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Abstract

Owing to their importance, diversity and abundance of generated paramagnetic
species, radical S-adenosylmethionine (rSAM) enzymes have become popular tar-
gets for electron paramagnetic resonance (EPR) spectroscopic studies. In contrast
to prototypic single-domain and thus single-[4Fe—4S]-containing rSAM enzymes,
there is a large subfamily of rfSAM enzymes with multiple domains and one or two
additional iron—sulfur cluster(s) called the SPASM/twitch domain-containing rSAM
enzymes. EPR spectroscopy is a powerful tool that allows for the observation of the
iron—sulfur clusters as well as potentially trappable paramagnetic reaction interme-
diates. Here, we review continuous-wave and pulse EPR spectroscopic studies of
SPASM/twitch domain-containing rSAM enzymes. Among these enzymes, we will
review in greater depth four well-studied enzymes, BtrN, MoaA, PqqE, and SuiB.
Towards establishing a functional consensus of the additional architecture in these
enzymes, we describe the commonalities between these enzymes as observed by
EPR spectroscopy.

1 Introduction

With over 570,000 known members spanning all domains of life, the radical S-aden-
osylmethionine (rSAM) enzyme superfamily is the largest known, with most of its
members currently uncharacterized [1-4]. The common feature of rSAM enzymes
is a canonical [4Fe—4S] cluster, called the rSAM (RS) cluster, usually bound by a
CX;CX,C motif, that catalyzes reductive cleavage of SAM to form L-methionine
and a strongly oxidizing 5'-deoxyadenosyl radical (5'-dAe) via the organometal-
lic intermediate Q (Fig. 1) [5-9]. Both of these intermediate species have been
observed by EPR spectroscopy. 5'-dAe usually abstracts a hydrogen atom (H-atom)
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Fig. 1 Current radical SAM enzyme initiation mechanism. The RS [4Fe—4S] cluster catalyzes the reduc-
tive cleavage of SAM to form L-Met and the reactive 5-dAe intermediate [6] via the organometallic
intermediate Q [8]. Liberated 5'-dAe abstracts He from a generic substrate R—H to activate the substrate

from substrate to initiate an extremely diverse set of chemical reactions, including
the biosynthesis of DNA, cofactor, vitamin, and antibiotics [10-13].

Of the 570,000 rSAM enzyme superfamily members, ~ 165,000 genes (Enzyme
Function Initiative—Enzyme Similarity Tool; EFI-EST) encode proteins that pos-
sess C-terminal extensions called SPASM domains or twitch domains, which bind
auxiliary iron—sulfur cluster(s) [4, 14-19]. The SPASM domain typically binds
two auxiliary iron—sulfur clusters (AuxI and AuxII) and is named after the rfSAM
enzymes involved in the synthesis of Subtilosin, Pyrroloquinoline quinone, Anaero-
bic Sulfatase, and Mycofactocin. The twitch domain is a truncated SPASM domain
and only binds one auxiliary cluster (Aux) [15]. Direct evidence for the catalytic
function(s) of any SPASM/twitch domain auxiliary clusters has long remained elu-
sive. While they have been proposed to serve as electron acceptors [20, 21], only
recently was the AuxI [4Fe—4S] cluster in the SPASM domain-containing rfSAM
enzyme SuiB directly observed to accept an electron from the radical intermediate
using electron paramagnetic resonance (EPR) spectroscopy [22].

EPR spectroscopy is a powerful technique for characterizing rfSAM enzymes
among other iron—sulfur cluster-containing and radical-generating enzymes. The
hyperfine interaction (HFI) between the paramagnetic centers in rSAM enzymes
(e.g., [4Fe—4S]* clusters or trapped paramagnetic intermediates) and nearby mag-
netic nuclei can be probed using continuous-wave and pulse EPR spectroscopy.
Large HFIs in organic radicals can often be observed directly in a continuous-wave
EPR spectrum, whereas observing small HFIs in organic radicals and most HFIs
in metal-centered paramagnetic species would require pulse EPR techniques such
as HYSCORE, ESEEM and ENDOR. Reviews have been written about the stud-
ies of rSAM enzymes by continuous-wave and pulse EPR spectroscopy, discussing
the spectroscopic features of trapped paramagnetic intermediates and iron—sulfur
clusters in various rSAM enzymes [5, 23, 24]. Here, we focus specifically on EPR
spectroscopy-based characterizations of SPASM/twitch domain-containing rSAM
enzymes, and review in greater depth the studies of two twitch domain-containing
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rSAM enzymes, BtrN and MoaA, as well as those of two SPASM domain-contain-
ing rSAM enzymes, PqqE and SuiB.

2 Twitch Domain-Containing Radical SAM Enzymes

Butirosin is an antibiotic with broad Gram-negative and Gram-positive inhibitory
and some bactericidal properties [25]. BtrN is a twitch domain-containing rSAM
enzyme which catalyzes the two-electron oxidation of 2—deoxy—scyllo—inosamine
(DOIA) to 3—amino-2,3—dideoxy—scyllo—inosose (amino-DOI; Fig. 2A) in the bio-
synthetic pathway of butirosin [26-29]. Early mechanistic studies trapped a radical
intermediate of DOIA with g=2.0025 formed after H-atom abstraction by 5'-dAe,
which was confirmed by selective isotopic labeling of the substrate DOIA (Fig. 2B)
[30]. In the same study, the EPR spectra of the characteristically axial RS cluster
and the more thombic SAM-bound RS cluster are also presented.

At that time, it was not known that BtrN contained a second [4Fe—4S] cluster,
i.e., the Aux cluster. This Aux cluster was first observed by Mossbauer spectroscopy
using a mutant with RS cluster knocked out (C16A/C20A/C23A), which possesses
an additional [4Fe—4S] cluster (Fig. 2C) [20]. A subsequent X-ray crystal structural
study of BtrN confirmed that this Aux [4Fe—4S] cluster is ligated by four cysteine
residues [27]. However, this Aux [4Fe—4S] cluster is not observable by EPR using
dithionite as the reducing agent (with the reduction potential — 660 mV vs. NHE
at pH=7), suggesting that this Aux [4Fe—4S] exhibits a reduction potential lower
than — 660 mV. The low potential of this Aux [4Fe—4S] cluster was later confirmed
to be — 765 mV vs. NHE in a protein electrochemistry study [31]. The low potential
of this Aux cluster leads the authors to propose that the Aux cluster may serve as the
final electron acceptor of the radical intermediate during the oxidation reaction [20].
However, direct evidence for electron transfer from the radical intermediate to the
Aux cluster, e.g., the EPR spectrum of the AuxI cluster which is reduced by the radi-
cal intermediate, has not been reported yet.

MoaA is another twitch domain-containing rSAM enzyme which catalyzes the
cyclization of GTP to 3',8-cH,GTP (Fig. 3A) in the biosynthetic pathway of molyb-
dopterin, an important molybdenum- or tungsten-based cofactor necessary for
a wide variety of enzymatic reactions [32, 33]. An X-ray crystal structural study
shows that MoaA harbors a canonical RS [4Fe—4S] cluster in the N-terminal domain
and an Aux [4Fe—4S] cluster in the C-terminal domain [34]. This Aux [4Fe—4S]
cluster is ligated by three cysteine residues, leaving an open Fe site. The observable
EPR spectrum of the MoaA mutant with its RS cluster knocked out and using dith-
ionite as the reducing agent [35] suggests that this Aux [4Fe—4S] cluster has a reduc-
tion potential more positive than — 660 mV vs. NHE at pH="7, which is in contrast
to the low-potential Aux cluster in BurN (vide supra).

A GTP-bound MoaA crystal structure showed that the substrate GTP binds to
the open iron site on the Aux [4Fe—4S] cluster through either or both the guanosine
N1 and the amine N2 [34]. However, the electron density of the ribose and purine
of GTP is not well-defined, showing that the N1 and N2 are likely around 2.8 A and
24 A, respectively, away from the open iron site of the Aux cluster, both of which
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Fig.2 BtrN. a Reaction and structure of twitch domain-containing rSAM enzyme BtrN (PDB ID:
4M7T). b EPR study of BtrN [30]. The characteristically axial RS cluster became rhombic upon binding
SAM and substrate DOIA. A radical intermediate of DOIA following H-atom abstraction was trapped
and observed by EPR. Its identity was confirmed using the isotopologue [2,2-2H2]DOIA, which resulted
in loss of observable hyperfine splitting. ¢ Mossbauer spectra of the wild type as isolated (wt Al), recon-
stituted (wt RCN), RS cluster knockout C16A/C20A/C23A as isolated (variant AI), and reconstituted
(wt RCN) [20]. The Mossbauer spectra of the knockout mutant revealed an additional cluster, which has
a low reduction potential, such that it is therefore EPR silent in dithionite-reduced samples. It was not
known to exist during the study of EPR study in part B. It should be noted that the crystal structures of

BtrN were solved after the EPR and Mossbauer studies
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Fig.3 MoaA. a Reaction and structure of twitch domain-containing rSAM enzyme MoaA (PDB ID:
2FB3). b ENDOR study of the interaction between the MoaA Aux cluster and substrate GTP using
the RS cluster knockout mutant C24S/C28S/C31S [35]. The study used the inosine triphosphate (ITP),
an analogue of GTP lacking the N2 amino group, to position the substrate relative to the cluster. The
ENDOR study found that the guanine N1 binds the Aux cluster with a distance of 1.94 A, whereas
the crystal structure (gray; PDB ID: 2FB3) modeled the N2 amino group as the closest group to the
Aux cluster open iron site with a distance of 2.4 A. ¢ A mechanistic EPR study of MoaA traps a radi-
cal intermediate [36]. The hyperfine splitting in the spectra of the intermediate varied when using either
natural abundance GTP or [3’-2H]GTP with nonlabeled SAM. In addition, using various SAM isotopo-
logues also affected the line shape. The authors concluded that the intermediate was 5’-dA-C4'e, forming
through an H-atom abstraction of the quenched 5'-dA by GTP-C3'e

are too far for bonding [34]. A subsequent study used a pulse EPR technique called
electron—nuclear double resonance (ENDOR) spectroscopy to investigate the bind-
ing mode of GTP to the open iron site of the Aux cluster (Fig. 3B) more precisely
via analysis of the HFIs between '#!> N and the paramagnetic Aux cluster [35]. The
authors reported ENDOR spectra of MoaA RS cluster knockout mutant C24S/C28S/
C31S bound to either GTP or inosine triphosphate (ITP), a functional substrate ana-
logue of GTP missing the N2-containing amine group. Based on the HFIs meas-
ured by ENDOR spectroscopy, the distances from the unique AuxI iron site to the
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guanosine N1 and amine N2 were calculated to be 1.94 A and 2.98 A, respectively.
The similar A, (** N) values (3.6 MHz for GTP, 3.5 MHz for ITP) suggested that
the common guanosine N1 binds to the open iron site (rather than the amine N2 of
GTP) via tautomerization to form an enol. Thus, the Aux cluster may play an impor-
tant role other than oxidizing the radical intermediate.

During MoaA catalytic reaction, an unusual radical intermediate, 5'-dA-C4'e,
was later discovered and reported, which is in contrast to the standard 5’-dA-C5'e (or
simply 5'-dAe) and is formed in a shunt pathway through an H-atom abstraction of
the quenched 5'-dA at C4' by the substrate radical intermediate GTP-C3'e (Fig. 3C)
[36]. The EPR hyperfine splitting of the 5-dA-C4'e intermediate varied when using
either natural abundance GTP or [3'->H]GTP with non-labeled SAM, suggesting that
H3' of GTP is abstracted by 5'-dAe to initiate the reaction. In addition, using various
SAM isotopologues also affected the EPR splitting pattern and thus the line shape,
further confirming that the intermediate is indeed a SAM-based radical, rather than
a GTP-based radical [36].

While structurally similar, we note three fundamental and important differences
between MoaA and its relative BtrN. First, the Aux cluster of MoaA has one open
Fe site [34], to which the substrate GTP binds, whereas, the Aux cluster of BtrN
is ligated by four cysteine residues [27]. Second, EPR spectroscopy suggests that
MoaA has a high-potential Aux cluster which is readily reducible by dithionite [35],
whereas BtrN has a low-potential Aux cluster relative to dithionite [20, 30, 31].
Third, the reaction catalyzed by BtrN results in a two-electron oxidation from sub-
strate to product, whereas, the reaction catalyzed by MoaA results in a net-zero loss
of electrons [33].

2.1 SPASM Domain-Containing Radical SAM Enzymes

PqqE is a SPASM domain-containing rfSAM enzyme which catalyzes the C—C bond
formation between Glul5 and Tyr19 of substrate peptide PqqA (numbering varies
by organism) via a two-electron oxidation (Fig. 4A) in the biosynthetic pathway of
pyrroloquinoline quinone, a redox-active cofactor produced by microorganisms and
acquired by humans through diet [37-39]. Early studies of PqqE reported EPR spec-
tra of iron—sulfur clusters [40] and the clusters when PqqE is bound to its peptide
chaperone protein PqqD [41]. Of its three clusters, the AuxI cluster was initially
observed by crystallography as a [2Fe-2S] cluster [16], but was later confirmed by
EPR to exist as a heterogeneous mixture of a high-potential [2Fe-2S] cluster and
a low-potential [4Fe—4S] cluster (Fig. 4B) [42]. The low-potential [4Fe—4S] AuxI
cluster can only be reduced by the strong reducing agents Ti(IIl) citrate or Eu(I)-
DTPA with the reduction potential < — 800 mV vs NHE. Only the g, of AuxI (2.104)
could be observed, because these strong reducing agents are themselves paramag-
netic and in excess obscured the region overlapping with AuxI. Possible biological
reasons for observing both [4Fe—4S] and [2Fe-2S] AuxI clusters were discussed in
a subsequent publication, such as a higher abundance of [2Fe-2S] in aerobes and
facultative anaerobes [43]. Moreover, the authors show that an interesting mutant
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Fig.4 PqqgE. a Reaction and structure of SPASM domain-containing rSAM enzyme PqqE (PDB ID:
6C8V). b A detailed EPR characterizations of the iron—sulfur clusters in PqqE [42]. While the RS and
AuxII clusters were found to be high-potential [4Fe—4S] clusters, the AuxI cluster was found to be a mix-
ture of a low-potential [4Fe—4S] and a high-potential [2Fe-2S]. ¢ A subsequent publication found that
a mutation of one of the AuxI-binding cysteine residues to histidine (C268H) resulted in no [2Fe-2S]
cluster formation, which is observable by EPR at 60 K [43]. However, the low-potential [4Fe—4S] AuxI
signal was observable when using the strong reducing agent Ti(III) citrate

with a substitution at one of the cysteine residues binding the AuxI cluster for a his-
tidine (C268H) does not exhibits the [2Fe—2S]" signal observed at 60 K, while the
[4Fe—4S]* AuxI signal is present (Fig. 4C). While this mutant is incapable of cata-
lytic function of C—C bond formation, it has yet to be confirmed which iron—sulfur
cluster species is the final electron acceptor.

SuiB is another SPASM domain-containing rSAM enzyme which catalyzes the
C-C bond formation between Lys2 and Trp6 of substrate peptide SuiA via a two-
electron oxidation (Fig. 5A) in the biosynthetic pathway of the Streptide, a cyclic
peptide and novel streptococcal natural product [44, 45]. The three [4Fe—4S] clus-
ters in SuiB were observed by crystallography [14] and by EPR spectroscopy via
cluster knockout mutants [45]. Although not all of the individual g-tensors were
well resolved by X-band (9.4 GHz) spectra, Q-band (34.0 GHz) EPR spectroscopy
was able to identify the g-tensors of three [4Fe—4S] clusters [22]. During SuiB enzy-
matic turnover, in addition to a semi-stable organometallic intermediate €2, a one-
electron oxidized radical intermediate Lys—Trpe has been trapped and characterized
by EPR spectroscopy (Fig. 5B) [22]. The identity of Lys—Trpe was confirmed using
substrate SuiA isotopologues. The intermediate confirmed that SuiB catalyzes a
radical electrophilic aromatic substitution (rEAS) reaction. The reaction catalyzed
by PqqE is likely catalyzed through a rEAS reaction analogous to the reaction cata-
lyzed by SuiB. In SuiB, it was found that anaerobic cryo-annealing at 200 K results
in the disappearance of the Lys—Trpe signal and the appearance of the AuxI signal,
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Fig.5 SuiB. a Reaction and structure of SPASM domain-containing rSAM enzyme SuiB (PDB ID:
SVIT). b An EPR study of trapped paramagnetic intermediates in SuiB, most notably the Lys—Trpe
intermediate, which was confirmed using SuiA isotopologues (22). The organometallic intermediate Q
was also observed. In the same study, the unpaired electron from the Lys—Trpe intermediate can be trans-
ferred to the AuxI cluster by cryo-annealing, revealing AuxI as the electron acceptor. ¢ A detailed mecha-
nism of the catalytic cycle for SuiB with EPR-observed intermediates shown in blue

suggesting that the electron is transferred directly from the radical intermediate to
the AuxI cluster and providing the first direct evidence for the electron acceptor role
of the AuxI cluster [22]. Moreover, the AuxI cluster was found to be a low-potential
cluster only when the substrate SuiA was bound to SuiB. At the same time, upon
binding SuiA, the reduction potential of the RS cluster became more positive, sug-
gesting that the electron captured by AuxI may be either directly or indirectly trans-
ferred back to the RS cluster for subsequent reactions. These findings and paramag-
netic intermediates were summarized as a detailed catalytic mechanism for SuiB
(Fig. 5C). EPR spectra of [4Fe—4S] clusters of two orthologues of SuiB, namely
StrB [44] and AgaB [45], as well as another Lys—Trp crosslinking enzyme, WgkB
[46], have also been reported.

MftC, another SPASM domain-containing rSAM enzyme, performs an oxida-
tive decarboxylation on N-terminal Tyr30 of MftA followed by a C—C crosslinking
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reaction between the C,—Cy unsaturated Tyr30 and the penultimate Val29 residue
in a subsequent SAM-dependent turnover [47, 48]. The [4Fe—4S] clusters of MftC
have been measured by EPR spectroscopy while varying the presence of its binding
partners: SAM, MftA (substrate peptide), and MftB (peptide chaperone). [49].

EPR spectra of [4Fe—4S] clusters have also been reported on other SPASM
domain-containing rSAM enzymes that catalyze the S—-C, and S-C; thioether pep-
tide crosslinking reactions, including Tte1186 (S—-C,) [50], RumMcl1 (S-C,) [51],
AIbA (S-C,) [13], GggB (S-C,) [52], and NxxcB (S-Cy) [53]. Many SPASM
domain rSAM enzymes, including PqqE, SuiB (and its orthologues), WgkB, MftC,
Tte1186, RumMcl, AlbA, GggB, and NxxcB, are part of biosynthetic pathways to
produce ribosomally synthesized and post-translationally modified peptides (RiPPs)
[15, 54-58].

3 Outlook for Studying SPASM/twitch Domain-Containing
Radical SAM Enzymes by EPR Spectroscopy

rSAM enzymes constitute a massive and continuously growing superfamily of
enzymes capable of novel chemistries that are often not well understood upon dis-
covery. While the effort to characterize the general mechanisms of rSAM enzymes
is underway, the nuances of the great number of SPASM/twitch domain-containing
rSAM enzymes relative to single-domain (and single-[4Fe—4S]) rfSAM enzymes
must also be understood. EPR spectroscopy, among other techniques, has played a
crucial role in mechanistic characterizations in rSAM enzymes. Here, we focused on
discussing four examples SPASM/twitch domain-containing rSAM enzymes charac-
terized by EPR spectroscopy.

BtrN, PqqE and SuiB all perform two-electron oxidation reactions. The AuxI
cluster in SuiB was observed to accept an electron from the radical intermediate
Lys—Trpe [22]. By extension, the Aux cluster of BtrN and the AuxI of PqqE are
likely also electron acceptors from their respective radical intermediates. All three
of these [4Fe—4S] Aux/AuxI clusters have been observed by EPR to be low-potential
clusters. The case of MoaA is exceptional, in that the degree of unsaturation from
the substrate is preserved in the product (i.e., no net loss of electrons), and its Aux
cluster has a more positive potential compared to BtrN, PqqE and SuiB. It is possi-
ble that in this case the Aux cluster serves another function, such as: (i) performing
a catalytic role via the direct interaction with the substrate GTP, (ii) providing the
electron needed to quench the radical intermediate, or (iii) simply being conserved
as a vestigial cluster.

Understanding the components of these enzymes is important for realizing their
applications, such as new avenues for drug (bio)synthesis and protein engineering
efforts. EPR spectroscopy is unparalleled in its ability to directly observe, identify
and characterize fleeting paramagnetic intermediates, as well as the complicated
iron—sulfur clusters in rSAM enzymes. Despite a great abundance of SPASM/twitch
domain-containing rSAM enzymes, very few have been investigated by EPR spec-
troscopy. EPR studies of additional systems are needed to cement the role(s) of the
SPASM/twitch domains in catalysis. Moreover, for SPASM domain-containing
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rSAM enzymes, the role of AuxIl cluster remains unclear. Perhaps studying the
enzymatic reactions under conditions closer to the in vivo ones, such as using bio-
logical reductants [59], may reveal important mechanistic details.
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