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Abstract

Sactipeptides are ribosomally-synthesized peptides that contain a characteristic thioether bridge
(sactionine bond) that is installed posttranslationally and is absolutely required for their antibiotic
activity. Sactipeptide biosynthesis requires a unique family of radical SAM enzymes, which
contain multiple [4Fe-4S] clusters, to form the requisite thioether bridge between a cysteine and
the a-carbon of an opposing amino acid through radical-based chemistry. Here we present the
structure of the sactionine bond-forming enzyme CteB, from Clostridium thermocellum ATCC
27405, with both SAM and an N-terminal fragment of its peptidyl-substrate at 2.04 A resolution.
CteB has the (B/a)s-TIM barrel fold that is characteristic of radical SAM enzymes, as well as a C-
terminal SPASM domain that contains two auxiliary [4Fe-4S] clusters. Importantly, one [4Fe-4S]
cluster in the SPASM domain exhibits an open coordination site in absence of peptide substrate,
which is coordinated by a peptidyl-cysteine residue in the bound state. The crystal structure of
CteB also reveals an accessory N-terminal domain that has high structural similarity to a recently
discovered motif present in several enzymes that act on ribosomally-synthesized and post-
translationally modified peptides (RiPPs), known as a RiPP precursor peptide recognition element
(RRE). This crystal structure is the first of a sactionine bond forming enzyme and sheds light on
structures and mechanisms of other members of this class such as AIbA or ThnB.
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Ribosomally-synthesized and post-translationally modified peptides (RiPPs) are a growing
class of natural products that have garnered substantial attention because of their structural
diversity and biological activities.1~* The biosynthesis of RiPPs involves leader peptide-
directed enzymatic transformations that are readily exploited for combinatorial biosynthesis
and other applications.>~2 Sulfur-to-alpha carbon thioether cross-linked peptides
(sactipeptides) are a class of RiPPs characterized by distinctive cysteine-sulfur to a-carbon
thioether (sactionine) linkages.10:11 Sactipeptides contain one or more sactionine linkages
that form their constrained macrocyclic peptide backbones, making them resistant to heat
and proteolysis.1213 Importantly, sactipeptides exhibit narrow spectrum antibiotic activity
against Clostridia and other drug resistant bacteria.13-1° These properties render
sactipeptides attractive scaffolds for antibiotic development.

Sactipeptide precursor genes are typically co-localized in operons with members of the
radical S-adenosyl-L-methionine (SAM) superfamily of enzymes (termed sactisynthases),
which are required for their biosynthesis.1020 Radical SAM (RS) enzymes generally contain
a canonical CX3CX,C sequence, where the conserved Cys residues provide ligands for three
iron atoms of a [4Fe-4S] cluster. The fourth iron coordinates a SAM molecule and activates
it towards reductive cleavage upon electron transfer to an antibonding orbital of the SAM
sulfonium group.?! The low-potential electron can be supplied to the [4Fe-4S] cluster by a
chemical reductant such as dithionite, or, in some cases, by the enzymatic NADPH/
flavodoxin-flavodoxin reductase system.22-26 Reductive cleavage generates methionine and
a potent 5’-deoxyadenosyl radical (5’-dAe) that, in most cases, abstracts a hydrogen atom
from substrate, which initiates the requisite chemical transformation.2” Recent work has
shown that sactisynthases similarly cleave SAM to generate 5°-dAe, which is used to
catalyze thioether bond formation by an incompletely understood mechanism (Figure 1a).
1-4,28-34 For example, AlbA, a sactisynthase from Bacillus subtilis has been shown to
catalyze 5’-dA formation that is coupled to making three sactionine linkages on its cognate
peptide SboA as part of Subtilosin A biosynthesis.>~929 We recently demonstrated that
AIbA can accept substrates with differently positioned cysteines to generate libraries of new
sactipeptides with diverse ring sizes.10:11.35 These efforts are limited to substrates that
fortuitously undergo modification by the native enzyme, but engineering and rational design
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of sactipeptide libraries will require a better understanding of sactisynthase structure and
mechanism.

Sequence homology suggests that sactisynthases contain a unique C-terminal extension,
termed a SPASM domain in addition to a conserved RS domain.12:13.34.36-40 The defining
feature of SPASM domains is their coordination of auxiliary [4Fe-4S] clusters, which are
thought to expand and enhance the range of chemistries accessible by the RS domain.
13-19,36,38 SPASM-containing enzymes catalyze a variety of chemical transformations: in
addition to sactionine carbon-sulfur bonds, SPASM domains have been implicated in C-C
bond formation, such as PqqE in PQQ biosynthesis, and the recently characterized StrB
from streptide biosynthesis.10:20:41-44 et there appears to be significant variation among
SPASM domains, in particular in the coordination of the auxiliary iron-sulfur clusters.
21,3638 Only one structure of a full SPASM domain has been reported to date, that of the
anaerobic sulfatase maturating enzyme (anSME). anSME diverges significantly from the
sactisynthases both in amino acid sequence and in chemistry: anSME cotranslationally
catalyzes the formal 2-electron oxidation of a cysteine residue found in the active site of its
cognate sulfatase to yield formyl glycine (Figure 1b).3945-48 To gain further insight into the
mechanism of sactionine linkage formation and substrate promiscuity of these enzymes, and
to increase their utility, we set out to gain structural information.

In this study, we reconstitute the activity of the sactisynthase, CteB, in the predicted
biosynthetic pathway for a sactipeptide, thermocellin (cte) from Clostridium thermocellum
ATCC 27405. Through a combination of chemical derivatization and tandem mass
spectrometry, we demonstrate that CteB installs a single sactionine thioether linkage
between Cys32 and Thr37 of its cognate peptide, CteA, and that the remaining five cysteines
in CteA go unmodified. We further report two structures of CteB: a 2.70-A-resolution
structure of CteB with SAM bound and a 2.04-A-resolution structure of CteB with both
SAM and the leader peptide of CteA bound. The structure defines all three [4Fe-4S] clusters
predicted by bioinformatics, one of which, auxiliary cluster | (Aux I), displays a novel open
coordination site on one of its constituent iron ions. These structures, together with peptide
binding assays, provide insight into the mechanism of thioether bond formation for CteA
and other members of the sactisynthase family.

In vitro reconstitution of CteB: a sactionine synthase

Bioinformatics analyses predict sactipeptide clusters in a wide array of bacterial genomes,
including several from thermophilic bacteria.36-38:49 We anticipated that sactionine synthases
from these thermophiles might have the desired stability for efficient heterologous
expression and crystallization. In particular, the sactisynthase, Cthe_0906 from Clostridium
thermocellum ATCC 27405, here referred to as CteB, is adjacent to a member of a large
family of predicted sactipeptides, which Haft and Basu dubbed SCIFF (or six cysteines in
forty-five residues) peptides.36 CteB is co-localized with the short peptide Cthe_0907, here
referred to as CteA, and is therefore predicted to catalyze thioether bond formation on CteA.
We therefore considered CteB a strong candidate for enzymatic reconstitution and structural
analysis. Although no native natural products belonging to the SCIFF family have been

JAm Chem Soc. Author manuscript; available in PMC 2019 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Grove et al.

Page 4

isolated to date, during the course of our efforts, Bandarian and co-workers reconstituted the
activity of Tte1186 from a putative SCIFF pathway in Caldanaerobacter subterraneus subsp.
tengcongensis MB4.33

The genes encoding CteB and its putative peptide substrate CteA were codon optimized for
expression in £. coliand separately cloned into expression vectors. We had previously
observed improved yields when SboA was co-expressed with its modifying enzyme, AlbA,
presumably due to protection from proteolysis.3> The precursor peptide, CteA, was therefore
co-expressed with CteB in a pETDuet vector. Only CteA was His-tagged in the construct
and could be readily purified from inclusion bodies formed during expression at 18° C with
generous aeration. No modification of CteA was observed under these aerobic conditions,
making recombinant CteA obtained in this manner suitable for enzymatic assay. CteB could
be expressed and purified in a manner similar to other radical SAM enzymes (see
Supporting Information).>0

We first confirmed that reconstituted CteB was able to carry out reductive cleavage of SAM
to generate methionine and 5’-dA. When CteB was incubated in the presence of SAM and
the strong non-physiological reductant dithionite, we observed the distinctive mass
(252.1108) and UV-absorbance of 5’-dA in LC/MS traces of the assay supernatants (Figure
S1). This product was not observed in control reactions without CteB or SAM, suggesting
that reconstituted CteB carries out this characteristic reaction of radical SAM enzymes.

We next sought to assess whether CteB is in fact a sactisynthase, capable of forming
thioethers on its putative substrate CteA. We thus incubated CteB together with CteA and
SAM under various conditions and the products were analyzed by HPLC coupled to an
Agilent 6520 Accurate-Mass Q-TOF spectrometer. In the presence of stoichiometric
amounts of enzyme, we observed complete conversion of CteA to a mass 2.0 atomic mass
units (amu) lower than the starting mass, consistent with the loss of two hydrogen atoms and
formation of a single thioether bond. Figures 2a and 2b show examples of the mass shift in
the envelope corresponding to the +6 charge state of CteA; a 2 amu overall shift in mass
corresponds to a decrease of 0.3378 in the +6 charge ion (Figure 2b).

We further sought to confirm that the 2.0 amu change resulted from a thioether and not a
disulfide, which would also yield a 2.0 amwu change in mass. To rule out disulfides, the
reactions were quenched under reducing conditions and reacted with A-ethylmaleimide
(NEM), in order to alkylate all free cysteines (Figures 2a and 2c). In a control reaction,
where CteA was directly treated with NEM, the m/z values for the various charge states
corresponded to the mass of the peptide plus six molecules of NEM (Figure 2c, black trace
and Table S3). In contrast, CteA that was treated with CteB and SAM before being
quenched with NEM exhibited masses corresponding to /m/z for peptide with five alkylated
cysteine residues minus two hydrogens (Figure 2c, red trace and Table S3), confirming that a
single thioether had been installed by CteB under these conditions.

In order to identify the location of the sactionine crosslink we compared tandem MS/MS
spectra of unmodified CteA and CteB-modified CteA. Both samples were treated with
reductant and NEM to alkylate free cysteines, and the peptides fragmented by CID. Based
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on the pattern of b- and y- ions, the newly formed thioether likely resides between Cys32
and Thr37 of CteA. The MS/MS spectrum of CteB and NEM-modified CteA is presented in
Figure 2d. This spectrum indicates that all three N-terminal cysteines (Cys21, 24, and 28) as
well as the two C-terminal cysteines, Cys36 and 43, can be alkylated with NEM after
modification with CteB. lons from fragments of CteA that contain these residues exhibit
increased m/z according to the relative number of NEMs present. For example, yg, which
contains an NEM-modified Cys43, appears as an [M+H]1* mass of 1060.4894,
corresponding to the mass of A39-R46 plus one NEM. In contrast, b- and y- ions for
fragments containing Cys32 lack one NEM group and two hydrogens. For example, y;7,
which contains NEM-modified Cys36 and 43, appears as an [M+2H]%* mass of 1032.4511,
corresponding to the mass of S30-R46 plus only two NEMs minus two hydrogens. A full
table of observed masses and the residues to which they correspond is provided in Table S4.
To further corroborate the assignment, the Cys32Ala mutant of CteA was prepared via
Gibson Assembly mutagenesis, and purified as described for wild-type CteA. Assays with
C32A-CteA in presence of CteB and SAM yielded only the unmodified precursor peptide,
consistent with thioether formation at this position (Figure S3).

Peptide products with only one thioether bridge were observed regardless of whether CteB
was limited or used in large excess. It cannot be completely ruled out that multiple thioether
bridges may be formed in the cellular environment of the native producer with the native
reductant. Whether this is the active form of CteA /n vivo remains to be determined.
Interestingly, Bandarian and co-workers observed only a single thioether bridge between
Cys32 and Thr37 during their characterization of the related Tte1186 sactipeptide product.33

Crystal Structure of CteB

To obtain structural insights into sactipeptide synthesis, we determined crystal structures of
CteB in two different states: 1) the 2.7 A structure with bound SAM and no substrate present
and 2) the 2.04 A structure with a 21-residue N-terminal fragment of CteA (CteA-M1-Cy1)
and SAM; the portion of CteA that undergoes crosslinking is not present in this structure.
We attempted co-crystallization with the full-length CteA precursor peptide, but were unable
to obtain diffraction quality crystals. To date, there have been no structures reported for any
RiPP enzyme and its cognate full-length precursor peptide bound and fully defined.

The two CteB structures, CteA-bound and unbound, superimpose with a root mean square
deviation (RMSD) of 1.3 AZ based on 415 Ca atoms (Figure S11). Owing to this structural
similarity, our discussion focuses on the higher resolution CteB+SAM+CteA-M1-Cyq
complex, with reference to the unbound structure where relevant. Crystals of the enzyme-
peptide complex exhibit diffraction consistent with the orthorhombic space group P212,2,
with a monomer in the asymmetric unit (Figure 3a). The final model consists of residues 1 to
449 (out of 450) of CteB, residues 1 -9, and 20-21 of the CteA-M1-C,; peptide, 12 iron
ions, 12 sulfide ions, 2 calcium ions, 1 SAM molecule and 146 water molecules. Residues
115-121 of CteB are not defined by electron density, and reside in a disordered loop
immediately following the radical SAM cluster binding motif. A similar disordered loop was
also seen in the structure of anSME.39 In addition, residues 334-336 are not defined in a
disordered loop that joins a.6 in the RS domain to the SPASM domain. This region lies on a
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symmetry axis and is difficult to model (Figure S8A). This region contains a conserved
cysteine (C336), which may form a disulfide bond with the adjacent Cys336 from a
symmetry mate (Figure S8B). We have not modeled this disulfide bond due to the weak
electron density in this region (Figure S8B). In addition, this entire region (residues
330-341) is disordered in the CteB+SAM structure. Interestingly, the crystallization solution
contained about 500 uM dithiothreitol that carried over with the CteB added to the solution.
In addition, all Fe-S clusters are intact in the crystals indicating a lack of oxidative damage.
To determine if a disulfide exists in the crystalline state, crystals of CteB+SAM+CteA-M1-
C,1 were dissolved in buffer and the solution chromatographed on a size exclusion column
equilibrated in buffer that did not contain reductants (Figure S5). The majority (~ 65 %) of
protein in this sample migrated with an apparent molecular weight of ~ 95 kDa, which is
consistent with a dimer, while the remaining protein migrated as a monomer. The monomer
fraction of this solution is likely CteB that was present in the crystallization drop and did not
form crystals. We next tested the oligomeric state of CteB in solution, both in presence and
absence of full-length CteA, under reducing conditions by size exclusion chromatography
(SEC). Under theses conditions, CteB migrates with an apparent mass of 42 kDa, consistent
with a monomer (Figure S6). In the presence of CteA, the apparent mass of CteB increases
by ~ 4 kDa, consistent with a CteA-CteB complex. Thus, in solution, under reducing
conditions CteB does not form a dimer. Therefore, we removed reductant from CteB and
mixed protein with varying ratios of reduced glutathione (GSH)/oxidized glutathione
(GSSGQG) to survey the redox potential of the mixture from =377 mV to —223 mV. These
mixtures were subsequently electrophoresed on a non-reducing SDS-PAGE gel (Figure S7).
Importantly, increasing the redox potential by increasing the ratio of GSSG does not lead to
intermolecular disulfide bond formation in solution. Thus, this disulfide is most likely a
spurious artifact of crystallization.

The structure of CteB exhibits three discernable domains (Figure 3): (1) a partial (B/a)g
triose phosphate isomerase (TIM) barrel (residues 95-319) containing one [4Fe-4S] cluster
(canonical radical SAM domain), which is flanked by (2) an N-terminal winged helix-turn-
helix (wHTH) motif (residues 1-71) and (3) a C-terminal extension (residues 344-432),
which contains two additional [4Fe-4S] clusters. These domains are discussed individually
below.

The central region of the CteB structure exhibits the characteristic (B/a.)g-TIM barrel,
common to nearly all other members of the RS superfamily. The SAM activating [4Fe-4S]
cluster within the RS domain is bound by the conserved CX3CX¢C motif (where ¢ is an
aromatic residue) located in the loop between the a1 helix and B1 loop (residues 100-125).
This cluster is ligated by three cysteines (residues 104, 108, and 111), leaving one site open
to chelate the a-amino-nitrogen and a-carboxyl oxygen of the SAM co-factor.40:5! The
SAM binding pocket is similar to that of anSME and exhibits the four common SAM
binding motifs: the GGE motif (residues 153-156), ribose motif (residues S210 and D212),
the GXIXGXXE motif (residues 254-262), and the p6 or adenine-binding motif (residues
281-284). In addition, Tyr110 hydrogen bonds to the N6 of adenine and Arg222 stabilizes
the ribosyl and carboxyl moieties of AdoMet; these interactions are also present in the
anSME SAM binding pocket (Figure S9). Interestingly, two new interactions are present in
the SAM binding pocket of CteB: Arg253 and Thr255 in the B5 strand hydrogen bond to N3
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of the adenine base. These residues reside in a highly conserved RGT motif found in
thermophilic sactisynthases. In sum, a total of eight residues make side chain or backbone
polar contacts with SAM (Figure S9). Presumably these numerous interactions stringently
position and orient SAM for radical-based hydrogen abstraction from its substrate.

The C-terminal extension of CteB contains the predicted seven-cysteine SPASM domain that
binds two additional auxiliary [4Fe-4S] clusters. The CteB SPASM domain exhibits
structural homology (Figure S9, R.M.S.D. of 2.3 A over 113 a-carbons) to the SPASM
domain from anSME with some notable differences. The SPASM domain in CteB extends
from the C-terminus of the TIM barrel RS domain v/a a partially ordered loop to coordinate
the first auxiliary [4Fe-4S] cluster (Aux I) at Cys344 and Cys362 with B1’ and p2’
interspersed between these residues. In anSME, a short insertion harbors C261, which is the
fourth ligand to Aux I. This insertion is absent in CteB. As in anSME, the CX,CX5CX3C
motif in the central region of the conserved SPASM domain provides three ligands for the
second auxiliary [4Fe-4S] cluster (Aux I1) and one additional cysteine ligand for Aux I.
Cys400, Cys403, and Cys409 from CteB all coordinate Aux I, while the fourth cysteine of
the motif, Cys413, crosses back to provide a third ligand for Aux I. Cys432 provides the
fourth and final ligand for Aux Il (Figure 3b). The absence of the fourth coordinating ligand
to Aux | results in the positioning of the Fe/S cluster closer to the RS cluster. The RS cluster
resides 14.4 A from the open coordination site of Aux | (Figure 3c), which is ~ 2.5 A closer
than the separation between the RS cluster and Aux | in anSME (16.9 A). The distance
between Aux | and Aux Il in CteB is 11.6 A, which is slightly compressed compared to
anSME (12.9 A). These differences indicate that the overall arrangement/separation of Fe/S
clusters within the SPASM family of proteins is likely tuned to support the different
chemistries that are catalyzed by these enzymes.

In contrast to anSME, Aux | from CteB lacks one protein-derived cysteine residue. In the
CteB+SAM+CteA-M1-C»q structure, electron density is observed around the open
coordination site of Aux I. We attempted to model this density as a weakly bound DTT
molecule as observed in the crystal structure of lipoyl synthase®2; however, this exercise did
not result in a satisfactory fit of the electron density. Therefore, we postulated that the free
thiol of Cys21 from the CteA-M-C,1 peptide could reach into the active site and coordinate
the cluster. The modeling the Cys21 and Gly20 of the peptide into this density provided a
plausible fit (Figure 3d). The lack of density for the peptide sequence between Gly9 and
Gly20 is likely due to inherent flexibility and the lack of contacts with CteB in this region.
Because only a fragment of the precursor (residues 1-21) peptide was found to co-crystallize
with CteB, it is possible that the Cys21-Fe ligation is not mechanistically relevant, but rather
represents a thermodynamically stable state of the peptide in the absence of the native
sequence. However, we propose that this Cys21 coordination may be analogous to an
enzyme-substrate interaction that occurs during the catalytic cycle involving at least one of
the six cysteines from CteA and Aux I.

The A:terminal winged helix-turn-helix (wHTH) motif of CteB is also not present in
anSME. This wHTH is structurally homologous to RiPP recognition elements (RRES),
which have recently been identified in the structures of other RiPP modifying enzymes, such
as LynD, PaaA, and NisB.>3-%0 CteB represents just the fourth report of a leader-bound RRE
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structure (Figure 4a).5*55 The structures all exhibit a common pattern in the conserved
wHTH domain architecture and p-strand conformation of bound substrate (Figure 4a-c).
Despite sharing only 13 % sequence identity to the RRE domains of LynD and NisB, the
overall R.M.S.D is strong at 2.16 A and 3.05 A, respectively over 71 a-carbons. The RRE
domain provides one of the primary structural determinants for leader peptide recognition.
The three stranded p-sheet, or wing, of the RRE hydrogen bonds with the backbone of the
N-terminus of the CteA fragment in the co-crystal structure in a manner similar to LynD and
NisB (Figure 4a—c). An extensive hydrogen bond network is formed by backbone carbonyl
and amide interaction of the RRE and CteA (Figure 4d and Table S6). Hydrogen bonds are
also seen between side-chain and main-chain atoms of CteA. CteA His3 forms a series of
salt bridges with the absolutely conserved CteB residues Asp27, Glu60 and Glu64. CteA
also makes advantageous van der Waals interactions with the RRE via lle4 and lle6, both of
which fit into hydrophobic pockets in the cleft between a3 and p3. The RRE is connected to
the N-terminus of B1 by a long, flexible linker, which passes across the face of the SPASM
domain to position the RRE next to the a6’ helix (Figure 3b). p1 and 2 of the RRE make
hydrophobic contacts with the a6’ helix emanating from the SPASM domain, weakly
stabilizing its position relative to the active site pocket. In addition, the RRE domain makes
limited crystallographic contacts with symmetry molecules and as results shows higher
average p-factors than the core of CteB. This explains why the density for the leader peptide
is weaker than the resolution would predict.

Homology and Comparison to SPASM and Twitch Domain Enzymes anSME, BtrN, and

MoaA

CteB is only the second example of a SPASM domain to be structurally characterized, after
anSME. In addition, BtrN61 and MoaA52:63 exhibit smaller, single cluster domains, which
have been dubbed “Twitch” domains.3” Taken together, the four structures provide four
different coordination architectures for Aux | (Figure 5). All four enzymes use the two
conserved cysteines on either side of the 1’/p2’ hairpin loop (Cys344 and Cys362 in CteB)
and differ in positioning of the remaining coordination residues. MoaA has an open
coordination site on Aux I, similar to CteB, however, the open iron sites in these two
structures are on alternate sides of Aux I. While Cys413 from the CX,CX5CX3C motif
loops back to provide the third ligand in CteB, this feature is not present in the MoaA twitch
domain, and Aux I is instead ligated by an additional cysteine, Cys264, upstream of the
hairpin loop. Cys264 in MoaA is analogous to Cys261 in anSME, but is absent in CteB. This
difference in coordination pattern results in the open coordination site on Aux | of CteB
being oriented towards the active site entrance, appropriately positioned for coordination by
an incoming peptide substrate. In contrast, the open coordination site on Aux | on MoaA is
oriented towards the interior of the active site, to aid in sequestering its smaller substrate.
62,64 The specific orientation of these [4Fe-4S] clusters also impacts their distance from the
SAM activating cluster: this distance is 14.4 A in CteB (Figure 3c), whereas it is ~17.0 A in
anSME, BtrN, and MoaA (16.8, 16.9, and 17.3 A, respectively). The more compact
architecture in CteB could facilitate the intermolecular bond-formation reaction between
Cys32 and Thr37 of the CteA substrate.
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Overall, the RS and SPASM domains of CteB and anSME adopt a similar structural
organizations (R.M.S.D. of 2.52 A over 300 C, atoms) (Figure S9), despite sharing only
20% sequence identify. Interestingly, the conserved Asp277 and Tyr24 active site residues of
anSME are absent in CteB. In particular, Asp277 was shown to be absolutely required for
anSME activity and was proposed to act as a base to deprotonate a cysteine thiol in the
anSME reaction mechanism.3 His363 and Tyr350 in CteB are within 8 A of Aux I and
these residues could similarly take a proton from the crosslinking thiol in the CteB reaction
mechanism. However, when we prepared and tested the H363A and Y350A mutants, we
observed formation of the thioether bridge on CteA (Figure S1 and S2). These observations
suggest that these residues do not act as an essential base during the reaction. Studies are
under way to determine which active site residues are critical for the activity of CteB.

Contributions to Binding Affinity of CteA

In order to examine the contributions of leader and core regions of CteA to binding CteB, a
fluorophore-labeled probe was prepared. To this end, CteA (M1-C»,1) was synthesized with a
5,6-TAMRA label on the N-terminus for use in fluorescence polarization binding assays.
This leader region alone exhibits a 0.7 pM binding affinity, in good agreement with affinities
for similar leader peptide/RRE interactions.>3:6% The unlabeled peptides CteA(1-21),
CteA(1-21)-H3A, wild-type CteA, and CteA-C32A were used in competition assays. Both
wild-type CteA and CteA-C32A exhibit a slightly lower 1Csgq, and therefore higher affinity,
than the leader peptide alone (Figure S4). Notably, the C32A mutant did not substantially
impact binding, but the H3A variant peptide was unable to compete for binding with the
labeled peptide. The fact that the H3A variant exhibits greatly reduced binding to CteB
provides strong evidence that the histidine side chain interactions with the RRE domain of
CteB are critical for CteA recognition by CteB. These observations also provide evidence
that the peptide substrate sequence is modeled correctly. Taken together, these observations
suggest that there is an extended binding interface involving determinants from both the
leader and core regions of CteA, which diminishes the impact of a single cysteine mutation.
However, key interactions between the leader peptide and RRE (e.g. His3) can significantly
impact binding.

Discussion

Perhaps the most salient feature of the CteB structure is the clear presence of an open
coordination site on Aux | in the substrate free state, which appears to be satisfied by a
cysteine from the substrate peptide in the bound structure. The coordination state of this
predicted [4Fe-4S] cluster within sactisynthases has been the subject of debate. Berteau34
and Drennan3739 both noted the insufficient number of cysteines for complete ligation of
two [4Fe-4S] clusters in the sactisynthase AIbA. Berteau conjectured that the ligation state
may be satisfied by a pendant serine or arginine as in LipA®® and BioB®”, respectively,
whereas Drennan and co-workers suggested that an open site on the cluster might be
involved in substrate binding as in MoaA.37 The structures of CteB are consistent with a
mechanism in which the open coordination of Aux I in CteB is involved in substrate
binding. Substrate coordination at this open site also appears to be consistent with
spectrophotometric data reported by Marahiel et al. for AlbA, where substrate titration was
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accompanied by a shift in the UV-spectrum, which is absent in mutants that disrupt Aux 1.2°
Although the current structure shows a distal cysteine, Cys21, coordinating to Aux I, we
hypothesize that in the native substrate, coordination of the reacting cysteine would serve to
orient and activate it for thioether bridge formation.

Two mechanisms have been proposed (Figure 6a). The first mechanism involves separate
activation of the bridging partner a-carbon and the cysteine sulfur by distinct [4Fe-4S]
clusters, followed by attack of the carbon centered radical on the activated sulfur atom
(Figure 6, Mechanism A). An alternative mechanism, in which the intermediate a.-carbon
radical undergoes a one-electron oxidation to the ketoimine (Figure 6, Mechanism B), has
also been proposed.33 In the latter mechanism, the thioether is formed by nucleophilic attack
of the cysteine sulfur on the ketoimine; either a fully ligated Aux | or the radical SAM
cluster itself, after reductive cleavage of SAM, could potentially act as the one-electron
oxidant of the intermediate radical (Figure 6a). Mechanism B has previously been promoted
on the basis of mixtures of both D- and L- sactionine linkages observed in sactipeptides like
Subtilosin A, because a polar mechanism could support nucleophilic addition on either the
re- or si-face of the ketoimine.33 However, the putative radical intermediate, which is
captodatively stabilized on the a.-carbon, may well be more planar than pyramidal and could
similarly undergo attack on either face; there fore, Mechanism A cannot be ruled out.

This newly revealed coordination site has potential ramifications for the mechanism of
thioether bond formation. Based on coordination of Cys21—a site that does not make a
thioether bridge in CteA—it seems possible that the observed coordinating cysteine could be
spurious. An alternative is that the bound Cys21 in the current structure is a mimic of the
physiologically relevant cysteine, Cys32, which would be highly activated for crosslinking
by coordinating to this [4Fe-4S] cluster. By analogy to anSME, CteA would bind the RRE
with its A~terminus and likely project down into the bowl-like active site, where the reactive
cysteine sulfur may coordinate to Aux | (Figure 6b). We generated a computational model
with Rosetta (Figure 6¢ and see Supporting Information, Figure S17 and S18) to examine
whether placement of Thr37 in proximity to the 5’-carbon of SAM is spatially compatible
with coordination of Cys32 to Aux I. Although only a model, this suggests that the two
residues are in appropriately close proximity for coupling (Figure 6¢). Moreover, both
mechanisms can reasonably be drawn with an Aux I-ligated Cys being incorporated into the
thioether linkage, as in Figure 6b. The open coordination site on Aux | could provide either
an electron sink for the radical mechanism or an oxidant and intermediate Lewis acid for the
polar mechanism. The CteB structure demonstrates that Aux | and Aux Il of CteB are in
sufficient proximity to act as electron transfer partners as previously proposed for anSME.
41.68 patches of highly conserved surface residues border the RS and Aux I1 clusters of CteB
(Figure 7), delineating possible recognition surfaces for single electron donors and
acceptors, such as ferrodoxins or the flavodoxin/flavodoxin reductase system.2”

Based on our sequence analyses, the open site on Aux | appears to be conserved in several
sactisynthases. For example, multiple sequence alignments (Figure S12-S15) indicate that
sactisynthases from thurincin H (ThnB - 4 bridges) and subtilosin A (AlbA - 3 bridges)
biosynthesis should have very similar architectures to CteB, despite being capable of making
multiple sactionine linkages. Moreover, significant variations on this SPASM architecture
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are predicted in sactisynthases from thuricin CD (TrnC and TrnD) and sporulation killing
factor (SkfB). The relationship of these structural variations to chemistry and mechanism
remains to be defined. Two other SPASM-containing enzymes, PqqE and StrB, also align
well with the CteB SPASM architectures. Both PqqE and StrB are involved in C-C bond
forming reactions that are very different from the chemistry carried out by CteB. It will be
interesting to see how the structures of the SPASM domains of these distant relatives relate
to CteB.

It remains unclear how CteB-related sactisynthases catalyze the formation of multiple nested
thioether linkages. For example, AlbA catalyzes formation of three sactionine linkages in
subtilosin A and ThnB makes four in thurincin H biosynthesis. Active site dynamics and
substrate control could play roles in the formation of additional thioethers. Initial substrate
coordination may well act to “set the register” for thioether positioning in these multiply
bridged systems. The long RRE linker would presumably allow greater flexibility of the N-
terminus, and enable a more diverse ensemble of approaches to the catalytic site.

In conclusion, we have biochemically characterized a new sactionine synthase, CteB from C.
thermocellum ATCC 27405, which installs a single sactionine bridge on the thermocellin
precursor peptide. We also determined the X-ray crystal structures of CteB both in presence
and in absence of a fragment of the peptide substrate, which represent the first structures of a
sactionine synthase. The structures reveal a conserved SAM activating domain, as well as a
new SPASM domain motif displaying a single open coordination site on the internal
auxiliary iron-sulfur cluster (Aux I). These structures provide insight into the enzymatic
mechanism of sacti-bridge formation and suggest that substrate ligation to an open iron
coordination site may be involved. We anticipate that this structure will have utility for the
continued mechanistic understanding and engineering of sactionine synthases and other
related RiPP enzymes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Introduction to sactipeptides. a) Formation of sactionine thioether linkages found in

sactipeptides. b) Formation of formyl glycine from cysteine by anSME c) Comparison of
known sactipeptides to the bridge formed in CteA. d) Gene clusters of some known
sactipeptide producers.
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MS analysis of CteA modified by CteB. a) Expected masses of CteA modified by CteB and

JAm Chem Soc. Author manuscript; available in PMC 2019 April 01.

alkylated with NEM. b) MS of CteA modified by CteB. In red is 1 eq. of CteA treated with 1
eg. of CteB while in black is CteA unmodified. The difference between corresponding
charge states is that of one sactionine bridge or two hydrogen atoms. ¢) MS of CteA product
alkylated with NEM after first being modified by CteB. In red is 1 eq. of CteA treated with 1
eg. of CteB then NEM, while in black is CteA treated with just NEM. The difference
between corresponding charge states is that of one sactionine bridge and one NEM
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modification. See Table S3 for expected exact masses. d) MS/MS analysis (+7 charge state)
of where the sactionine bridge is forming in modified CteA.

JAm Chem Soc. Author manuscript; available in PMC 2019 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Grove et al. Page 18

RS cluster § A,
\ L & \ _'_'.1
SAM | ) :

" : <
~J
SPASM domain

(344-432)

@ c104 @-Ca362
@-c108 @- C400
@-cit1 @-C403 @-Ca13
@-c344 @-C409 @ - C432

Figure 3.
Structure of CteB. a) Overall structure of CteB. The Bg/ag core of the RS domain (green)

contains one [4Fe-4S] cluster that coordinates one molecule of SAM. The C-terminal
SPASM domain (orange) contains the [4Fe-4S] clusters Aux | and Aux Il and comprises
residues 344 - 432. The N-terminal RRE domain (magenta) of CteB provides the binding
specificity for the peptide substrate leader sequence of CteA (yellow, stick representation).
b) Topology figure of CteB. ¢) Zoom of [4Fe-4S] clusters present in CteB along with their
distances from one another. The distance from RS to Aux | is 14.4 A while the distance from
Aux | to Aux Il is 11.6A. RS, radical SAM cluster, Aux I, and, Aux 1l d) The F,-F. omit
map contoured to 3.0 o (green mesh) of Gly20 and Cys21 from CteA-M1-C,q substrate
bound to Aux I. The distance between the Fe and Sy of Cys21 is 2.7 A. The 2F,-F. map
(blue mesh) for the Aux I cluster is contoured to 2.0 o.
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Figure 4.
Leader peptide and binding to RRE of CteB. Comparison of RRE domains from CteB (a),

LynD (b), NisB (c). d) Simulated annealing omit composite map (2F,-F¢) contoured to 1.0 o
of residues 1 — 9 of the leader peptide (yellow sticks) of CteA. Residues from CteA involved
in binding of the leader peptide are shown in yellow. Hydrogen bond interactions are shown
as dashed lines. p3 from the RRE domain is shown in pink sticks. B3 forms extensive
hydrogen bonds to the leader peptide of CteA, while a3 forms mostly hydrophobic
interactions, with the exception of Glu60 and Glu64. For full list of interactions and
distances see supplementary Table S6.
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Figureb.
Comparison of Aux | and Aux Il clusters. a) Topology diagrams of known crystallized

enzymes that hold either one or both Aux I and Aux Il clusters. Yellow-BtrN, gray-MoaA,
red-anSME, and orange-CteB. b) Sequence alignments of those domains.
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Proposed mechanisms of sactionine bridge formation. a) Mechanisms describing either

separate activation of the bridging partner a-carbon and the cysteine sulfur by distinct

[4Fe-4S] clusters followed by attack of the carbon centered radical on the coordinated sulfur

atom (Mechanism A) or the intermediate a-carbon radical undergoes a one-electron
oxidation to the ketoimine which is then subject to nucleophilic attack of the cysteine sulfur

(Mechanism B). b) Proposed binding of substrates in their enzymes. ¢) Rosetta model of
CteA:CteB complex with Cys32 ligated to Aux I. ¢) Computational model generated with
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Rosetta showing possible interactions between CteA (yellow) and CteB. In the model Cys32
from CteA ligates the free coordination site on Aux | and Thr37 is placed in close proximity
to where the 5’-dA radical is formed from SAM (gray)
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Figure7.
Conservation of CteB homologs. Surface map (ConSURF server) of sequence conservation

based on 150 sequences with homology ranging from 35% to 90% identity. Conservation
scores are based on Bayesian method. a) The highest sequence conservation can be found
around the active site and peptide binding surface of the RRE domain. b) 180 ° rotation
showing the bottom of CteB. A patch of highly conserved residues is found around the RS
and Aux Il clusters. These sites may have a role in the recognition of redox partners.

JAm Chem Soc. Author manuscript; available in PMC 2019 April 01.



	Abstract
	Graphical abstract
	Results
	In vitro reconstitution of CteB: a sactionine synthase
	Crystal Structure of CteB
	Homology and Comparison to SPASM and Twitch Domain Enzymes anSME, BtrN, and MoaA
	Contributions to Binding Affinity of CteA

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7

