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ABSTRACT

We recently discovered a [Fe-S]-containing protein with in vivo thiouracil desulfidase activity
called TudS. We report here the crystal structure of TudS, refined at 1.5 A resolution, which
harbors a [4Fe-4S] cluster, bound by three cysteines only. Incubation of TudS crystals with 4-
thiouracil trapped the cluster with a hydrosulfide ligand bound to the fourth non-protein-bonded
iron, as established by the sulfur anomalous signal. This indicates that a [4Fe-5S] state of the
cluster is a catalytic intermediate in the desulfuration reaction. Structural data and site-directed
mutagenesis indicate that a water molecule is located next to the hydrosulfide ligand and to two
catalytically important residues, Ser101 and Glu45. This information together with modeling
studies allow us to propose a mechanism for the unprecedented nonredox enzymatic
desulfuration of thiouracil, in which a [4Fe-4S] cluster binds and activates the sulfur atom of

the substrate.



INTRODUCTION

A large number of important biological compounds contain one or several sulfur atoms. These
molecules include organic cofactors such as thiamin, molybdopterin, biotin or lipoic acid,
inorganic cofactors such as the various classes of iron-sulfur clusters and a variety of
thionucleosides present in tRNAs [, During the last 20 years, tremendous efforts have aimed
at discovering the enzymes responsible for the sulfuration reactions involved in the biosynthesis
of these compounds and at understanding the mechanisms of sulfur transfer from the sulfur
donor to the sulfur acceptor 2], The general agreement is that, due to its toxicity, sulfur is
stored in the cell in the form of L-cysteine. In most cases, pyridoxal-phosphate-dependent L-
cysteine desulfurases liberate sulfur from L-cysteine in the form of protein-bound persulfides
which, through trans-persulfuration reactions, provide the sulfur atoms to the final biosynthetic
enzyme [, However, an emerging class of sulfur transferases was recently shown to depend on
a catalytically active [4Fe-4S] cluster for redox reactions, as in the case of lipoate and biotin
synthases 1% and also for non-redox reactions, as in the case of thiocytidine and thiouridine
synthesis in tRNAs !4, The presence of sulfur atoms within the cluster prompts to question
whether the sulfur transferase could use these « internal » S atoms as a source of sulfur for the
sulfuration reaction (Scheme 1A).

Scheme 1. Scheme Title: [4Fe-4S] clusters can either give or receive a sulfur atom for
sulfuration reactions. A In the case of biotin or lipoate synthesis, a [4Fe-4S] cluster yields one
sulfur atom to the substrate to form a [4Fe-3S] cluster and the sulfurated product. B In the case
of thiocytidine or thiouridine synthesis in tRNA, a [4Fe-4S] cluster receives a sulfur atom,
forming a [4Fe-5S] cluster, and gives it to the substrate to form the sulfurated product.
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Such mechanism, which implies that the cluster is partly destroyed and repaired during
catalysis, and thus that the enzyme cycles between a [4Fe-3S] state and an active [4Fe-4S] state
(Scheme 1A), has been proposed for biotin or lipoate synthesis, catalyzed by the BioB and LipA
enzymes, respectively U199, In contrast, for thiouridine or thiocytidine synthesis during tRNA
modification, catalyzed by TtuA 2141 and TtcA '], respectively, we and others proposed a
mechanism (Figure 1b), in which the cluster remains intact during catalysis and proceeds via
binding of an « external » S atom to one of the 4 Fe atoms, leading to a putative [4Fe-5S] cluster
intermediate, from which the activated S atom is then transferred to the substrate. In these
enzymes, only three Fe atoms of the cluster are bound to a cysteine of the protein, while the



fourth Fe has a free coordination site that enables binding of exogenous ligands and cycling of
the enzyme between a [4Fe-4S] state and an active [4Fe-5S] state.

Here we study a [4Fe-4S]-containing enzyme that promotes the direct transfer of a sulfur atom
from its sulfurated substrate to the [4Fe-4S] cluster, unambiguously characterize the product as
a [4Fe-5S] cluster by high-resolution X-ray crystallography and propose a mechanism for its
formation. This enzyme catalyzes efficient desulfuration of thiouracil to uracil and was
identified following the recent discovery of novel genes encoding proteins from the Domain of
Unknown function 523 (DUF523) family ['*). The present work provides a strong support to a
novel function of iron-sulfur clusters in biology, namely as sulfur transfer agents.

RESULTS

TudS is a [4Fe-4S] containing enzyme that converts 2-thiouracil and 4-thiouracil into
uracil

Several DUF523 genes have previously been characterized as ORFs that could complement
growth of an E. coli uracil auxotroph strain in the presence of 2-thiouracil ['%), thus showing
that the encoded protein family has the ability to catalyze in vivo 2-thiouracil desulfuration into
uracil. Here, we thus name these enzymes TudS for thiouracil desulfidase. Figure S1 displays
the amino acid sequences of a few TudS proteins. One of them, originating from an Aeromonas
species, has previously been partially purified [!]. It exhibited a UV-visible spectrum with an
absorption band at around 420 nm, suggesting the presence of a [Fe-S] cluster. Yet, the chemical
nature of the cluster could not be defined solely based on this spectrum and its role in catalysis
was not established. As shown in Figure S2, the in vivo 2-thiouracil sulfuration activity of TudS
is confirmed here. Furthermore, 2-thiouracil can be replaced by 4-thiouracil to complement the
uracil auxotrophic strain, indicating that the latter is also a substrate of TudS.

Our goal was to decipher the chemical mechanism of TudS enzymes. We thus first purified the
TudS protein from Aeromonas aerobically to near homogeneity (Figure S3A). As expected for
an enzyme containing an oxygen-sensitive [Fe-S] cluster, only residual amounts of Fe and S
were found within the as-purified protein. In order to get the protein in the holo-form,
reconstitution of the [Fe-S] cluster was then carried out in vitro under strict anaerobic conditions
by treating as-purified TudS with ferrous iron and a biochemical source of sulfide, consisting
of L-cysteine and a cysteine desulfurase CsdA, in the presence of DTT. After purification on a
Superdex 200 gel filtration column under anaerobic conditions, a homogenous brownish
solution containing the holo-TudS protein was obtained (Figure S3B). SEC-MALS analysis
indicated that holo-TudS is a monomer in solution (Figure S3C). Iron and labile sulfur were
quantified using the Beinert and Fish methods 1% 171, Holo-TudS contained 3.8 + 0.3 Fe and
3.1+ 0.8 S per monomer and its UV-visible spectrum displayed an absorption band at around
410 nm characteristic of the presence of a [4Fe-4S]** cluster (Figure S3D). Altogether, these
data support the presence of one [4Fe-4S] cluster with almost full occupancy in holo-TudS after
cluster reconstitution.

The desulfuration activity of purified holo-TudS towards 2-thiouracil and 4-thiouracil was
monitored in vitro by following the formation of the uracil product after separation on a
reversed phase chromatography column (Figure S4). Because 4-thiouracil was converted faster
than 2-thiouracil, it appears that the enzyme preferentially abstracts sulfur at position 4 rather
than position 2.

The crystal structure of TudS shows a [4Fe-4S] cluster with only three cysteine ligands
We crystallized TudS in space group C2 (Table SIA) with two molecules in the asymmetric
unit (Figure S5A) that differ only in their N- and C-terminal extremities (Figure S5B). Analysis



of the interface between the two molecules in the asymmetric unit using PIS4 ¥ did not reveal
any specific interactions that could result in the formation of stable quaternary structures, in
agreement with TudS being a monomer in solution (Figure S3C).

The crystal structure unambiguously shows that holo-TudS contains a [4Fe-4S] cubane cluster,
which is bound by three cysteines only (Cys10, Cys43 and Cys104) (Figure 1A).



Figure 1. Figure Title : Crystallographic structure of TudS after cluster reconstitution. A
Overall architecture of TudS. Three conserved cysteines (Cys10, Cys43 and Cys104) are bound
to three iron atoms of the [4Fe-4S] cluster, while the fourth iron atom is bound to the two
oxygen atoms of an ethylene glycol (EDO) molecule present in the cryoprotectant solution. Fe
and S atoms are shown as orange and yellow spheres, respectively. B Anomalous difference
map for sulfur (data collected at 6.5 keV; PDB code 6294) contoured at 3.5 o, showing that
anomalous signal is observed only for the sulfur atoms of the [4Fe-4S] cluster and the cysteine
ligands. C Hydrogen bonding interactions within 3.2 A near the [4Fe-4S] cluster and the
ethylene glycol ligand. D Electrostatic surface calculated with APBS and displayed within +/-
5kTe!. The ethylene glycol molecule blocks access to the cluster, which is buried within the
structure. The entry to the active site consists of an extended positively charged surface (~640

A?).

These cysteines are fully conserved (Figure S1) and had previously been shown to be essential
for activity, using the in vivo complementation assay ['*l. A clear electron density near the



fourth, non-protein-bonded, iron atom was observed and assigned to ethylene glycol, which
was used as a cryoprotectant agent (Figure S5C & Figure 1). The two hydroxyl groups of
ethylene glycol are located 2.3 and 2.5 A away from the fourth iron atom (Figure 1C), indicating
that the fourth Fe atom is penta-coordinated. In addition, one ethylene glycol hydroxyl group
makes hydrogen-bonding interactions to Ser101 OG and Glu45 OE2, the position of which is
also maintained by a hydrogen bond with the Ser103 OG atom. The ligand blocks solvent access
to the [4Fe-4S] cluster (Figure 1D) and is located at the bottom of an 840 A® cavity, which
includes Argl7, Lys23 and Lys98 (Figure 1B) and is mostly positively charged, as shown by
the electrostatic surface calculated using APBS [ (Figure 1D).

A [4Fe-5S] cluster is formed upon soaking TudS crystals with the 4-thiouracil substrate.
In order to get further insight into the chemistry of the enzymatic reaction, we aimed at
obtaining the structure of TudS in complex with substrates or catalytic intermediates. Several
TudS crystals were therefore incubated in the presence of 4-thiouracil substrate (15 mM) for 5-
15 min, then soaked in a cryoprotectant solution before freezing in propane. X-ray diffraction
data were collected at 6.5 and 7.125 keV for sulfur and iron detection, respectively (Table S1B;
Figure S6A). Compared to the non-soaked crystals (Figures 1B & S5C), no density
corresponding to ethylene glycol nor 4-thiouracil was observed (Figure 2A).

Figure 2. Figure Title: Crystallographic structure of the [4Fe-5S] cluster of TudS (crystal 4
soaked for 5 minutes with 15 mM 4-thiouracil, molecule A). A Anomalous difference map for
sulfur (data collected at 6.5 keV) contoured at 3.5 o obtained for TudS. An additional
anomalous signal labeled as “S” is detectable near the fourth iron of the cluster, indicating
binding of a hydrosulfide ligand and formation of a [4Fe-5S] cluster. A weak anomalous signal
is also detected for the Fe atoms. In addition, a water molecule, indicated as a green sphere, is
also bound to the fourth iron atom of the cluster. B Hydrogen bonding interactions within 3.2
A near the [4Fe-45] cluster and the water molecule.

In contrast, additional anomalous signal was visible near the fourth iron of the cluster after
soaking crystals with 15 mM thiouracil for 5 min (Figures 2A & S6A). This anomalous
contribution, centered 2.3 A away from the iron atom, was similar to that of the sulfur atoms of
the [4Fe-4S] cluster and the cysteine ligands, clearly indicating that the ligand bound to the
[4Fe-4S] cluster is hydrosulfide and that a [4Fe-5S] cluster was formed. Importantly, the sulfur
anomalous signals near the fourth iron atom were present in the two molecules of the crystal
soaked with thiouracil but NOT in the non-soaked crystal, indicating that the fifth sulfur atom
of the [4Fe-5S] cluster came from 4-thiouracil and that, therefore, the protein catalyzed
desulfuration of 4-thiouracil within the crystal via sulfur transfer to the cluster and generation
of a [4Fe-5S] cluster.



A careful analysis of the density maps of the soaked crystals indicated small differences
between molecules A and B. In molecule A, the fourth iron atom is bound to an external sulfur
ligand, which is located 2.8 A away from a water molecule (Figure 2A & 2B). This water
molecule is also located 2.9 A away from the fourth iron atom, a too long distance for a covalent
bond, and is in hydrogen bond distance with the Ser101 OG and the Glu45 OE2 atoms (Figure
2B). In contrast, in molecule B, the fifth S atom occupies two positions: one, with the higher
occupancy, is identical to that in molecule A, while the other, with the lower occupancy,
corresponds approximately to that occupied by the water molecule in molecule A (Figures S6B
& S6C). These two positions are comparable to those of the two hydroxyl groups of the ethylene
glycol ligand in the non-soaked crystal (Figure 1C). Altogether, all these data point to the
presence of two sites near the cluster that can be occupied by sulfur or oxygen atoms from
exogenous ligands.

To analyze in more detail the conformations adopted by the [4Fe-5S] cluster of TudS, we
calculated the angles formed by each Fe-S bond within the cluster with the bond linking the Fe
atom and the external hydrosulfide ligand (Figure S7). Then, we examined the structures of
[4Fe-4S]-containing proteins in the protein data bank (PDB), solved at a resolution better than
1.45 A resolution, and measured the angles formed between each Fe-S bond of the cluster (the
S atom belonging the cluster) with the bond linking the Fe atom and its sulfur-containing ligand
(the S atom being external to the cluster) (Figure S8). In standard [4Fe-4S] clusters, the external
S-containing ligand is most often a L-cysteine. By comparison, the angles in both
conformations of the [4Fe-5S] cluster of TudS are significantly different than those observed
in other structures (Figure S8). Interestingly, the non-catalytic [-subunit of 2-
hydroxyisocaproyl-CoA dehydratase (HadC) [?° also possesses a [4Fe-4S] bound to a
hydrosulfide ligand, while another enzyme named DCCP (double-cubane cluster protein) was
found to house a double-cubane type [8Fe-9S]-cluster i. e. two [4Fe-4S] clusters bridged by a
u2-S ligand 1. The clusters of HadC and DCCP, which are the most relevant for comparison
with TudS, have a geometry similar to that observed in standard structures, not to that found in
TudS (Figures S7 & S8; Table S2). Therefore, we estimate that the fifth sulfur atom of the [4Fe-
58] cluster of TudS enjoys specific constraints that result in a specific geometry that might be
important for the catalytic reactivity of the enzyme.

The TudS structure displays the highest structural homology with [4Fe-4S]|-dependent 2-
hydroxyisocaproyl-CoA dehydratase

A survey of the PDB using DaliLite v.5 (http://ekhidna2.biocenter.helsinki.fi/dali/) ?2! indicates
that TudS does not show strong matches with proteins from the PDB (a strong match being
defined by a Z-score > (n/10) — 4, with n the number of residues, i.e. Z-score > 11.3 for TudS
that contains 153 residues). Interestingly, the highest structural homology was found with HadC
(201 (Z score = 6.6, rmsd of 3 A for 93 atoms). TudS is much shorter in sequence than 2-
hydroxyisocaproyl-CoA dehydratase and superposition of TudS with its B-subunit HadC shows
that it is similar only to its C-terminal domain (Figure S9A). Interestingly, after superposition,
the location of the clusters of both proteins is similar, indicating that both proteins adopt a
similar fold to bind a [4Fe-4S] cluster. Outstandingly, a [4Fe-5S] cluster was observed in the
crystal structures of both TudS and HadC. Yet, the cavity corresponding to the HadC cluster is
buried and shielded from bulk solvent [?°), whereas the fifth sulfur atom of TudS is located at
the bottom of a channel that extends towards the solvent (Figure S9B).

Site-directed mutagenesis reveals that Ser101 and Glu4S5 are crucial catalytic residues



The active site structure highlights several residues positioned near the cluster that are likely to
have a catalytic function. We thus mutated Argl7, Tyrl8, Glu45, Lys98, Ser101 and Ser103,
residues located in the vicinity of the [4Fe-4S] cluster (Figure 1B) that are conserved among
potential TudS proteins from various organisms (Figure S1). The TudS variants were tested for
the loss of in vivo thiouracil desulfuration activity by monitoring growth complementation of
the E. coli uracil auxotroph on minimal medium using 2-thiouracil or 4-thiouracil as sources of
uracil (Table 1 and Figure S2).

Table 1. In vivo activity of TudS mutants monitored by complementation of the E. coli
HMS 174 ApyrF strain. 2-thiouracil and 4-thiouracil were used as sources of uracil in the minimal
M9 medium. See complementary information in Figure S2.

TudS mutant | 2-Thiouracil 4-Thiouracil
R17A + +
R17K + +
R17M + +
Y18A + +
Y18F + +
Y18L + +
E45A - -
E45D + +
E45Q - -
K98A + +
K98L + +
S101A - -
S101C - -
S101T - +
S103A + +
S103C - +
S103T + +

“+” indicates mutants that complemented the growth of E. coli uracil auxotroph
HMS174ApyrF on minimal M9 medium and “-” mutants that do not.

Mutations of Argl7, Tyrl8 and Lys98 had no effect on activity, indicating that they are not
directly involved in the catalytic mechanism. Ser103 does not appear to have a crucial role for
catalysis because the S103A and S103T mutants could complement the auxotrophic strain. Yet,
interestingly, the S103C mutant could complement the auxotrophic strain when using 4-
thiouracil as the substrate, but not when using 2-thiouracil. This suggests that Ser103 might
help desulfurate 2-thiouracil, but not 4-thiouracil. The carboxylate of Glu45 seems to be critical
since mutation of this residue into alanine or glutamine resulted into an inactive enzyme while
the E45D mutant could complement the uracil auxotrophic strain. Similarly, the hydroxyl group
of Ser101 is essential since the S101A and S101C mutants could not complement the uracil
auxotrophic strain, while the S101T could do it, however only with 4-thiouracil as a substrate.
A correct positioning of the hydroxyl group of Serl101 is thus crucial for desulfuration of 2-
thiouracil, whereas less accuracy is required for the desulfuration of 4-thiouracil. Altogether,
the mutagenesis results indicate that Ser101 and Glu45 appear to be the critical catalytic
residues.

Models for thiouracil-TudS complexes



To gain insight into the structure of the enzyme/substrate complexes, the 2-thiouracil and 4-
thiouracil substrates were docked into the TudS structure using the EADock program, provided
by the Swissdock web server 2], This program, dedicated to the blind docking of small
molecules on target proteins, samples the dominant conformations of the ligand into clusters.
The protein-ligand binding energy is evaluated using a scoring function based on the
CHARMM?22 force field. We analyze here the models of lowest energy obtained without
constraining the docking, in which, interestingly, the thiol group of the substrates is located
near the [4Fe-4S] cluster of TudS (Figure S10 & Table S3).

For both thiouracil substrates, the lowest energy corresponds to the conformation with the sulfur
located less than 2.5 A away from the non-protein bonded Fe atom of the cluster, consistent
with a covalent bond, despite the wide space sampling of the docking, indicating very specific
binding of the ligand to TudS. 2-thiouracil and 4-thiouracil could be docked equally well at the
TudS cluster site, according to the free energy of interaction AG. Two conformations of similar
energies were found, with the rings rotated 180° relative to each other along the C-S bond axis
(Figure S10). In all of them, the uracil base is sandwiched between Tyr18 and Pro102 and in
most of them the N1 or N3 atom makes a hydrogen bond with the Glu45 OE1 atom. In the
models, the C-S bond is located near the Glu45 OE1 and Ser101 OGI1 atoms (Table S3),
confirming that these residues could play a crucial role in catalysis.

DISCUSSION

Our recent discovery of a class of enzymes involved in desulfuration of thiouracil and
conversion into uracil is intriguing [l Indeed, very few studies so far have reported the
presence of free thiouracil compounds within cells. Furthermore, while the potential toxicity of
thiouracil was mentioned in the literature ?4 231 there are also reports showing beneficial effects
of thiouracil diet complementation 2% 271, Nevertheless, the discovery of TudS indicates a need
for cells to promote this reaction, either for limiting cellular concentration of thiouracil,
participate in a salvage pathway for uracil synthesis 8 or as a way to mobilize the sulfur atom
of thiouracil for a still-unknown way of utilization of the sulfur atom. This opens an interesting
field of research within the general field of cellular sulfur metabolism that is still incompletely
established.

From a biochemical point of view, this work provides the first detailed characterization of TudS.
In particular, while preliminary results suggested the presence of an iron-sulfur cluster, the
crystal structure of TudS reported here unambiguously shows the presence of a [4Fe-4S] cluster
chelated by only three cysteines, leaving the fourth iron atom available for coordinating
exogenous ligands. In the present case, an ethylene glycol molecule derived from the
crystallization medium occupies the free coordination site. The cysteine residues at positions
10, 43 and 104, provide the other, protein-derived, ligands to the cluster. Because previous site-
directed mutagenesis of TudS had shown that these cysteines are essential for in vivo enzymatic
activity of TudS ['°], altogether, the mutagenesis and crystallographic data indicate that the
[4Fe-4S] cluster is essential for catalysis.

An important outcome of this study is the finding that TudS catalyzes the abstraction of the
sulfur atom of thiouracil and its transfer to the cluster, where it ends up bound to the fourth Fe
atom. This reaction occured in crystallo, during anaerobic soaking of thiouracil into a crystal
of TudS. A “stable” [4Fe-5S] cluster was formed, whose structure was determined by X-ray
crystallography. The presence of the exogenous S atom was unambiguously identified by its
anomalous contribution at 6.5 keV.

In this work, the docking of 2-thiouracil and 4-thiouracil into the TudS structure has shown that
both molecules can bind deeply in the pocket, near the [4Fe-4S] cluster. Moreover, in the most
stable structures of the complexes, the thiouracil substrates bind to the cluster via a bond



between their S atom and the fourth unique iron. Altogether, the crystal structure of TudS,
combined with modeling studies of TudS-thiouracil complexes and site-directed mutagenesis,
allow us to propose a mechanism for desulfuration of the 4-thiouracil substrate by TudS (Figure
3).

Figure 3. Figure Title: Proposed reaction mechanism for 4-thiouracil desulfuration by TudS
involving the formation of a [4Fe-5S] intermediate. A Model of the 4-thiouracil/TudS
complex. B Crystal structure of the [4Fe-5S] intermediate. C Proposed catalytic mechanism
of TudS. Catalysis is probably assisted by two active site bases that can be assigned to Glu45
and Ser101 based on the crystal structure of TudS, docking and mutagenesis data.
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In the initial state, 4-thiouracil would bind to the cluster via its sulfur atom (Figure 3C, left), as
shown by our docking studies (Figure 3A). We propose that a water molecule is located close
the cluster/substrate complex, in a position equivalent to that observed in the structure
containing the [4Fe-5S] cluster (Figure 3B). Such particular position, less than 3 A away from
both the fourth iron atom of the cluster and the sulfur atom of the substrate, seems indeed well
designed to bind an exogenous heteroatom such as oxygen of ethylene glycol (Figure 1) or
sulfur from a hydrosulfide ligand (Figure 2). This water molecule would be activated, thanks
to H-bonds with Ser101 and Glu45, located 2.6 and 2.7 A away, respectively, and become
nucleophilic enough to attack the C-S bond of thiouracil. Indeed, Glu45 and Ser101 have been
shown by site-directed mutagenesis to be catalytic residues. Nucleophilic substitution of the
sulfur atom by hydroxide would be facilitated by the proximity of the cluster. The next step
would involve the deprotonation of the hydroxyl group formed at the C4 atom of 4-thiouracil
(Figure 3C, middle) and elimination of hydrosulfide, thus generating the [4Fe-5S] cluster

10



(Figure 3C, right). While not investigated here, the final step, that closes the cycle, necessitates
the release of the S atom in solution to regenerate the [4Fe-4S] cluster. It is tempting to suggest
that the adjacent water molecule provides the proton needed to release H>S, in a reaction
assisted by Glu45 (Figure 3B).

[4Fe-5S] clusters, with a cysteine ligand for three Fe atoms and a hydrosulfide ligand for the
fourth Fe atom, have recently emerged as possible intermediates in sulfuration reactions
involving iron-sulfur enzymes. This intermediate was proposed to be the actual S donor and
thus to have the ability to transfer the fifth, exogenous, S atom to the activated substrate to be
sulfurated in the case of tRNA-modifying enzymes such as U54-tRNA thiolase TtuA [!% 4] and
methylthiotransferase MiaB, responsible for ms?i®A37 formation in tRNAs %), as well for
RimO, another methylthiotransferase introducing a thiomethyl group into a critical alanine of
the ribosomal protein S12 %1, Interestingly, the same intermediate has also been postulated
earlier within the mechanism of L-cysteine desulfidase, an iron-sulfur enzyme involved in S
mobilization from L-cysteine, most relevant to the chemistry of TudS %1,

However, in all these cases, the existence of the [4Fe-5S] cluster was postulated, but not
unambiguously proven. In the case of TtuA from Pyrococcus horikoshii, the crystal structure
displayed an extra electron density bound to the unique site of the cluster ['2]. Although the
chemical nature of the corresponding atom was not identified, it was consistent with a
hydrosulfide ion. However, in that case, the putative [4Fe-5S] cluster was generated during
chemical reconstitution of the cluster, in the presence of sulfide salts in excess, and not as part
of the enzyme reaction. In the case of RimO, a crystal structure, also obtained after
reconstitution of the cluster, showed a density attached to the cluster that was assigned to a
polysulfide, reflecting the ability of the fourth Fe atom to bind a sulfide species 2%,

Finally, the only [4Fe-5S] cluster that has previously been characterized by crystallography and
anomalous scattering, is the cluster of the non-catalytic B-subunit of hydroxyisocaproyl-CoA
dehydratase 2%, Although the structure of this enzyme is one of the most similar structures to
that of TudS (Figure S9), the function of such [4Fe-5S] cluster in the B-cluster remains unknown
as it is not connected to sulfur metabolism, and thus not relevant to the catalytic role of the
[4Fe-5S] cluster in TudS.

CONCLUSION

In summary, we have reported here the first structural characterization of a [4Fe-5S] cluster
catalytic intermediate, deriving from a physiologically relevant S transfer reaction from a sulfur
donor, here a thiouracil substrate. This structure illustrates the novel function of iron-sulfur
clusters as sulfur transfer agents. Such function of a [4Fe-4S] cluster as a Lewis acid 1 to bind
and activate sulfur is reminiscent of the function of the [4Fe-4S] clusters in dehydration
reactions catalyzed by enzymes such as aconitase 32, The chemistry unraveled here is likely to
apply to other desulfidase enzymes such as L-cysteine desulfidase %, in which the enzyme
would serve to transfer the S atom of L-cysteine to the cluster, or to sulfuration enzymes such
as Thermus thermophilus TtuA, in which the enzyme would serve to transfer the S atom of the
C-terminal thiocarboxylate of TtuB to the cluster ['4]. In both cases, a [4Fe-5S] cluster would
be formed, whose fate would depend on the enzyme. In the case of desulfuration reactions,
hydrosulfide is liberated in solution, while in other cases, the activated hydrosulfide is used for
sulfurating a second substrate, for example a uridine of a tRNA, as in the case of TtuA.
Altogether, [4Fe-5S] clusters appear as the central active species in biological reactions
involving sulfuration and desulfuration.
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Table of contents

[4Fe-5S] clusters are emerging as possible key catalytic intermediates in various sulfuration
and desulfuration reactions. The structural characterization of a [4Fe-5S] intermediate coming
from the transfer of a sulfur atom from thiouracil to the [4Fe-4S] cluster of an enzyme supports

a novel function of [4Fe-4S] clusters as sulfur transfer agents.
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Supporting information. Table of contents: Experimental section,
Supplementary Figures and Supplementary Table 1 (crystallographic statistics).

EXPERIMENTAL SECTION

Bacterial strains and plasmids

Escherichia coli DH5a (Thermo Fisher Scientific) was used for routine DNA manipulations. Aerobic
expression of the DUF523Vcz gene was carried out in E. coli BL21(DE3) strain (Novagen). E. coli
HMS174(DE3) (Novagen) was used for disruption of pyrF gene to obtain the HMS174ApyrF strain. The
pET21b(+) vector (Novagen), which allows inducible expression of 6x His-tagged proteins at C-terminus,
was used for cloning of the DUF523Vcz gene. Standard techniques were used for DNA manipulations [1],

Construction of E. coli HMS174ApyrF strain

The pyrF gene, which participates in the de novo synthetic pathway of uridine, was disrupted in the E. coli
HMS174(DE3) strain using The Quick and Easy E. coli Gene Deletion Kit (Gene Bridges) according to
technical protocol Version 2.3 (June 2012) using oligonucleotide primers pyrF FW FRT (5-
TTTACCTGTTTCGCGCCACTTCCGGTGCCCATCATCAAGAAGGTCTGGTCAATTAACCCT
CACTAAAGGGCG-3") and pwrF RV FRT (5™
AATACGTCCGGTTTCCGTTGAGTAGACCAGACGGCTGTTGGAATCACTCATAATACGACT
CACTATAGGGCTC-3'"). The kanamycin selection marker was removed using the 708-FLPe expression
plasmid (Gene Bridges) according to the manufacturer’s protocol. DNA primers were synthesized at
Metabion International AG.

In vivo activity of the TudS enzyme

The effect of the mutations on the activity of the TudS enzyme was tested in vivo. The uracil auxotrophic .
coli HMS174ApyrF cells, carrying either the wild-type or the mutated TudS encoding plasmid, were
grown aerobically at 37 °C on M9 minimal medium supplemented with 100 pg/mL ampicillin, 0.1 mM

IPTG, and 20 mg/L uracil, 2-thiouracil or 4-thiouracil as sources of uracil.

Cloning of the DUF523Vcz gene

The DUF523Vez gene (GenBank accession number MG027705) was amplified by PCR using the
DUFVcz-pET21b-Fw  (5-ATATACATATGAAGGAAAAAATCATAGTCAGCGCCTGC-3’) and
DUFVcez-pET21b-Rv  (5-TGGTGCTCGAGGGAGCCCGCTGCGGTGGCCACCAGGGAGAG-3’)
primers, digested with Ndel and Xhol (Thermo Fisher Scientific) restriction endonucleases and cloned into



the corresponding sites of pET21b(+) vector. DNA primers were synthesized by Metabion International
AG. Correct insertion of the DUF523Vcz gene was confirmed by DNA sequencing.

Site-directed mutagenesis of TudS protein

Mutagenesis was carried out on plasmid pET21b(+)-DUF523Vcz using the QuikChange™ Lightning
Multi Site-Directed Mutagenesis Kit from Agilent Technologies (US) according to the manufacturer's
protocol. Oligonucleotide primers DUF R17A: 5'-
CTGGGTCAGCCGGTAGCTTACGATGGCCAGAG-3', DUF R17K: 5'-
CTGCTGGGTCAGCCGGTAAAGTACGATGGCCAGAGCA-3', DUF R17M: 5-
CTGCTGGGTCAGCCGGTAATGTACGATGGCCAGAGCA-3',DUF Y18A:5'-
GGGTCAGCCGGTACGTGCCGATGGCCAGAGC-3', DUF Y18F: 5'-
GTCAGCCGGTACGTTTCGATGGCCAGAG-3', DUF Y18L: 5'-
GGTCAGCCGGTACGTTTAGATGGCCAGAGCAAGG-3', DUF E45A: 5'-
GTTCTGCCCCGCGGTGGCGGGCG-3', DUF E45D: 5-TTCTGCCCCGATGTGGCGGGCGG-3,
DUF E45Q: 5-CGTTCTGCCCCCAGGTGGCGGGC-3', DUF K98A: 5'-
GCTTTGCCCTGCTCGCGGAGGGGAGTCCCT-3', DUF K98L.: 5'-
CGCTTTGCCCTGCTCCTAGAGGGGAGTCCCTCC-3', DUF S101A: 5'-
GCTCAAGGAGGGGGCTCCCTCCTGCGGC-3', DUF S101C: 5'-
CTCAAGGAGGGGTGTCCCTCCTGCG-3', DUF S101T: 5'-
TGCTCAAGGAGGGGACTCCCTCCTGC-3', DUF S103A: 5'-
GAGGGGAGTCCCGCCTGCGGCAGTG-3', DUF S103C: 5-
GGGGAGTCCCTGCTGCGGCAGTG-3', DUF S103T: 5'-
GAGGGGAGTCCCACCTGCGGCAGTG-3' were used. The mutations were confirmed by DNA

sequencing.

Heterologous DUF523V cz gene expression in E. coli

Bacterial cells were grown in LB medium, supplemented with 50 pg/mL ampicillin. Cells were incubated
at 30°C until an optical density of 0.6-0.8 was reached. Expression of the DUF523Vcz gene was induced
with 0.1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG), and FeSO4 was added to a final
concentration of 20 uM. Cells were incubated for 18 h at 20°C with agitation of 120 rpm. Cells were
harvested by centrifugation at 4 000x g (4°C) and used directly or stored at —80°C.

Aerobic purification of recombinant TudS protein



Purification procedures were carried out at 4 °C. Cells were resuspended in buffer A (50 mM
Tris-HCI, pH 8 buffer, supplemented with 300 mM NaCl, 1.5 mM 2-mercaptoethanol, 1 mM
phenylmethylsulfonyl fluoride (PMSF), and 10 mM imidazole). Cell suspension was
disrupted by sonication using a VC-750 ultrasound processor (Sonics & Materials, Inc.). The
cell lysate was centrifuged at 10,000 g for 1 h. Recombinant TudS protein was purified by a
two-step procedure using an Akta Purifier FPLC system (Amersham Biosciences). Cell
extracts were loaded onto a 2 ml HisTrap™ HP column (GE Healthcare), previously
equilibrated with buffer A without PMSF. After washing the column with 5 column volumes
of equilibration buffer, the protein was eluted with a linear gradient of 10—400 mM imidazole
in buffer A at 0.5 ml/min in 140 min. The colored fractions containing the TudS protein were
analyzed on an SDS-PAGE gel, pooled and desalted using a 25 mL (5% 5 mL) HiTrap™
Desalting column (GE Healthcare), previously equilibrated with buffer B (25 mM Tris-HCl
buffer pH 8, containing 1.5 mM 2-mercaptoethanol). The protein was then loaded onto a 1
mL HiTrap™ Q XL column (GE Healthcare), previously equilibrated with buffer B. After
washing the column with 5 column volumes of buffer B, TudS was eluted using a linear
gradient of 0—-600 mM NacCl in buffer B at 0.8 ml/min in 30 min. The fractions containing the
highest concentration of TudS were pooled and desalted using a 25 mL (5% 5mL) HiTrap™
Desalting column, previously equilibrated with buffer B. After checking the purity by
electrophoresis on a 12% SDS-PAGE gel, the recombinant protein was concentrated by

ultrafiltration using a 10 kDa cut-off membrane (Millipore).

[Fe-S] cluster reconstitution and purification of holo-TudS

The reconstitution of the [4Fe-4S] cluster and purification of holo-TudS were performed
under strict anaerobic conditions in an Mbraun glove box containing less than 0.5 ppm O.
After incubation of 100 pM as-purified TudS with 10 mM dithiothreitol for 10 min, a 5.5-fold
molar excess of ferrous ammonium sulfate and L-cysteine as well as 2 uM E. coli cysteine
desulfurase CsdA were added, and incubation was extended overnight. After centrifugation
for 30 min at 20,000g, holo-TudS was loaded onto a Superdex 200 10/300 increase gel
filtration column (GL Sciences) equilibrated in 20 mM Tris pH 8.0 buffer. The peak
containing holo-TudS was collected then concentrated to 7 mg/ml on a Vivaspin concentrator
(10 kDa cutoff).

The concentration of recombinant TudS was measured using Bradford method ?! with bovine

serum albumin as the calibration standard.



SEC-MALS analysis

Size Exclusion Chromatography coupled with Multi-angle light scattering (SEC-MALS) experiments
were performed using an HPLC-MALS system (Shimadzu) equipped with static light scattering
detector (mini DAWN TREOS, Wyatt Technology), refractive index detector (Optilab T-rTEX, Wyatt
Technology) and UV detector (SPD-20A, Shimadzu). holo-DUF (100 ul at 2mg/ml) was injected on a
Superdex 200 10/300 GL increase column (GE Healthcare) equilibrated in 50 mM Tris-HCL pH 7.5,
200 mM NaCl buffer at a flow rate of 0.5 ml.min"'. Molar masses of proteins were calculated using the
ASTRA 6.1 software (Wyatt Technology) using a refractive index increment (dn/dc) value of

0.183mlg".

Enzymatic activity measurements

Enzymatic activity tests were carried out under anaerobic conditions (95% Nz, 5% H>) and
analyzed by Ultra performance liquid chromatography (UPLC). The reaction mixtures
containing 100 mM MOPS/KOH pH 7.3 buffer, 0-1000 uM 4-thiouracil or 2-thiouracil and
0-25 uM of recombinant TudS enzyme were incubated at 30 °C for 30 s in a total volume of
50 puL. Reactions were started by adding the enzyme and stopped by adding 5 puL of formic
acid. Supernatants were analyzed on an Acquity H Class UPLC (Waters) by reversed-phase
chromatography (Waters Acquity UPLC HSS T3 2.1x100 mm column, 1.8 pm particle size).
For separation, a gradient of water/acetonitrile with 0.1% formic acid was used. The identity
of substrates and products were determined by their retention time and spectra and their

concentrations in comparison to the standards.

Crystallization, Data Collection, and Structure Determination

Holo-TudS at 3.6 mg/mL was crystallized under anaerobic conditions using the sitting drop procedure by
mixing 1 pL protein with 1 or 2 pL reservoir solution containing 10 mM MgCl, 0.1 M MES, pH 5.5, 7—
9% PEG 6000 at 293 K. Crystals appeared after 5-6 days. Crystals were cryoprotected with the
crystallization solution supplemented with 20% v/v ethylene glycol and flash-frozen under anaerobic
condition using liquid propane. X-ray diffraction data were collected at 100 K on single crystals at
Proxima-1 and Proxima-2 beamlines at the synchrotron SOLEIL (Saint-Aubin, France). Data were
indexed, processed, merged and scaled using autoPROC [3-61. Data used for substructure solution and
refinements were all from the STARANISO analysis within the autoPROC pipeline. The structure was

solved by single-wavelength anomalous dispersion using the anomalous signal of the iron of the iron-sulfur



cluster. A partial substructure consisting of two iron superatoms was first found with SHELXC/D [ using
data at 3.2 A resolution. The substructure was then completed using Phaser-EP 8] using the heavy atoms
sites found with SHELX and searching for two [4Fe-4S] clusters at 3.2 A resolution. The resulting sites
were given as input to autoSHARP [ 191, The final map of autoSHARP was clearly interpretable and was
used as input in Phenix.autobuild ', which generated a model with 287 residues out of 332 for two
subunits with Rwork/Rfree of 0.26/0.33. Model completion was performed by alternating manual building
in COOT "2} and refinement with autoBUSTER (version 2.11.1) using NCS restraints [13],

Several TudS crystals were soaked under anaerobic conditions in crystallization buffer
containing 15 mM 4-thiouracil for 5-15 minutes. Crystals were then cryoprotected using the
same cryo protecting buffer complemented with 15 mM 4-thiouracil, flash frozen in liquid
propane, then stored in liquid nitrogen until X-ray diffraction analysis. Diffraction data were
collected at one or more photon energies (12.67 keV for native data, 7.125 keV for phasing at the
Fe edge and 6.5 keV for detecting the sulfur anomalous signal), depending on the size of the
crystal, with at least 20 um of unexposed region between collection spots to account for diffusion of free
radicals.

Crystal 1 was used for solving the structure using the Fe anomalous signal, crystals 2 and 3 for refinement
at high resolution and for identifying the sulfur atoms around the [4Fe-4S] cluster site, crystals 4 and 5 for
detecting the sulfur and iron atoms at the [Fe-S] site after soaking with the 4-thiouracil substrate. Data
processing and refinement statistics are summarized in Tables S1 & S2. The volume of the active site

pocket was determined with HOLLOW ['4] and calculated with ChimeraX [3],

Modeling studies

Docking thiouracil/thiouridine derivatives was carried out with EADock, which is provided on the
Swissdock web server 161, Missing hydrogens in the TudS crystal structure were added using
the “Structure editing/AddH” tool in UCSF CHIMERA U], The program was used in the default
fast protocol. The clusters are classified according to the fullfitness energy (Table S3).



Supplementary Figures

Figure S1. Sequence alignment of several putative TudS proteins. Alignment of Aeromonas
TudS with Q45584 from Bacillus subtilis, D6B003 from Streptomyces albidoflavus, AOA653B309
from Pseudomonas oleovorans, AOAOH3GNO09 from Klebsiella pneumoniae, WP_004083256.1
from Thermotoga maritima, WP_012940503.1 from Archaeoglobus profundus and
AOAOA2WIY4 from Beauveria bassiana was performed with Clustal Omega ['® and rendered with
ESPript U381, All proteins contain three conserved cysteines (indicated as dots) that ligate the [4Fe-4S]
cluster in Aeromonas TudS.

% 10 29 29 39 @ oy s 29
Aeromonas MKEK|I INASA(SALEOP VIAY DO SKGIVSNW|LDALGAEGRALAF[G3IAV(A G[EL P i:B4P PIAROEE . |. (. .|. .[.|.[.]. H|VV|TE S[ejL|s]V/ gy
B.subtilis .. MILESIS@AGETECIIYNESHAASEK . . [IRKLVDEKKAVMA[GSALIL GEF SEg=3AE PAIAT(I[EG|T|G|E D[V LIN(G|T(A|K(I V|T A S{e]E)s] VY
S.albidoflavus MAPP|VL\A]A(SAR[EVP CIF D[ERDKAVRG . .[VDEELAGREVVA[F[83340|A G[€]1. Ap@=3AA AAIAL|V[EG|D(G|Y D[V LID|G|R|A|R|V VID V N[g] V] VEYE(A[F V|A|GEY
P.oleovorans .MOK[ILMSIR[GATLEHRVIAYD[EGAHGPFDQ . |LOQRWLDEGR[VVA|L{&3:3AV|A G[e] I, P y@=33A P|A)A T R[EG|R|G|G A[V L|D(G|E(L|A[V L|T V E[e]E)s] V4 A
K.pneumoniae MKNK|L LA [@AMEF O VIAY N[EISEKAQLAATILISRWQQAGR|LV I|H{@33AT|AAle]], P y=BAT, P(A)A T|L{EG(T|G|G D|V LIAGR|A|R(I VIE S D[EJRJVEYE(H|Y O|L
T.maritima . MEK[ILMSAGSATLELP TIIYDERSVADER . .[VILSLLKRHD|L I P|V{e3:340|L G{e]L. P i@=3AP RIC}HI(Y[EGIC|GW T|. .|.|GK[E|R[V L|IDE F[e¢JSISJREYEIN|E L(R|GEN
A.profundus e JMIGSIAGALET. NCIYD[EIGNVKNAE . .[LIVERLRDAC|VIP(V[e33A0Q|L G[e]L. P p@=3AE S|CIAI(M[eIG|D|G[F DV LIK|G|K[A[V|V L|S R S{e]VIs] Y By E|N|F VIK|GEN
B.bassiana MKAK|I LNgA[SAM[EF KVIRY D[JREKSQTGAA|LARLQAEGR|LV I|H{ep3AL(A Ale]T P e P|AIY L[S [E]G|S|GIE A|A LIQ|GIR[AIV|I LIE S D[JKI8]VEYE|P|Y LjL:

90. 10(? ) 110. 12(? 13? 14(.) 159

Aeromonas ELAMGLCLAQGIRFALLIKEGER3S[#elS GR|Ip4N[eRIYE[e]V SMA[SF[EK T|T|A LIARR HETIOMF SEDQILIPELALALSLVATAAGS .
B.subtilis AK|THMAYAKEINASA[VILKENER4S(oelS GF|IpqN[ET)YS[EK K I T[ES[EV TAA LIAKIQA[GYRIMI SENELINDIL . . . .. ... ... ..
S.albidoflavus RRAMARAARRAGCAERAVLMPREIAS[HMERGEVHD(EEINR(EV L VP[ED[EV TITA LMERN[EIAMRPAPGV|. « o v v v v v v v v v v v nn
P.oleovorans EQAMALVREHGIRLALLKARERAS[HEN LENMD(ESIYS[EVRVA[EE[RYV TIAA LMKRA[EVKMENETQILDEARAELVRLEASR. . .
K.pneumoniae WLAMSIAAREAGCQAALLITDGERAT[e1e]S Q F|VH4D[e]SIAR[ER R K Ale]AlelV AIAID LIMRAH[ETITHMFE SDIGQIIPQLLAWMAQKEQDDDSV
T.maritima ETTHMKVARLLKVDLAILKSKEIS™EKRE(VHD[ISIFS[EIR L VP[elK[elV TIAF VIERN[EVEMLDEITEIPGDL . . . . .. ... ...
A.profundus NE[VMKIIVRTFEVELAIF|KD LE4S(e1elV R R|Ip4D(ElS)JG[EK T K V[EVIEV T|T(A LMK LN[EVIDIMIAVIEEFILNKE . . . ... .......
B.bassiana WLAMQOTARENNCLFAILITDGERAT(efe]S O K|Ip4D[e]H)JA[EK T RP[EO[EV AIAA LIARIOH[GTIENYF ADHQIPLLLSRLEVVDKEEA . .




Figure S2. Enzymatic activity of Aeromonas TudS. In vivo functionality of wild-type and
various TudS mutants analyzed by complementation of the HMS174ApyrF strain in the presence
of various uracil compounds. WT (wild-type) corresponds to the DUF523vcz gene in pET21b(+).
The empty vector was used as a negative control. The following TudS mutants were analyzed:
R17A, R17K, R17M, Y18A, Y18F, YI8L, E45A, E45D, E45Q, K98A, K98L, S101A,
S101C, S101T, S103A, S103C, S103T. Minimal medium (M9) was used as a negative
control. It was supplemented with either 20 mg/L 2-thiouracil (M9 + 2-TU), 4-thiouracil (M9

+ 4-TU) or uracil (M9 + U; positive control).
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Figure S3.

A 12% SDS-PAGE gel of as-purified TudS. B Chromatographic profile of holo-TudS after
cluster reconstitution and anaerobic purification on a Superdex 200 increase 10/300 GL
column. The pooled fractions are framed. C SEC-MALS analysis of holo-TudS. Holo-TudS
(2 mg/ml) was loaded onto a Superdex 200 10/300GL increase column equilibrated with 50
mM Tris-HCI pH 7.5, 200 mM NacCl. Plot of the relative refraction index (dashed black line),
light diffusion signal (full black line), absorbance at 410 nm (dotted black line) and weighted-
average molar mass (red line) as a function of elution volume. The measured molar mass of
16.3 + 5.2 kDa corresponds to the monomer (theoretical molar mass of 17.6 kDa). D UV-
visible spectrum of 45 uM holo-TudS in 20 mM Tris-HCI, pH 8.
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Figure S4. In vitro dethiolation of 2-thiouracil and 4-thiouracil by TudS. 50 uM TudS was
incubated with 500 uM 2-thiouracil (1-4) and 4-thiouracil (5-8) for 0 min (1, 5), 1 min (2, 6),
5 min (3, 7), 15 min (4, 8) at 30 °C anaerobically and the substrates/products were analyzed
by UPLC. Both substrates are converted into uracil. Retention times: uracil, 2.4 min (green),
2-thiouracil, 3.7 min (blue), 4-thiouracil, 5.7 min (orange).
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Figure SS. Crystal structure of non-soaked TudS crystal. A View of the two molecules in the
asymmetric unit of TudS crystal 2, represented as ribbons, the diameter of which increases
with the B-factors (colored from blue to red for the range 14-50 A?). B Superposition of the
two molecules in the asymmetric unit (in cyan and green; rmsd of 0.11 A for 117 Ca. atoms)
with residues next to the cluster in stick representation. C Stereoview of ethylene glycol
bound to the cluster of TudS. Fo-Fc and 2Fo-Fc maps omitting ethylene glycol and
polyethylene glycol are contoured at the level of 3 o (green) and 1 o (black), respectively.

A B
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Figure S6. Position of the sulfur atom attached to the cluster in the two molecules of TudS
crystals soaked with 4-thiouracil. A Stereoview of the [4Fe-5S] cluster site in molecule A
(crystal 5). Fe and S anomalous difference maps for data collected at 7.125 and 6.5 keV, are
shown in green and magenta, respectively, and contoured at 3.5 . B The fifth sulfur atom
bound to the [4Fe-4S] cluster adopts two distinct positions in molecule B, with relative
occupancies 0.67/0.33. The anomalous difference map for data collected at 6.5 keV for sulfur
detection is contoured at the level of 3.5 . C Environment of the cluster in molecule B of the
TudS crystal (same orientation as Figure 2B).

A
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Figure S7. Comparison of the angles formed between each Fe-S bond within the cluster and
the bond linking the Fe atom and the external sulfur-containing ligand for TudS, HadC (PDB
303M) and DCCP (PDB 6ENO).

TudS conformation 1 TudS conformation 2 hydroxyisocaproyl-CoA
dehydratase R-subunit

Double-cubane cluster protein (DCCP)
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Figure S8. Comparison of the angles that makes the bond between one Fe atom of the [4Fe-
4S] cluster and a sulfur-containing ligand, external to the [4Fe-4S] cluster (e.g. L-cysteine
from the protein) with the three internal Fe-S bonds of the cluster (see Figure S7 for
illustration). All [4Fe-4S]-containing structures in the PDB solved at a resolution better than
1.45 A (118 structures at the time of analysis) were analyzed with PYMOL. Angles are
defined as angle 1 < angle 2 < angle 3 with symbols for Tuds conformation 1 (blue circle),
Tuds conformation 2 (magenta square), HadC (green triangle), DCCP cluster 1 (cyan
diamond) and DCCP cluster 2 (red diamond). A, B and C show the distributions in bins of 1
degree obtained for the three angles. D is a boxplot representation of the same data.
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Figure S9. Comparison of TudS and 2-hydroxyisocaproyl-CoA dehydratase. A Stereo view
of TudS (in blue) and HadC (PDB code 303M, in green) after superposition with DALI. The
[4Fe-58] clusters are shown as spheres (orange for iron, yellow for sulfur atoms for TudS and
green for HadC. B Comparison of the [4Fe-5S] clusters of TudS (left) and HadC (right). The
cavity around the cluster, as detected by PYMOL in cavity mode with default settings, is
shown as a grey mesh.

A
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Figure S10. Models of 2-thiouracil and 4-thiouracil bound to TudS, as calculated with
Swissdock. The two best conformations are shown. Hydrogen bonds within 3.2 A are shown
as dashed lines with the number indicating the distance in A.

2-thio-uracil
Y110 Y110
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R17 R17
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Table S1 Summary of data collection and refinement statistics. Crystal 1 was used for solving the structure using the Fe anomalous signal, crystals 2 and 3
for refinement at high resolution and for identifying the sulfur atoms around the [4Fe-4S] cluster site, crystals 4 and 5 for detecting the sulfur and iron contents at the
[Fe-S] site after soaking with the 4-thiouracil substrate.

A Statistics for non-soaked TudS crystals

Crystal 1! Crystal 2 Crystal 3
PDB code? 6792 6793 67294
Data collection
Beamline Proxima 1 Proxima 1 Proxima 2 Proxima 2 Proxima 2 Proxima 1
Photon energy (keV) 7.125 12.670 12.650 6.500 7.125 6.500
iron edge native native sulfur detection Iron edge sulfur detection
Space group C2 C2 C2
Cell dimensions
a, b, c(A) 133.403, 86.040, 39.750 133.280, 85.911, 39.565 134.381, 85.812, 39.512 134.278, 85.494, 39.525 134.461, 85.706, 39.568 133.759, 85.797, 39.444
a, B,y (°) 90.00, 93.62, 90.00 90.00, 93.64, 90.00 90.00, 93.92, 90.00 90.00, 93.94, 90.00 90.00, 93.95, 90.00 90.00, 93.88, 90.00
Resolution (A) 72.26 —2.43 (2.60 — 2.43) 66.51 —2.07 (2.30-2.07) 72.27-1.50 (1.70 — 1.50) 72.07-2.01 (2.17-2.01) 72.22 -1.83 (1.99 — 1.83) 66.73 —1.76 (1.91 — 1.76)
Rsym OF Rierge 0.202 (2.329) 0.143 (1.260) 0.093 (1.147) 0.152 (1.055) 0.134 (0.939) 0.093 (1.346)
Rineas 0.211 (2.530) 0.161 (1.421) 0.10 (1.24) 0.161 (1.244) 0.132 (1.160) 0.097 (1.472)
1/col 11.3(0.9) 7.6 (1.4) 10.9 (1.7) 10.6 (1.3) 11.3(1.3) 15.3(1.0)
Completeness (%)
spherical 78.6 (22.3) 70.0 (13.9) 59.4(9.3) 77.1(18.9) 75.3 (17.0) 69.9 (15.6)
ellipsoidal 85.7 (35.3) 89.8 (41.9) 89.5(56.9) 85.8 (33.5) 85.8(35.1) 86.3 (43.5)
No. unique reflections 13255 18587 42459 23027 29698 30836
Redundancy 12.2 (6.7) 4.5 (4.5) 6.8 (7.0) 9.6 (3.2) 9.6 (3.5) 12.6 (6.1)
CC(1/2) 0.994 (0.182) 0.991 (0.310) 0.998 (0.488) 0.994 (0.505) 0.997 (0.562) 0.999 (0.486)
Refinement
Resolution (A) - 66.51 -2.07 29.03-1.50 - - 72.17-1.76
No. reflections - 18594 42447 - - 30837
Rvork / Riree - 0.195/0.220 0.168/0.194 - - 0.183/0.207
No. atoms - - -
Protein - 2210 2227 - - 2212
Ligand/ion - 43 54 - - 65
Water - 124 299 - - 272
B-factors - - -
Macromolecule - 38.21 26.09 - - 33.01
Ligand/ion - 38.45 33.73 - - 39.99
Water - 38.93 43.78 - - 48.82
R.m.s. deviations - - -
Bond lengths (A) - 0.008 0.008 - - 0.008
Bond angles (°) - 0.92 0.93 - - 0.92
Ramachandran -
Favored (%) - 97.98 99.33 98.65
Allowed (%) - 2.02 0.67 - - 1.35
Outliers (%) - 0.00 0.00 - - 0.00
Molprobity Clashscore 4.21 1.71 - - 2.99
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I Each data set was collected from a single crystal.
2 The PDB includes map coefficients, anisotropically treated data with Staraniso and isotropically treated data without resolution cut-off applied.
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B Statistics for TudS crystals soaked with 4-thiouracil

Crystal 4 Crystal 5
PDB code 6ZW9 6796
Data collection
Beamline Proxima 1 Proxima 2 Proxima 2 Proxima 2
Photon energy (keV) 6.500 12.650 6.500 7.125
sulfur detection native sulfur detection Iron edge

Space group C2 C2
Cell dimensions

a, b, c(A) 136.165, 85.519, 39.576 134.666, 85.776, 39.515 134.638, 85.613, 39.414 134.865, 85.698, 39.454

o, B,y (°) 90.00, 94.01, 90.00 90.00, 94.10, 90.00 90.00, 94.11, 90.00 90.00, 94.09, 90.00

Resolution (A)
Rsym O Rierge

42.76 — 176 (1.85 -1.76)
0.081 (0.253)

39.69 — 1.33 (1.50 - 1.33)
0.077 (1.151)

67.15-2.02 (2.15 - 2.02)
0.088 (0.542)

67.26 — 1.86 (1.97 — 1.86)
0.095 (0.599)

Rineas 0.086 (0.283) 0.084 (1.26) 0.090 (0.591) 0.100 (0.713)
1/ ol 18.9 (4.0) 12.2 (1.5) 26.8 (3.6) 18.1 (2.1)
Completeness (%)
spherical 88.4 (34.8) 67.6 (11.1) 79.2 (24.1) 79.6 (26.4)
ellipsoidal 91.2 (40.4) 92.2(53.1) 84.7 (29.9) 84.7(31.7)

No. unique reflections 39587 69773 23215 29872

Redundancy 9.6 (4.6) 6.8 (6.0) 23.0 (6.5) 9.8(3.2)

CC(172) 0.997 (0.955) 0.998 (0.548) 0.998 (0.737) 0.998 (0.636)

Refinement

Resolution (A) 24.12-1.76 39.69 —1.33 - -

No. reflections 39569 69773 - -

Rvork / Riree 0.168/0.189 0.165/0.184 - -

No. atoms - -
Protein 2226 2236 - -
Ligand/ion 33 44 - -
Water 412 333 - -

B-factors - -
Macromolecule 15.11 23.16 - -
Ligand/ion 17.98 27.61 - -
Water 31.52 40.10 - -

R.m.s. deviations - -
Bond lengths (A) 0.008 0.008 - -
Bond angles (°) 0.91 0.96 - -

Ramachandran

Favored (%) 99.00 99.01 - -
Allowed (%) 1.00 0.99 - -
Outliers (%) 0.00 0.00 - -
Molprobity Clashscore 2.57 0.63 - -
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Table S2: Angles measured between the internal Fe-S bonds of the cluster and the bond
between the fourth iron atom and the fifth inorganic sulfur atom for TudS, HadC and DCCP.

TudS TudS hydroxyisocaproyl-CoA Double-cubane cluster protein
conformation 1 conformation 2 dehydratase 3-subunit
Angle 1 94.7 (-2.73) 100.0 (-1.46) 105.8 (-0.07) 106.8 (0.17) /109.3 (0.77)
Angle 2 120.7 (2.17) 104.4 (-3.55) 117.5 (1.04) 114.9 (0.13) /117.0 (0.87)
Angle 3 125.6 (1.59) 136.1 (4.66) 118.9 (-0.38) 122.1 (0.56) / 117.5 (-0.79)

In parentheses, the Z-score obtained from the survey of the PDB for the structures deposited
with a dmin< 1.45 A and containing a [4Fe-4S] cluster.

Table S3. Molecular docking scores for thiouracil substrates.

Ligand FullFitness | Estimated AG® | d C(S)*-E45 | d C(S)- S101
(kcal/mol)* | (kcal/mol) OE1 (A) 01G (A)
2-thiouracil (cluster0, conf 1) -792.43 -6.46 3.7 4.4
2-thiouracil (clusterl, conf 2) -791.11 -6.55 3.7 4.5
4-thiouracil (cluster0, conf 1) -792.00 -6.49 3.8 4.6
4-thiouracil (cluster5, conf 1) -787.81 -6.29 3.9 4.7

? The FullFitness of a cluster is calculated by averaging the 30% most favorable effective energies of its elements, in order to
limit the risk of a few complexes penalizing the whole cluster. This effective energy is the sum of the total energy of the

system and a solvation term.

b interaction energy, as calculated by EADock
¢ C (S) designs the carbon atom that bears the sulfur atom: C2 or C4

“conf” stands for “conformation”
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