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This Review focuses on the structure—function relation-
ship of radical S-adenosyl-L-methionine (SAM) enzymes involved in
the assembly of metallocofactors corresponding to the active sites of
[FeFe]-hydrogenase and nitrogenase [MoFe]-protein. It does not claim
to correspond to an extensive review on the assembly machineries of
these enzyme active sites, for which many good reviews are already
available, but instead deals with the contribution of structural data to
the understanding of their chemical mechanism (Buren et al. Chem.
Rev. 2020, 142 (25) 11006—11012; Britt et al. Chem. Sci. 2020, 11
(38), 10313—10323). Hence, we will present the history and current
knowledge about the radical SAM maturases HydE, HydG, and NifB as
well as what, in our opinion, should be done in the near future to
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overcome the existing barriers in our understanding of this fascinating chemistry that intertwine organic radicals and organometallic

complexes.

Nitrogenase, [FeFe]-hydrogenase, X-ray crystallography, Metalloproteins, Iron—sulfur clusters, Radicals,

Active site assembly

Trace elements and more specifically transition metals are
essential to life, notably because they confer unique properties
to proteins and expand the repertoire of chemical reactions
afforded by the use of amino acids alone. Among these metals,
V, Mn, Fe, Co, Ni, Cu, Zn, Mo, or W, are key elements of
many bioinorganic cofactors, often constituting unique and
complex active sites capable of catalyzing difficult reactions
such as hydrogen oxidation and nitrogen or carbon dioxide
reduction. Consequently, the resulting metalloenzymes are
found at key steps in many fundamental biological processes
including respiration or photosynthesis. Iron—sulfur ([FeS])
clusters are probably the most common inorganic cofactors
existing either as [Fe,S,] rhombs or [Fe,S,] cubes (Figure la
and b, respectively).”* When bound to proteins, they can act
as redox centers to wire electrons and/or perform redox
catalysis. They can also be involved in nonredox catalysis,
hence acting as Lewis acids,” play a role in structural function,
or be used as receptors to sense signals from the environment.’
Yet, metallocofactors can be even more sophisticated as
illustrated by the active sites of the carbon monoxide
dehydrogenase/acetyl coenzyme-A synthase (CODH/ACS),”
the |:FeFe]—hydrogenase,8 or the nitrogenase [Mo]?e]—proteinl
(Figures lc—f, respectively). Their structural resemblance to
some minerals led to the hypothesis for a mineral surface origin
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of life.” These metallocofactors would therefore correspond to
a vestige or legacy from the past.

Despite being constituted of simple pieces such as sulfide
ions and transition metals, it appeared very early that these
active sites are not spontaneously assembled and rather require
the well-orchestrated action of dedicated multiprotein
machineries.” For instance, the pioneer work of Dean et al.
on the cysteine desulfurase NifS'® led to the characterization of
the NIF (nitrogen fixation) regulon, responsible for the
assembly of the nitrogenase FeMo-cofactor in addition to the
ISC (iron—sulfur cluster) and SUF (sulfur assimilation) [FeS]
cluster assembly machineries and paved the way to a highly
active new field of research dedicated to [FeS] cluster
biogenesis.16

In 2001, Sofia and co-workers identified a set of [Fe,S,]
cluster containing proteins as member of a superfamily sharing
specific motifs and suggesting they would also share functional
features, despite a very low primary structure conservation,
usually below 10% identity.'” Time confirmed their
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C-cluster

H-cluster FeMo-cofactor

Figure 1. Representation of (a) [Fe,S,] cluster (PDB 1QT9"), (b) [Fe,S,] cluster (PDB 1HFE'"), (c,d) active sites of CODH/ACS, respectively
(PDB 10A0"), (e) [FeFe]-hydrogenase (PDB 6N59'%), and (f) [MoFe]-nitrogenase (PDB 1IMIN'*). Transition metals and sulfide ions are
depicted as balls and sticks, while the metal ligands are shown as sticks. Fe, Mo, Ni, N, C, O, and S are colored in dark red, cyan, green, blue, gray,
red, and yellow, respectively.
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Figure 2. Depiction of the reductive S-adenosyl-L-methionine (SAM) cleavage into 5’-deoxyadenosyl radical (S'dA-) and L-methionine (L-Met)
and the substrate hydrogen abstraction catalyzed by radical SAM enzymes.

[FeS %

Figure 3. Crystal structures of the radical SAM proteins. (a) HydE from Thermotoga maritima (PDB 3CIW?®), (b) HydG from Thermoanaerobacter
italicus (Ti) (PDB 4WCX”’), and (c) NifB from Methanothermobacter thermautotrophicus (PDB 7B17°°). The f-strands and the a-helices of the f-
barrel, common to all radical SAM proteins, are depicted in light yellow and blue, respectively; differences between the three proteins are shown in
transparent gray. The radical SAM (RS) [Fe,S,] cluster of all three proteins, the auxiliary (Aux) [Fe,S,] cluster of HydG, and the K-cluster of NifB
are represented as balls and sticks with Fe and S atoms colored in dark red and yellow, respectively.
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assumption, and in a 20 year period this family turned out to
correspond to one of the most crowded superfamilies of
enzymes using a conserved structural core domain.'®'” With
only very few exceptions, they indeed share functional
properties while covering a broad range of chemical reactions
catalyzed on various substrates ranging from small organic
molecules to large macromolecules including proteins, RNA,
and DNA. The first available crystal structures highlighted that
the conserved motifs within the family were either responsible
for [Fe,S,] cluster and S-adenosyl-L-methionine (SAM)
binding or would correspond to key structural elements
defining the radical SAM core domain fold.”*~** Conversely,
motifs specific to a given function diverge within the family.
They are located down the SAM binding site and are likely
responsible for substrate recognition. Radical SAM enzymes all
use a reduced [Fe,S,]" cluster to perform the reductive
cleavage of one of the SAM carbon-sulfonium bonds, usually
the CS5’-S bond, leading to the production of a highly reactive
§’-deoxyadenosyl radical species, which, in turn, will, in most
of the cases, abstract a hydrogen atom of the substrate and
trigger the radical-based reaction (Figure 2).

Soon after, in 2004, Posewitz, King, and co-workers
identified two new radical SAM enzymes termed HydE and
HydG as responsible for the assembly of the [FeFe]-
hydrogenase active site.”®> In 2006, Curatti, Rubio, and co-
workers succeeded in purifying the radical SAM enzyme
NifB,** allowing for the first time to in vitro activate the
nitrogenase [MoFe]-protein starting only from simple
elements and purified proteins.”> The conjunction of these
three events afforded many breakthroughs in our under-
standing of the function of these metallocofactor assembly
machineries. Today, crystal structures of the three radical SAM
proteins HydE, HydG, and NifB are available (Figure 3).*°~°
In this Review, we will discuss how structural data have
contributed to the understanding of their respective mecha-
nisms. We will also briefly discuss how structural biology will
continue to contribute to this field.

[FeFe]-Hydrogenase catalyzes the reversible reaction of
hydrogen oxidation.® The crystal structures solved at the end
of the 1990s'"*" were decisive to our current understanding of
the structure and function of the active site and have inspired
many chemists in the development of bioinspired catalysts
useful for hydrogen oxidation. This active site, also termed H-
cluster, is deeply buried in the protein matrix. It corresponds to
a unique two-iron subcluster ([2Fe]y) bridged to a regular
[Fe,S,] cluster by a conserved cysteine residue (Figure 4). The
[2Fe]y subcluster is constituted of two iron atoms, each bound
to a carbon monoxide and a cyanide ion. In addition, both iron
atoms are bridged by an azadithiolate molecule and an
additional carbon monoxide. The distal iron has an open site
corresponding to where the heterolytic hydrogen splitting
reaction occurs. The azadithiolate bridgehead nitrogen atom
serves as a base’” to polarize the H—H bond and affords
efficient proton transfer through a relay that connects the
active site to the surface of the protein. Therefore, the presence
of this [2Fe]y subcluster is necessary to produce an active
enzyme. Early work on the heterologous expression of the
[FeFe]-hydrogenase from Desulfovibrio vulgaris Hildenborough
in Escherichia coli showed that only the [Fe,S,] clusters are
inserted into the protein, leading to an inactive enzyme.>

Figure 4. Ribbon representation (light green) of the [FeFe]-
hydrogenase crystal structure (PDB 1HFE''). [Fe,S,] clusters are
represented as balls and sticks with the Fe and the S atoms colored in
dark red and yellow, respectively. A zoom-in of the H-cluster is
represented as balls and sticks for the iron and sulfide ions; the ligands
are represented as sticks with N, C, O and S atoms colored in blue,
gray, red and yellow, respectively.

King, Posewitz, and co-workers showed that, upon addition
of three genes coding for the metalloproteins HydF, HydE, and
HydG, E. coli produces an active hydrogenase.23 Mulder,
Peters, and co-workers demonstrated that these Hyd proteins
are responsible for the assembly of the [2Fe]y subcluster
(Figure 5).** The H-cluster [Fe,S,] cluster is produced by the
housekeeping iron sulfur cluster assembly machinery instead
and must be loaded first to afford the [2Fe]y subcluster
insertion and hydrogenase activation.” HydF corresponds to a
metalloprotein containing one [Fe,S,] cluster and a GTPase
domain.*® It was identified earlier as a scaffold/insertase, onto
which the [2Fe]y subcluster would be built prior to its
insertion into the [Fe,S,] cluster preloaded hydrogenase.
Using a [2Fe]y synthetic precursor Fe,(SCH,NHCH,S)-
(CO),(CN),, Fontecave and co-workers confirmed that
HydF is indeed an insertase capable of transferring a [2Fe]y
precursor into the hydrogenase.”” Crystal structures of apo and
[Fe,S,] cluster-bound HydF were solved, but no further
structural information is available to date regarding both the
[2Fe]y precursor binding site and the mechanism for its
insertion into the hydrogenase.”®™*' Furthermore, whether the
[2Fe]y subcluster is built stepwise onto HydF remains an open
question to address and the role for GTP is unknown. Yet,
because HydF is not a radical SAM enzyme, it is beyond the
scope of this Review and the authors suggest recent reviews on
this topic for interested readers.” Conversely, HydG and HydE
belong to the radical SAM superfamily.*” They are also
thoroughly discussed in another review in the current volume.
Early amino acid sequence comparisons suggested that HydG
would be related to the 2-iminoacetate synthase ThiH"
whereas HydE would be related to biotin synthase BioB,”" two
pioneer members of the radical SAM superfamily. The former
uses L-tyrosine to produce 2-iminoacetate and p-cresol.** The
latter inserts a sulfur atom between two unreactive sp® carbon
atoms in desthiobiotin."® In the latter, the sulfur atom is
provided by a [Fe,S,] cluster, which is destroyed upon reaction
and needs to be rebuilt to afford multiple turnovers. It was
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Figure S. Scheme of the [2Fe]y-subcluster biosynthesis highlighting the role of maturase HydG, HydE, and HydF. Steps before the [2Fe]y
insertion into apo-hydrogenase (HydA) are discussed in the text. Recently, Rao et al. showed that the carbon and nitrogen atoms of the
azadithiolate ligand both originate from r-serine through a pathway yet to be determined.*® However, this does not seem to involve either HydE or
HydG and therefore is not further discussed in the present review.
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Figure 6. (a) Sequence alignment of TiHydG and EcThiH primary structures. Red and white boxes indicate conserved and similar amino acids in
the two proteins. TiHydG secondary structure elements are depicted on top. (b) SAXS-generated envelope for (left) a HydG mutant lacking the C-
terminal domain, HydG*' from Thermoanaerobacter tengcongensis ( Tte), and (right) wild-type TteHydG.”' The TiHydG crystal structure®” without
(left, blue ribbon representation) and with (right, blue and green ribbon representation) the C-terminal domain and auxiliary cluster (see main
text) were placed in the envelope. [FeS] clusters are represented as van der Waals spheres.
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therefore proposed that, starting from substrates yet to be
identified, HydG and HydE would be responsible for CO/
CN~ and azadithiolate biosynthesis, respectively.

HydG shares about 25% amino acid sequence identity with
ThiH (Figure 6a).”’ Multiple sequence alignments forecast
these conservations as radical SAM protein general features
and motifs specific to substrate recognition, suggesting HydG
would also use L-tyrosine as substrate. We confirmed that
HydG can process L-tyrosine in vitro to release p-cresol.”” In
the meantime, Swartz et al. developed the first in vitro [FeFe]-
hydrogenase reconstitution assay using clarified lysates and
showed that L-tyrosine stimulates hydrogenase maturation.*” It
was subsequently shown by Driesener, Roach, and co-workers
that, starting from L-tyrosine, HydG produces p-cresol and
cyanide in a 1:1 ratio.*® Soon after, Shepard, Broderick, and co-
workers demonstrated that HydG also produces carbon
monoxide.”” Using stable isotope labeled 1-tyrosine, it was
shown that cyanide and carbon monoxide are derived from its
Ca-N and carboxyl moieties, respectively, and that all five
carbon monoxide and cyanide ligands of the [2Fe]y; subcluster
originate from L-tyrosine, further confirming HydG is a
masterpiece in the hydrogenase assembly machinery.>’

In addition to the radical SAM domain reminiscent of ThiH,
HydG exhibits a long C-terminal stretch that contains three
conserved cysteine residues and is able to accommodate an
additional auxiliary [Fe,S,] cluster.””>' Removing this C-
terminal domain leads to a ThiH-like protein producing p-
cresol and mainly 2-iminoacetate.””** Yet, a minute amount of
cyanide but no carbon monoxide is detected, supporting that
2-iminoacetate fragmentation would not require the C-
terminal domain. Small angle X-ray scattering (SAXS)
experiments using either wild-type HydG or a C-terminal
domain depleted variant indicated this domain is located at the
bottom of the radical SAM domain f-barrel (Figure 6b).>!
Homology modeling suggested superposition of layers along
the barrel: residues dedicated to [Fe,S,] cluster binding and
SAM cleavage on top; L-tyrosine binding site and place of
radical-based chemistry in the middle; and channel specific to
HydG where cyanide is produced at the bottom. L-Tyrosine
activation by the 5’-deoxyadenosyl radical species was also a
topic for discussion.

Early on, because phenoxyl oxygen-centered radicals were
prevalent in biology, it was postulated that initial hydrogen
atom abstraction would take place at that position. Therefore,
the subsequent detection and characterization of an
oxidobenzyl radical in HydG wusing rapid freeze-quench
electron paramagnetic (EPR) spectroscopy led to the proposal
for an heterolytic cleavage of the L-tyrosine Ca-Cf bond upon
activation by the primary 5'-deoxyadenosyl radical.’® Yet,
despite a lack of structural data for L-tyrosine-bound HydG, the
crystal structure of the L-tryptophan-bound radical SAM
tryptophan lyase NosL,”* which also shares about 25% amino
acid sequence identity with HydG, highlighted that, in this
protein, the atom closest to the 5'-deoxyadenosine C5’ atom is
actually the amino-nitrogen atom (Figure 7), supporting a
similar binding mode for L-tyrosine in HydG. This assumption
was further supported by the subsequent characterization of a
C2-centered radical by EPR when using 4-hydroxyphenyl
propanoic acid as alternative substrate.”

A major contribution in our understanding of the HydG
mechanism came from the crystal structure of HydG from

Figure 7. Zoom in of the active site of L-tryptophan-bound NosL
from Streptomyces actuosus.”* The overall protein crystal structure is
represented as pink ribbons, while key residue side chains are shown
with thin sticks. 5’-dA and the L-tryptophan substrate are represented
with thicker sticks. C, O, and N atoms are colored in pink, blue, and
red, respectively. The radical SAM [Fe,S,] cluster is depicted as balls
and sticks with iron and sulfur atoms colored in dark red and yellow,
respectively.

Thermoanaerobacter italicus (TiHydG) by Dinis and Roach in
2015”7 This structure and that from Carboxydothermus
hydrogenoformans solved by us*® confirmed the location of
the C-terminal domain at the bottom of the barrel and the
existence of a narrow channel that connects the L-tyrosine
radical fragmentation site and the [Fe,S,]*™ cluster. More
importantly, it revealed the unexpected presence of an
additional iron atom, termed “dangler iron”, bridged to the
[Fe,S,]*™ cluster by a sulfur atom.”” After reinvestigation of
the crystallographic data, it appeared that this dangler iron
displays an octahedral six-coordination geometry with a
conserved histidine residue, two water molecules, and a &*-L-
homocysteine as ligands (Figure 8).°° Advanced EPR spec-
troscopy analyses identified this iron as a ferrous ion.””
Inspired by this crystal structure, Suess, Britt, and co-workers
identified that L-cysteine and not homocysteine is the best
dangler iron ligand, leading to higher HydG activity, establish-
ing that the structure of the HydG auxiliary cluster is in fact an
[Fe,S,] bound to a [Kk’-L-cysteine-Fe'(His)(OH,),] spe-
cies.””>" The two water molecules/hydroxyl ions point toward
the 2-iminoacetate delivery channel and were proposed to be
the site for carbon monoxide/cyanide binding and/or
synthesis.”® This delivery channel is filled with two non-
connected water molecules networks separated by a crown of
hydrophobic residues proposed to act as a backflow valve
supporting HydG as a nano factory assembly line.’®
Identification of a conserved anion binding site in the bottom
cavity suggested this site would correspond to transient
cyanide binding site during turnover.

In a very elegant experiment, using stable isotope labeled L-
tyrosine, Rao, Britt, and co-workers demonstrated that upon a
single turnover, the dangler iron binds one carbon monoxide
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Figure 8. (a) Revisited model of TiHde56 (see main text). The
overall protein is represented as light blue ribbons while residues
delineating the channel connecting both active sites are depicted as
sticks. The active site where 2-iminoacetate is produced is indicated
by the [Fe,S,]® cluster and SAM shown as balls and sticks and sticks,
respectively. The auxiliary cluster is shown as balls and sticks for the
[Fe,S,] moiety and the dangler iron and sticks for the ligands. Fe, N,
C, O, and S are colored in dark red, blue, light blue, red and yellow,
respectively. The stars indicate the two water molecules discussed in
the main text and the chloride ion site is depicted as a green ball. (b)
Scheme of the [Fe,S,]*"™ cluster and [k’-L-cysteine-Fe"(His) (OH,,),]
species.

and one cyanide ligand leading to a [k*-L-cysteine-Fe''(His)-
(CN)(CO)] species also termed complex-A.*” A second
turnover leads to the formation of [L-cysteine-Fe''(CN)-
(CO),] named complex-B. The second cyanide ion would
induce complex-B release upon binding to the unique iron of
the auxiliary [Fe,S,] cluster.”” The HydG reaction mechanism,
based on all available experimental data, is presented in Figure
9. Using syn-B, a synthetic complex-B, it was then possible to
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produce an active hydrogenase without the need for HydG,
confirming complex-B is the final HydG product.”” With the
use of stable isotope labeled syn-B, Rao, Rauchfuss, and co-
workers showed that, in addition to carbon monoxide and
cyanide, the dangler iron and the L-cysteine sulfur atom also
end in the [2Fe]y hydrogenase subcluster.” Besides
confirming the importance of complex-B as a structured
block, its existence raises questions about its subsequent
transfer and transformation. Indeed, syn-B is not stable in
water and decays rapidly, supporting specific contacts between
HydG and its partner would occur to prevent unnecessary
degradation. In a very recent study, Shepard, Broderick, and
co-workers reported the intriguing observation that HydG
would release free carbon monoxide and cyanide and that the
dangler iron would not be essential for activity.”' Yet, as will be
discussed in the next section, HydE turned out to take
complex-B as the substrate to perform radical-based chemistry.
How 2-iminoacetate is converted into cyanide and carbon
monoxide is probably the last important gray area in our
understanding of the reaction. Indeed, this part has not
undergone experimental investigations so far. Removing the C-
terminal domain or the dangler iron completely abolishes
carbon monoxide production but not that of cyanide.
Meanwhile, in these conditions, formate was detected instead,
suggesting that 2-iminoacetate fragmentation would take place
in the delivery channel and carbon monoxide would take place
at the dangler iron site.’® Because the latter and the 4-iron
containing auxiliary cluster resemble the active site of carbon
monoxide dehydrogenase, a similar mechanism has been
proposed to split a "COOH intermediate species into CO and
a water molecule bound to the dangler iron. However, how 2-
iminoacetate is fragmented, how complex-A and complex-B are
produced, and how the latter is transferred to HydE are the
remaining questions to address. While writing this Review,
Chen, Britt, and co-workers reported an investigation of the
different steps of HydG reaction using density functional
theory calculation.”> In this work, they suggest that p-cresyl-
would abstract a hydrogen atom from 2-iminoacetate that
would be key to the fragmentation into cyanide and a -COO~

NH
" o - - H &
5-dA WH + methionine —— LT/ + OO

o p-cresyl

2-iminoacetate U—cresol

CO,CN”
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Figure 9. Scheme of the reactions catalyzed by HydG in both active sites (see also Figure 8).
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radical. Yet, such a proposed 2-iminoacetyl radical has not
been detected while the p-cresyl: EPR signal decayed over
83 . . )

time.”” Hence, further experimental evidence is needed to
validate the proposal.

Despite a less than 20% amino acid sequence identity with
biotin synthase, in 2001, HydE primary structures were
misidentified as BioB proteins in most of the databases.
Meanwhile, HydE remained without a known substrate or
function until 2020, fueling speculations about its role in
[FeFe] -hydrogenase maturation, even suggesting at some point
that it was not essential to the assembly of the [2Fe]y
subcluster.’® During all this time, HydE was always associated
somehow with sulfur chemistry. Multiple sequence alignments
pointed out the existence of two subsets of HydE, those with
and those without an auxiliary cluster in addition to the radical
SAM [Fe,S,] cluster.”® Based on these early observations and
because HydG turned out to be responsible for the carbon
monoxide and cyanide ligand synthesis, HydE was first
proposed to be involved in the production of the azadithiolate
ligand, notably in radical-based sulfur addition to sp® carbon
atoms.*

The first crystal structure of HydE from Thermotoga
maritima (TmHydE) was determined by us in 2008, and it
corresponds to a (fa)g f-barrel fold very similar to biotin
synthase.”® The active site cavity defined by the eight -strands
is rather broad, suggesting either a large or multiple substrates.
Initial cavity mapping using different ions highlighted three
anion binding sites termed S1—3 and spread along the cavity
(Figure 10). A thiocyanate molecule was observed in the S3

Figure 10. Zoom in of the TmHydE active site cavity.”® The overall
protein is represented as light yellow ribbons. In this crystal structure,
Sites S1 and S2 are occupied by a chloride ion (green ball, SI and S2)
while a thiocyanate molecule (ball-and-stick) is located at the S3 site.
Methionine residues discussed in the text are depicted as sticks. The
[Fe,S,]%-cluster and SAM are shown as balls and sticks and sticks,
respectively. Fe, N, C, O, and S are colored in dark red, blue, light
yellow, red, and yellow, respectively.

site, further supporting the hypothesis that HydE would
synthesize the S—C—N segments of the [2Fe]y-subcluster
azadithiolate ligand. Site-directed mutagenesis experiments
further supported that the S3 site is important for HydE
function. Yet, only a few residues surrounding the cavity would
be directly involved in the chemistry and would rather play a
role in substrate recognition or intermediate stability. In
addition, a crown of hydrophobic residues divides the cavity
into two pockets and is proposed to correspond to a backflow
valve to direct the reaction from top to bottom, as a
nanofactory assembly line alike HydG.

TmHydE belongs to the auxiliary [Fe,S,] cluster-containing
subset.”” The crystal structure highlighted this cluster is
solvent-exposed at the surface of the protein and is very
sensitive to degradation in vitro.”® Sequential reconstitution,
oxidation/reduction in HydE crystals unveiled an unexpected
plasticity for this cluster with associated structural rearrange-
ments limited to a specific loop that covers the active site
cavity as a 1id.°* However, early [FeFe]-hydrogenase
maturation assays indicated that it was nonessential for
activity.”® Hence, its presence in a large subset of HydE
remains unexplained.

Betz, Broderick, and co-workers reported that natural and
non-natural thiol-containing molecules can stimulate SAM
cleavage, supporting at least transient binding in the HydE
cavity.” Yet, despite our many attempts, no structure of
complexes between these molecules and the protein was
obtained. Meanwhile, we performed an extensive structure-
based molecular docking screening with various databases,
including the KEGG E. coli metabolite database, to obtain
leads for HydE substrate identification. The main challenge
came from the fact that molecular docking programs are
designed to maximize scores for high affinity ligands, which is
usually not the case for substrates. Nevertheless, among the
putative ligands, several molecules led to HydE-compound
structures allowing the identification of thiazolidine derivatives
as non-natural substrates.”® Cocrystallizing HydE with various
thiazolidine, thiazinane, and pyrrolidine derivatives unveiled a
site distinct from sites S1—3 and that seems to strongly favor
sulfur atoms. Hence, using thiazolidine ligands as the substrate,
it was possible to trigger SAM cleavage in crystals and track the
ensuing radical-based reaction, which corresponds to the attack
of the thiazolidine sulfur atom by the 5’-deoxyadenosyl radical
producing S-adenosyl-L-cysteine and pyruvate (Figure 11).° In
spite of not being HydE’s natural substrate, (2R,4R)-2-methyl-
1,3-thiazolidine-2,4-dicarboxylic acid (Figure 12a) structurally
resembles complex-B (Figure 12b). Tao, Britt, and co-workers
showed that HydE can indeed react with syn-B and produces
two successive EPR-active intermediate species.67 The former
is a S-adenosyl-L-cysteine—Fe'(CO),CN compound resulting
from the addition of the 5'-deoxyadenosyl radical to the L-
cysteine S atom of complex-B. This intermediate is most
probably produced via a mechanism reminiscent of that
previously reported when using thiazolidine as substrate. The
second intermediate results from the release of the L-cysteine
—CH,—CHNH,COO~ fragment and is proposed be a 5'-
thioadenosyl—Fe'(CO),CN species. Because previous isotope
labeling experiments showed that S, Fe, CO, and CN end in
the [2Fe]y hydrogenase subcluster, how the CS5'-S bond is
broken remains a hot question.

Stimulated by this important breakthrough, we determined
the crystal structure of complex-B-bound TmHydE.” This
high-resolution structure establishes the identity of complex-B
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Figure 11. (a) X-ray model of (top) SAM-bound and (bottom) [S'-dA+Met]-bound TmHydE with the corresponding 2Fo-Fc electron density
maps. Map contours were drawn at the 1o level.®® The [Fe,S,]® cluster is shown as balls and sticks; SAM or [5'-dA+Met] and cysteine ligands are
depicted as sticks. Fe, N, C, O, and S are colored in dark red, blue, light yellow, red, and yellow, respectively. (b) Scheme of the proposed S-
adenoséyl-L—cysteine (SAC) formation mechanism from (2R,4R)-2-methyl-1,3-thiazolidine-2,4-dicarboxylic acid ((2R,4R)-MeTDA) catalyzed by
HydE.®® The SAM C5'—Sy bond is reductively cleaved with concomitant formation of the C5'—S1 bond and disruption of the (2R,4R)-MeTDA

S1—C2 bond. A subsequent one-electron oxidation of the C2-centered radical species into an imine, followed by hydrolysis of the latter would lead

to SAC formation. The high-resolution structures and the minimal changes observed during the reaction in crystals allowed us to follow the
66

electronic structure from SAM to the formation of SAC using quantum mechanical/molecular mechanical (QM/MM) calculations.
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Figure 12. Crystal structures of (a) (2R4R)-2-methyl-1,3-thiazolidine-2,4-dicarboxylic acid bound, (b) complex-B bound, and (c) R,Syu4
Fe(CO),CNCI bound TmHydE. The overall protein is represented as light yellow ribbons. Bound ligands are represented with sticks with the
exception of the Fe atom depicted as a dark red sphere; SAM, [5'-dA+Met] or SAH and M224 and M291 residues, discussed in the main text, are
shown with thinner sticks. The [Fe,S,]* cluster is shown as balls and sticks. Fe, N, C, O, and S are colored in dark red, blue, light yellow, red, and

yellow, respectively.

as a (k’-cysteinate)Fe'(CN)(CO), center, whose stereo-
chemistry corresponds to a facial L-cysteinate tridentate, a
cyanide trans to the sulfur atom, and two carbon monoxides
trans to the amine and carboxyl groups (Figure 12b).
Complex-B binds with an induced-fit of the active site cavity
surrounding residues, leading to a close contact with the
substrate, when compared to the resting state structure. In this
orientation, the complex-B sulfur atom is facing the C5’-atom
of §’-deoxyadenosine at the same position as that of the sulfur
atom of thiazolidine ligands, further highlighting a site with a
high affinity for sulfur in front of SAM. Tracking the radical-

based reaction directly in crystals showed formation of S-
adenosyl-L-cysteine, confirming the direct attack of the
complex-B sulfur atom by the 5’-deoxyadenosyl radical. Yet,
no species corresponding to any of the intermediates
previously identified by EPR was detected. This absence was
interpreted as a combination of their fleeting character and
probable low occurrence that impaired detection in the
corresponding electron density map. Conversely, triggering
the reaction in solution right before crystallization led to a new
crystal structure that contains a new iron-containing species at
the S3 site. This species was best-modeled as a trigonal
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Figure 13. Scheme of the reaction catalyzed by HydE based on recent results (see main text). It is still unknown whether the fusion of the HS-
Fe(CO),CN species occurs within HydE or, after being transferred, in HydF.

bipyramid iron center bound to two carbon monoxide and one
cyanide ligands in addition to a thioether from the conserved
M224 residue and a chloride ion from solvent (R,Sypmu-
Fe(CO),CNCI) (Figure 12¢).%

Despite resulting from the decay of the t = 10 s EPR active
intermediate, this unique species likely mimics a HS-
Fe(CO),CN species corresponding to either HydE end-
product or an intermediate awaiting a second turnover to
dimerize into a putative Fe,S,(CO),(CN), species, before
being transferred to HydF (Figure 13). Preliminary structural
analyses indicated that the HydE active site cavity is broad
enough to house such di-iron species in a region between
M224 residue and another conserved methionine residue,
M291, which is part of the backflow valve (Figure 12b and c).
M291 displays alternative conformations and was proposed to
ease the HS-Fe(CO),CN species transfer from the upper
pocket to the S3 site thanks to thioether-Fe bond exchanges. A
careful analysis around the S3 site highlighted specific
conserved residues, including a threonine and two arginine
residues that may define another chalcogen binding site.
Mutating one of these residues significantly impairs HydE
ability to maturate hydrogenase, confirming their importance
to HydE activity, despite being far from complex-B binding
site.

The S3 site is located near the surface of the protein, and in
that region the cavity is covered by a short C-terminal stretch
that follows the (fia)g-barrel domain. Among the many crystal
structures of TmHydE available in the Protein Data Bank and
corresponding to different space groups and different crystal
packing, this stretch was observed in all but one structure,
where it is disordered, leaving the cavity wide open, thus
suggesting a leaving path for the HydE end product to be
delivered to HydF. Likewise, a putative channel that may
involve the auxiliary cluster, when present, was proposed to
afford complex-B delivery from HydG to HydE (Figure 14).
Therefore, the overall HydE architecture supports the enzyme
functions as a nanofactory assembly line, similar to the case of
HydG. The questions regarding the true HydE product, its
production mechanism involving C5’-S bond breaking, and
substrate/product delivery from/to partners remain to be

addressed.

Nitrogenase catalyzes the reduction of dinitrogen into
ammonia affording nitrogen assimilation by living organisms,
hence acting as a key player in the global nitrogen cycle."”’
Breaking the N, triple bond, one of the strongest bonds in

from Hﬁ@) )

0 ordinate%
pecies. \r 8

—< | toward HydF
\

Figure 14. (a) HydG auxiliary-cluster site close to the surface
showing a putative product exit pathway. The overall HydG protein is
represented as light blue ribbons and the cavity shown in light orange
was calculated retaining only the protein residues. Ligands of the
auxiliary cluster are represented as sticks. (b) (top) HydE complex-B
site showing its putative entrance, coming from HydG; [5'-dA+Met]
and complex-B are depicted as sticks; (bottom) new iron-containing
species found at the S3 site of HydE displaying an escape route of
HydE product toward HydF; SAH and the ligands of the new species
are shown as sticks. The overall HydE protein (top and bottom) is
represented as light yellow ribbons, and the cavity represented in light
blue was calculated retaining only the protein residues. In all figures,
the iron atoms and sulfide ions from the [FeS] clusters are shown as
dark red and yellow balls, respectively.

nature, is highly energy-demanding. Yet, nitrogenase performs
the following reaction: N, + 8 e~ + 8 H" + 16 MgATP — 2
NH; + H, + 16 MgADP + 16 Pi at ambient temperature and
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FeMo-co

Figure 15. Nif assembly machinery with corresponding crystal structures that are shown with f-strands and a-helices depicted in light yellow and
blue, respectively; [FeS] clusters are represented as balls and sticks with Fe and S atoms colored in dark red and yellow, respectively. The crystal
structures of NifS, NifB, NifEN ,and NifDK correspond to PDB swWT2,% 7B17,%° 3PDL®® and 1IMIN," respectively.

normal pressure due to the use of highly sophisticated
organometallic cofactors.”" The molybdenum nitrogenase is
the most prominent one and consists of two components: an
electron donor (NifH) and a catalytic moiety (NifDK). The
former couples ATP hydrolysis and electron transfer at the
right redox potential to effectively reduce N, into NH;. The
latter corresponds to an a,f,-tetramer, which contains two
unique metalloclusters per aff-dimer. The [Fe,S,] P-cluster is
responsible for the successive electron transfers from NifH to
the FeMo-co, the actual catalytic site cofactor, which is
constituted of a unique [MoFe,S,C-R-homocitrate] cluster
(Figure 1f).”” The FeMo-co can be best described as the
combination of [MoFe,;S;] and [Fe,S;] modules, connected
via three y?-sulfide and one y®-carbide ions. However, its exact
structure was gradually unveiled. Indeed, the first crystal
structures of the nitrogenase [MoFe]-protein afforded the
description of the active site as a [MoFe,S,-R-homocitrate]
center, missing the presence of an interstitial lighter
atom.'*”>”* Its presence and nature were first suspected and
proposed to be either a nitride N3, an oxide O*7, or a carbide
C*, initially favoring a nitride for mechanistic reasons. Yet,
many different spectroscopic studies early on excluded this
atom as a nitrogen species.”**" With the atomic resolution
structure of [MoFe]-protein combined to electron spin echo
envelope modulation spectroscopy, in a very elegant analysis,
Spatzal, Einsle, and co-workers succeeded in characterizing this
interstitial atom as a carbide ion, hence establishing the exact
structure of FeMo-co as a [MoFe,S,C-R-homocitrate] organo-
metallic center.”” Soon after Wiig, Ribbe, and co-workers
demonstrated that this carbide ion originates from a SAM
molecule methyl group provided by the radical SAM enzyme
NifB."*'

Synthesis and insertion of FeMo-co in nitrogenase requires a
set of accessory proteins usually gathered in what is known as
the Nif (Nitrogen-Fixing) regulon. An excellent review
extensively describes both nitrogenase mechanism and
FeMo-co biosynthesis,' and in this Review we will mainly
focus on the key radical SAM protein NifB. However, we will
briefly describe the overall function of the Nif assembly
machinery.

First, a cysteine desulfurase NifS abstracts a sulfur atom from
L-cysteine and transfers it to a scaffold protein NifU, where an
[Fe,S,] cluster is built stepwise using ferrous ions from a still
unknown source and electrons provided by a ferredoxin.
[Fe,S,] cluster are subsequently combined to form [Fe,S,]
centers prior to be transferred to the radical SAM enzyme
NifB. The latter then catalyzes the unique fusion of two
[Fe,S,] clusters combined to the production and insertion of a
carbide ion C*". The subsequent insertion of a ninth sulfide

ion leads to an [FegSyC] center also termed NifB-co that
constitutes the core of the FeMo-co. NifB-co is then
transferred to the scaffold protein NifEN, where molybdenum
and R-homocitrate are added to produce the final FeMo-co to
be integrated into the apo-nitrogenase [MoFe]-protein (Figure
15). Therefore, NifB appears as a key component of the
machinery as it catalyzes a unique and highly complex radical-
based reaction to convert regular [Fe,S,] clusters into the
NifB-co [FegSyC] center. Yet, the protein is rather small, with
less than 300 amino acids, raising substantial mechanistic
questions.

Five years after the identification of the radical SAM protein
superfamily by Sofia, Curatti, Rubio, and co-workers succeeded
in purifying NifB from Azotobacter vinelandii, paving the way to
subsequent biochemical characterizations and to the develop-
ment of nitrogenase in vitro reconstitution assays.24’25 In
addition to the radical SAM [Fe,S,] cluster ([Fe,S,]*) bound
to the conserved CX;CX,C motif, NifB can accommodate two
additional [Fe,S,] clusters, termed K1 and K2, that were
initially proposed to be modules of a larger K-cluster.*"**
However, these clusters cannot be considered as cofactors as it
is usually the case because they correspond to substrates,
explaining their high instability. As mentioned above, radio-
active isotope labeling experiments performed by Wiig, Ribbe,
and co-workers demonstrated NifB provides the FeMo-co
interstitial carbide ion.*" The protein uses at least two SAM
molecules per turnover. The first one provides its methyl
group. Site-directed mutagenesis experiments to sequentially
cancel either K1 or K2 combined to EPR experiments
supported a methyl transfer to one of the sulfide ions of the
K2-cluster via an Sy2 nucleophilic substitution mechanism,
releasing S-adenosyl-L-homocysteine.””*° The second SAM
molecule is reductively cleaved into a 5’-deoxyadenosyl radical
species to abstract one hydrogen-atom from the above-
mentioned methyl group and trigger carbide synthesis. The
two remaining hydrogen atoms were proposed to be
subsequently abstracted through deprotonation, but no
experimental evidence has been provided to support this
mechanism to date.”’ Site-directed mutagenesis experiments
combined with advanced EPR spectroscopy analyses afforded
identification of three conserved cysteine residues and one
histidine as ligands of the Kl-cluster.”**>*” Two conserved
residues and a semiconserved cysteine residue, in addition to a
putative fourth ligand, yet to be identified, were also proposed
to bind to the K2-cluster. Strikingly, in vitro assays showed that
NifB must be fully reduced by low-potential electrons before
SAM binding and methyl transfer occur.*
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[Fe,S %

Figure 16. Crystal structures of the available NifB structures containing (a) the RS- and K1-clusters (PDB 6Y1X"?) and (b) the RS- and proposed
K-clusters (PDB 7BI7°°). In (a) and (b), the overall protein is shown as peach ribbons, except for the plug loop (see main text), and N-terminal
and C-terminal domains are colored in red, blue, and green, respectively. A zoom in of the K1- and K-clusters is shown with the corresponding
residues that are ligands. The [FeS] clusters are shown as balls and sticks, and their ligands as sticks. Fe, N, C, O, and S are colored in dark red,

blue, peach, red, and yellow, respectively.

Multiple sequence alignments highlighted that most of the
NifB sequences contain an additional NifX-like domain at the
N-terminus. This extra domain is presumably responsible for
NifB-co storage, before being transferred to NifEN via the
facultative carrier protein NifX. Yet, shorter NifB sequences
lacking this NifX-like domain were also identified in some
methanogens.”® These simpler NifB proteins also display
significant activity to activate nitrogenase. This discovery
turned out to be crucial to obtain pure protein suitable for X-
ray crystallography analyses. Inspired by contributions of the
different structural genomic consortiums, we screened for
numbers of shorter NifB from different thermophilic organisms
and determined the crystal structure of NifB from the archaeon
Methanotrix thermoacetophila PT (MtNifB) loaded with the
[Fe,S,]® and Kl-clusters (Figure 16a).”” The absence of the
K2-cluster, the most labile one, induced significant flexibility at
the C-terminal stretch, which is invisible in the corresponding
electron density map. Yet, this first crystal structure provided
significant insights into the mechanism of the enzyme. At odds
with what was initially proposed from site-directed muta-
genesis, K1 is bound to only two cysteine, one histidine and
one glutamate residues. The H42 and C128 residues (M¢NifB
notation) belong to f-strands that constitute the radical SAM
structural core domain and thus strongly anchor K1 into the
protein. Conversely, cysteine C29 belongs to a short N-
terminal stretch that caps the radical SAM partial B-barrel
groove at its N-terminal tip. The E6S residue belongs to a long
loop inserted into the radical SAM domain and specific to NifB
that goes in the active site cavity (in red in Figure 16a).
Unexpectedly, another conserved cysteine residue, C62, that

belongs to the same loop binds the [Fe,S,]* cluster where
SAM should bind, hence impairing any binding.

Site-directed mutagenesis experiments showed that these
two residues actually prevent futile SAM cleavage cycles.”” The
corresponding loop was hence proposed to act as a plug to
avoid unwanted SAM binding and cleavage before K1 and K2
were correctly loaded. We therefore proposed that this crystal
structure corresponds to an early stage of the reaction awaiting
K2-cluster loading to proceed further. Soon after, Kang, Hu,
and co-workers reported two crystal structures of NifB from
Methanobacterium thermoautotrophicum (MthNifB) either
depleted (apo-) or presumably with the full complement of
[FeS] clusters (holo-).*” In the apo-MthNifB crystal structure,
all the regions expected to interact with [Fe,S,]*, K1, or K2,
including the CX;CX,C motif and the N- and C-terminal
stretches, were disordered and therefore absent in the
corresponding electron density. Such disorder may reflect the
structural dynamics necessary to assist [Fe,S,]-cluster fusion
and the associated ligand coordination exchanges upon NifB-
co synthesis. Unfortunately, the original holo-MthNifB
structure turned out to be poorly refined and exhibited highly
improbable cluster geometry and coordination. After a
thorough reinvestigation, our newly refined MthNifB crystal
structure unveiled the presence of a unique [FegSg] cluster
presumably corresponding to the true K-cluster (Figure
16b).” Its geometry and coordination sphere are reminiscent
to that of the P-cluster of the nitrogenase [MoFe]-protein in its
reduced PN state.”” This K-cluster can be best described as the
combination of two [Fe,S;] modules, connected via one p*
sulfide, one S-sulfide, and one bridging cysteine residue. The
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Figure 17. Proposed mechanism for the reaction catalyzed by NifB based on experimental data available to date (see main text). Note that this

mechanism is not charge balanced, pending further spectroscopic evidence

latter corresponds to C18 (MthNifB numbering) from the
flexible N-terminal stretch. In addition, each [Fe,S;] module is
connected to two side chain residues: C115 and H31 (K1-
cluster) or C260 and C263 (K2-cluster) (MthNifB notation).
In this structure, the plug loop is pulled out, opening the cavity
for SAM access (Figure 16b). The C-terminal stretch, which
contains residues C260 and C263, is now visible and covers
the K-cluster from the solvent. The y’-sulfide ion is pointing
toward the SAM binding site at a distance suitable for methyl
transfer. Hence, the K-cluster structure agrees with the
previous observation that NifB must be fully reduced
beforehand to afford methyl transfer and places cluster fusion
before methyl transfer.*>*® In addition, this new crystal
structure provided key insights into the NifB mechanism,
notably about the role of the protein matrix in the tight control
of the reaction, leading to the following sequence of events
(Figure 17). As mentioned above, the K1-cluster is bound to
two residues (H31 and C115) that belong to f-strands of the
radical SAM core domain, tightly anchoring K1 into the

to identify the oxidation states of the clusters.

protein matrix and supporting it to be loaded first.””*° Upon
binding, both the N-terminal stretch that contains residue C18
and the plug loop would fold around K1, strengthening its
interaction with the protein. This resting state would
correspond to the MiNifB crystal structure. At this stage,
SAM binding and cleavage would be put on hold due to the
presence of the plug loop inside the active site cavity. The K2-
cluster would be subsequently loaded with concomitant folding
of the C-terminal stretch that contains residues C260 and
C263, acting like a strap and closing the active site cavity.
Upon reduction, cluster fusion would then occur, pushing away
the plug loop. Such release would allow SAM binding and
methyl transfer to the K-cluster y*-sulfide ion. Ligand exchange
at the [Fe,S,]™ cluster would lead to SAH release and binding
of a second SAM molecule. Subsequent SAM cleavage would
produce the 5'-deoxyadenosyl radical leading to abstraction of
one methyl hydrogen atom, facilitating subsequent deproto-
nations. The carbide ions would subsequently exchange with
the uS-sulfide ion, that would become y*-bound, leading to the
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previously characterized [FegSgC] L*-cluster. Upon such
conversion, additional ligand exchanges are necessary. The
K-cluster structure observed in MthNifB supports that, upon
K- to L*-cluster conversion, residues H31 and C263 would be
driven out by the new y’-sulfide ion. In the L*-cluster, the
third y*-belt position would be filled with residue C18 from
the N-terminal stretch, located at the tip of the active site
groove. The apo-MthNifB structure demonstrated that this
domain is indeed flexible and may therefore be displaced by a
protein partner to afford ligand exchange and provide the
missing ninth sulfide ion.”” Whereas sulfite has been proposed
to provide such a sulfide in vitro,”" a more typical sulfur
transferase protein would play this role in vivo. Indeed, in
Azotobacter vinelandii, a rhodanese-like gene possibly encoding
a sulfur transferase is found in the same transcriptional unit as
nif B.”> Such an enzyme would therefore provide a sulfide ion
as a persulfide in a mechanism reminiscent to that of the
[Fe,S,]-cluster assembly in NifU or IscU and achieve NifB-co
synthesis.””*

This whole mechanism remains highly speculative and needs
further experimental data. Notably, a crystal structure of the K-
cluster at a higher resolution combined with a spectroscopic
characterization is urgently needed to confirm its unique
structure and binding mode. Indeed, previous EPR analyses of
dithionite-reduced NifB reported a three-[Fe,S,]" state of the
enzyme.*** The time-scale difference between these EPR and
X-ray crystallography experiments (seconds versus days) might
allow for complete reduction and cluster fusion to occur before
crystallization. In light of this K-cluster structure, new
advanced spectroscopic NifB characterizations are therefore
required. However, the available structural data already provide
key insights into the succession of events and better explain
how the protein matrix would handle tremendous ligand
exchanges triggered by this complex cluster fusion while
minimizing conformational changes.

Despite being structurally and functionally different, [FeFe]-
hydrogenase and nitrogenase share several features: (i) they
both use sophisticated organometallic species as active sites
(H-cluster and FeMo-co, respectively); (ii) these organo-
metallic complexes are built stepwise by multiprotein
machineries that act as highly elaborate assembly lines; (iii)
the final product synthesized in a scaffold protein is
subsequently transferred as a single piece to the apoprotein;
and (iv) these assembly machineries require the specific action
of dedicated radical SAM enzymes to catalyze essential steps in
the process. In this Review, we presented the current
knowledge about the role of these enzymes and highlighted
the contribution of structural biology to this understanding.
Yet, much remains to be done to fully address their
mechanism.

For instance, regarding HydG, a crystal structure of a L-
tyrosine-bound protein would confirm the postulated
orientation of the substrate when inside the active site cavity.
Likewise, crystal structures of the protein with the correct
[Fe,S,] cluster, including either the [«*-L-cysteine-Fe"(His)-
(OH,),] species or complex-A, are important milestones in our
quest to decipher its mechanism. However, 2-iminoacetate
transfer and fragmentation, in addition to carbon monoxide
synthesis, remain the darkest points and are likely the most
difficult steps to address experimentally. Indeed, they
correspond neither to initial nor to final steps in the time

course of the reaction. Furthermore, they involve fleeting
intermediates and most probably require dynamics of the
protein matrix to lead the reaction to completion. Therefore,
we envision that addressing such mechanistic questions would
require a combination of advanced spectroscopic techniques,
advances in crystallographic approaches, and thorough
theoretical calculations. Indeed, considering the recent
development of time-resolved serial crystallography, imple-
menting such a technique to anaerobic systems will certainly
allow us to go one step further in the structural investigation of
radical SAM enzymes. For instance, in HydE, one key question
that remains to be understood is how the CS'—S bond is
broken to release the “SFe(CO),CN” piece that would
constitute the [2Fe]y subcluster. Initial in-crystal kinetic
experiments using syn-B highlighted that the reaction is faster
than that in solution and the intermediate quickly decays.
Therefore, serial crystallography may be more suitable to
follow what happens in the active site cavity. Another
important question regarding HydE would be to establish
the exact nature of its final product, corresponding to either a
monoiron or a di-iron species.

Regarding NifB, in addition to a high-resolution crystal
structure of the K-cluster bound protein, a [K1 + K2]-bound
structure would also provide important insights into the cluster
fusion reaction. It also seems important to determine a SAM-
bound structure to address methyl transfer and hydrogen-atom
abstraction reactions. L*-Cluster and NifB-co bound NifB
structures are also important milestones. Again, serial
crystallography would significantly contribute to understanding
this fascinating reaction, notably regarding the complex carbide
ion insertion. Yet, because significant structural changes are
envisioned, several steps of the reaction may not be directly
experimentally accessible. Therefore, quantum mechanical
(QM)”® and hybrid quantum mechanical/molecular mechan-
ical method (QM/MM) approaches%’97 may help in filling the
gap between the different structures. Yet, considering NifB, but
this is also true for HydE and HydG, using computational
methods is challenging because the substrate, intermediates,
and product involve modeling complex transition metal-
containing systems and radical chemistry.”® In addition,
modeling the dynamics of the protein matrix in the process,
including larger motions such as intermediate transfer between
the different cavities observed in both HydE and HydG,
remains an important challenge in the field.” Including such
dynamics can be, in part, addressed by experimental
approaches like time-resolved serial crystallography. Likewise,
substrate/product transfers between partners, for instance,
between HydG and HydE, HydE and HydF, NifU and NifB, or
NifB and NifEN, are also an important challenge where
structural biology can significantly contribute, using both
standard X-ray crystallography and cryo-electron microscopy,
provided suitable setups are available to prepare samples under
anaerobic conditions.

We therefore consider that, as structural biology has
significantly contributed to our current knowledge of radical
SAM enzyme function, it will continue to provide key
information to decipher their mechanisms. The rise of
advanced techniques such as cryo-electron microscopy or
serial crystallography and their implementation to proteins
sensitive to oxygen will certainly lead to new breakthroughs
serving to elucidate the mechanism of these fascinating
enzymes and push the boundaries of our knowledge about
how radical SAM enzymes tightly control the radical-based
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reaction. Ongoing development of theoretical tools! 0102

including machine learning'®'** will also significantly
contribute to the field. Yet, these approaches will always
need top-quality biochemistry to prepare pure and homoge-
neous protein complexes and expert chemists to synthesize
organometallic synthons. The latter have proven to be essential
in unscrambling the role of each protein, notably in tracking
specific atoms that constitute the [FeFe]-hydrogenase [2Fe]y
subcluster.
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