and Cysg412. As discussed below, the pH-
dependence of EanB indicates that Tyr3s3 is
protonated at physiological pH and is therefore not
available as a base. The persulfide function of
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Cys412 is likley anionic. However, in a hypothetical
equilibrium where TMH and the active site
persulfide anion share a proton (C,-H), only one out
of 107 enzymes would be in the in the carbene state
(13, Kyrmu/Kapersuifide = 1024 M/107 M = 1077). Since
the enzyme turns over at a rate of 10 s (Table 1),
the carbene species 1a would have to react forward
at a rate equal or faster that 10> s™. This frequency
is three orders of magnitude higher than that of
many bond vibrations. Therefore we conclude that
1a is not kinetically competent. We have no
evidence that the acidities of TMH or the persulfide
are perturbed to the extent that this conclusion
would not hold.

A second possible mechanism could be nucleophilic
attack at the sulfane sulfur of Cys412 by the neutral
imidazole ring of TMH (2a). Precedence for
nucleophilic attack by an imidazole ring can be
found in the mechanism of urocanases.3® In this
reaction the imidazole ring of urocanic acid attacks
the nicotinamide ring of NAD*. In EanB,
nucleophilic attack by TMH is unlikely for the
following reasons: The persulfide function of Cys412
is not protonated at physiological pH. The low
intrinsic pK, of persulfides (pK, = 6.2),3 the close
interaction between Cys412 and Arg417, and the pH-
dependence of EanB all point to an anionic
persulfide function. We note that proton transfer
from Tyr353 (Figure 2F) could provide a mechanism
to activate the persulfide as an electrophile.

An even more severe problem of mechanism 2 is
that intermediate 2a would require coordination by
two hydrogen bond donors. Although the backbone
carbonyl of Ala374 is in hydrogen-bonding distance
to Nt (2.8 A) this residue can hardly serve as a
proton donor (Scheme 1, Figure Sg). The remaining

Journal of the American Chemical Society

surface around Nt is composed of hydrophobic
moieties of Ile262, Ala259, Trp416, Arggqi7 and
Tyr37s5, suggesting that this pocket is poorly
equipped to stabilize intermediate 2a.

The third model suggests that the nucleophilic
persulfide anion attacks TMH (3b) to form 3c.
Tyr3s3 mediated C,-H cleavage from this
intermediate leads to aromatization of the
mercaptoimidazole ring and S-S bond cleavage
(3d). The crystal structure of EanB, showing the
suggested nucleophile and base positioned on
opposite sides of the imidazole plane (Figure 3), is
consistent with this mechanism. The observed pH
dependence and kinetic isotope effects of EanB
allow us to add further details to this mechanistic
picture. The Ky of EanB is characterized by a kinetic
pK, that is identical to the thermodynamic pK, of
TMH. This dependence shows that EanB binds its
substrate only in neutral form. There is no evidence
for additional kinetically relevant protonation
equilibria, suggesting that the protonation states in
the active site - specifically those of Tyr3s3 and
Cys412 - remain unchanged between pH 5 and 9.
Therefore we conclude that species 3a is the
dominant first intermediate. Direct formation of 3b,
by encounter of cationic TMH and EanB with an
anionic Tyr353 maybe possible but rate.

The proposition that Tyr3s3 is the proton donor to
TMH is supported by the following considerations.
Because an imidazolium ring is significantly more
electrophilic than an imidazole ring, protonation
would activate TMH for C-S bond formation. This
proton must be donated by H,O_1 (Figure 2F)
because this is the only
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Mechanism 1

Mechanism 2 H o

Mechanism 3

Thr414
O-._

- G

Scheme 1. Three possible catalytic mechanism of EanB.

possible hydrogen bond donor in direct contact
with the imidazole ring of TMH. Since water has a
much higher pK, than an imidazolium -cation,
formation of a hydroxide:imidazolium ion pair
would produce a very unstable intermediate.
Alternatively, H,O_1 could relay a proton from a
secondary proton donor. Possible candidates are
Thrg14 and Tyr3s3. The latter is certainly more
acidic. Proton transfer from Tyr353 to TMH would
also activate Tyr3s3 as a base for subsequent C,-H
cleavage. Hence, the most likely interpretation of
the structure and pH-dependence of EanB is that
TMH and Tyr3s53 share a proton via H,O_1 in the
reactive complex.

< <
HN\/NH H(%\ NH
Q. H —> S—H
s Os
) »
, Hn Ala374 _
Rdddd _ H v
B N>QN7@/S/N“:‘F HN>TN
\_,H SH — SH
©Ss oS
» %

A second interesting question is whether
protonation of TMH occurs in an equilibrium
between 3a and 3b, or whether 3a reacts directly to
3c via proton transfer coupled with C-S bond
formation. The substrate KIE is close to unity,
suggesting that proton abstraction from species 3¢
is not rate limiting. Since kymnover Was measured in a
single-turnover assay we can exclude product
release as a rate limiting step. Since EanB turns over
less than once every minute, substrate binding is
also unlikely to be rate limiting. The remaining
candidate for the rate limiting step is C-S bond
formation. If this step is coupled to proton transfer
from Tyr353 to TMH one might predict a solvent
KIE significantly larger than one. In contrast, we

ACS Paragon Plus Environment

Page 8 of 13



Page 9 of 13

oNOYTULT D WN =

found a slightly inverse KIE. This behavior does not
provide evidence for coupled proton transfer and C-
S bond formation, but we cannot definitively
exclude this mechanism either. An alternative
interpretation is that proton transfer between TMH
and Tyr353 occurs as an equilibrium connecting
species 3a with 3b. Because the pK, of the TMH
imidazole ring is lower than that of Tyr3s3 - even in
the enzyme complex, species 3a is likely more stable
than 3b. Since 3b is immediately connected to the
rate limiting step, the position of this internal
equilibrium would directly factor into the rate of
catalysis. This interpretation can also accommodate
the the observed inverse KIE. It is possible that
solvent deutration affects the equilibrium between
3a and 3b causing faster turnover in D,O than in
water.

The reaction according to mechanism 3 is
deceptively similar to that of nucleophilic aromatic
substitution. Examples of proteins that attack
electron-deficient heterocycles with S-nucleophiles
include glutathione-S-transferases,3”
dimethylarginine dimethylaminohydrolase,3?
inosine 5-monophosphate dehydrogenase,3® and
numerous nucleobase sulfurizing enzymes.? In
these cases C-S bond formation is followed by
elimination of a halide, a phosphate, or a hydride
from the ipso-position.3® In contrast, EanB removes
a proton resulting in oxidative sulfur transfer. We
are unaware of any precedence for this reaction type
in enzymology.! On the other hand, the EanB-
catalyzed reaction is somewhat reminiscent of
peracid-mediated epoxidation of olefins (Scheme
2).4° This reaction mediates oxidative C-O bond
formation with reductive O-O bond cleavage.
However, because of the high pKa of peracids and
because isolated olefins are electron rich, the
reaction is believed to occur via nucleophilic attack
by the sp? carbon.

R
= A i
c\)~HC§J O/<0 O%\OH
() Hgf Q

Scheme 2.

Active site conservation among YnjE
rhodaneses. The structure of EanB provides
indications that many rhodanese-like enzymes with
currently unknown function might catalyze related
reactions. EanB belongs to a large group of enzymes

Journal of the American Chemical Society

termed the YnjE rhodaneses group, because YnjE
from E. coli was the first structurally characterized
representative of this family.24 Members of this class
occur in several bacterial phyla (proteobacteria,
spirochaetes, fusobacteria and firmicutes) and
several archaeal species. YnjE rhodaneses are
characterized by a highly conserved six-residue
active site motif (CG[T/S]JGWR, Cysg12 - Arg417 in
EanB). 24 Based on structural evidence we can now
attribute specific roles to each of these residues
(Figure 4). Cysg12 is responsible to present the
sulfane sulfur in the active site. The backbone of
Gly413 hydrogen bonds to the thiolate side chain of
Cys412 in the apo form. The Ca atom of Gly413 packs
so tightly to Tyr3s3 that any other residue in this
position would cause displacement of the catalytic
base. Hence, Gly is conserved at this position. The
essential catalytic role of Thr414 has been discussed
above. Gly415 adopts a backbone conformation (¢:
134 % y: - 14 °) that is difficult to attain for any other
residue. The indole ring of Trp416 contributes a
large hydrophobic patch to the substrate binding
pocket, interacting with the imidazole ring, the (-
carbon and one of the N-a-methyl groups.

~ e
|
| /T414____ﬁ ez T T T T
S ‘\ b & A
; 3 1 o [
<~z = _ —fl :’ ] | ILW |
NS S S
A SN | I;”f(\‘\ |
| - %"'\ ¥ - I

A T m = = = = —_—

Figure 4: Overlay of the conserved active site motif
(CG[T/S]JGWR) in EanB (pale blue) and YnjE (pale
orange). The residue numbering is according to EanB
from C.limicola.

Finally, Arg417 hydrogen bonds to Tyr3s3 and the
persulfide anion on Cys412. Strict conservation of a
Thr or Ser at position 414 is particularly interesting
because this residue makes no direct contact with
the substrate or catalytic residues. Instead, the j-
hydroxy side chain of Thrqi4 forms a strong
hydrogen bond to H,O_1, which in turn also forms
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hydrogen bonds to Tyr3s3 and TMH. The
observation that EanBr,,,4 is at least two orders of
magnitude less active than wild type demonstrates
that H,O_1 is crucial for catalysis. As described
above, the most likely role of H,O_1 is to mediate
proton transfer between Tyr3s3 and TMH (3a = 3b,
Scheme 1). In this way Thr414 and H,O_1 contribute
to substrate activation.

In addition to the conserved active site motif
(CG[T/S]JGWR), YnjE rhodaneses also share other
active site features that are essential for EanB
activity. Tyr3s3 and Tyr3ss are both strictly
conserved. Mutation of Tyr3s3 produced a
completely inactive EanB variant, corroborating the
key role of this residue in catalysis. Mutation of
Tyr3ss predominantly affected substrate binding,
which is consistent with the observed contact of
this residue with the carboxylate of TMH. Finally,
the ammonium binding pocket formed by Tyri88,
Trp216, Trp416, Tyr3s5 and Glu2u is also largely
conserved.

On the other hand, EanB also contains features that
are exclusive to homologs that are involved in
ergothioneine biosynthesis.* The most important
distinction from other YnjE rhodaneses is an extra
active site loop in EanB that folds over the TMH
binding pocket (Figure 3B, residues 245 - 260).
Secondly, Tyr3ys is strictly conserved among EanB
homologs, but is absent in several subgroups of
YnjE rhodaneses. Mutation of this residue in EanB
reduced the substrate affinity dramatically,
suggesting that Tyr37s is a determinant for
substrate specificity.

This analysis shows that most active site residues
with a role in substrate-binding and catalysis by
EanB are conserved in all YnjE rhodaneses.
Therefore, we predict that most YnjE rhodaneses
catalyze oxidative sulfurization of heterocycles with
a quaternary ammonium moiety. However, we
should note that YnjE from E. coli has already been
attributed a function in molypterin biosynthesis as
a sulfur transferase.#* This activity does not involve
oxidative C-S bond formation and may therefore be
a secondary function of YnjE.

Conclusions. In this report we describe the crystal
structure of the rhodanese-like enzyme EanB. This
enzyme catalyzes oxidative sulfurization of TMH as
the second step in  oxygen-independent
ergothioneine biosynthesis in C. limicola. Structural
and kinetic evidence suggest that this reaction
occurs via nucleophilic attack of an active site
cysteine persulfide anion on the imidazolium ring

of TMH. This rate-limiting step is followed by base-
catalyzed deprotonation and rearomatization of the
mercaptoimidazole side chain of the product
ergothioneine. Conservation of key active site
residues across all members of the YnjE rhodanese
enzyme family suggest that this novel reaction type
may apply to several other biosynthetic pathways of
heretofore unknown sulfur metabolites.
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