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[FeFe] hydrogenases carry out the redox interconversion of protons and molecular hydrogen 2H* + 2e™ =
H,) at a complex Fe-S active site known as the H-cluster. The H-cluster consists of a [4Fe—4S] subcluster,
denoted here as [4Fely, linked via a cysteine sulfur to an interesting organometallic [2Fe]y subcluster
thought to be the subsite where the catalysis occurs. This [2Fe]y subcluster consists of two Fe atoms,
linked with a bridging CO and a bridging SCH,NHCH,S azadithiolate (adt), with additional terminal CO
and CN ligands bound to each Fe. Synthesizing such a complex organometallic unit is a fascinating
problem in biochemistry, complicated by the toxic nature of both the CO and CN™ species and the
relative fragility of the azadithiolate bridge. It has been known for a number of years that this complex
biosynthesis is carried out by a set of three essential Fe—-S proteins, HydE, HydF, and HydG. HydF is
a GTPase, while HydE and HydG are both members of the large family of radical S-adenosylmethionine
(rSAM) enzymes. In this perspective we describe the history of research and discovery concerning these
three Fe—S "maturase” proteins and describe recent evidence for a sequential biosynthetic pathway
beginning with the synthesis of a mononuclear organometallic [Fe(i)(CO),CN(cysteine)] complex by the
rSAM enzyme HydG and its subsequent activation by the second rSAM enzyme HydE to form a highly
reactive Fe(1)(CO),(CN)S species. In our model a pair of these Fe()(CO),(CN)S units condense to form the
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CH,;NHCHj; portion of the azadithiolate bridge, whose atoms are all sourced from the amino acid serine.
This final step likely occurs with an interplay of HydE and HydF, the details of which yet remain to be
elucidated.

1 Introduction to [FeFe] hydrogenase

Hydrogenase enzymes catalyze the redox interconversion of
protons and electrons with molecular hydrogen, with both [FeFe]
and [NiFe] variants playing important metabolic roles in their
host organisms.'™ These hydrogenase enzymes also provide
important paradigms for electrocatalytic formation of H, for
renewable energy applications: for example the [FeFe] hydroge-
nase can generate thousands of H, molecules per second.>®
Direct solar generation of H, from water has long been a goal in
the “solar fuels” arena of renewable energy production. In
a semiartificial approach, photosystem II and a hydrogenase
enzyme can be integrated into the anode and cathode of an
photoelectrochemical cell under an applied bias to generate H,
from water.” Recently both the [NiFe] and [FeFe] hydrogenases
have been fused with photosystem I for solar H, production, with
protons and electrons provided by photosystem II water split-
ting.®® This perspective focuses on the biosynthesis of the [FeFe]
hydrogenase, whose catalytic core is the “H-cluster” which
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consists of a standard [4Fe-4S] subcluster, denoted as [4Fe]y,
linked to a unique binuclear [2Fe]y; subcluster via a bridging
cysteine residue (Fig. 1). The [2Fe]y unit, thought to be the site
where the H" and H, substrates bind and react,'®* harbors the
organometallic elements of the H-cluster, with the two irons
exhibiting CO and CN terminal ligands, and with two bridges
linking these two irons in the form of a third CO along with
a unique SCH,NHCH,S azadithiolate (adt) species.

Cys
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Fig.1 The [FeFe] hydrogenase and its active site. (A) X-ray structure of
Clostridium pasteurianum Cpl (PDB ID: 4XDC) highlighting the H-
cluster and accessory Fe-S clusters serving as electron transfer wires.
(B) Structure of the catalytic H-cluster, with the subclusters [4Fe],; and
[2Fely that are assembled by different pathways in cells.
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Unlike the [4MnCa] oxygen evolving complex of photosystem
11, which self-assembles under illumination in a process termed
photoactivation," the complex catalytic Fe-S clusters of
enzymes such as these hydrogenases and the nitrogenases must
be synthesized enzymatically.”"” Specific challenges for the
biosynthesis of the H-cluster of the [FeFe] hydrogenase include
the toxic nature of the CO and CN™ molecules that end up as Fe
ligands and the chemical instability of the adt moiety."”® Key
roles in H-cluster biosynthesis are played by a set of Fe-S
“maturase” enzymes denoted HydE, HydF, and HydG, which
have been under active scrutiny since the mid-2000s. This
perspective focuses on the progress in our understanding of the
function and reaction mechanisms of HydE, HydF, and HydG,
including a description of the current state of knowledge and
identification of open questions that still need to be answered.
We have proposed a sequential model for the action of these
three enzymes in the biosynthesis of the [FeFe] hydrogenase H-
cluster, in reaction order HydG, HydE, and HydF (Fig. 2). The
experimental details leading to this model are described in the
following sections.

2 Early studies of the HydE, HydF, and
HydG maturases

A breakthrough in our understanding of H-cluster synthesis was
the Chlamydomonas reinhardtii genetics/molecular biology
study by Posewitz et al.*® that identified genes coding for HydG
and HydEF (the latter with two domains analogous to the
separate HydE and HydF proteins of other organisms) as
accessory genes required for formation of the H-cluster. Co-
expression of these genes along with the hydrogenase HydA1
gene provided for the important new ability to produce active
HydA1 hydrogenase in E. coli. Moreover it was recognized that
the HydF protein contains a GTPase domain, and crucially, that
HydE and HydG are members of the radical S-adenosylme-
thionine (rSAM) superfamily of enzymes***> which use a [4Fe-
48] cluster with a SAM binding site to generate the 5'-deoxy-
adenosyl radical (5'dAdo’), a potent H-atom abstractor that can
initiate a wide array of difficult chemical transformations.
McGlynn et al.** then demonstrated in vitro activation of [FeFe]
hydrogenase, where inactive HydA (C. saccharobutylicum)
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Fig. 2 A sequential model for the roles of the HydG, HydE, and HydF
maturases in the biosynthesis of the [FeFe] hydrogenase H-cluster.
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expressed in E. coli was rapidly converted to active enzyme by
the addition of extracts of E. coli with HydE, HydF, and HydG
expressed in concert. This led to a model where the [4Fe-4S]
component of the H-cluster is formed prior to activation, given
that E. coli can natively synthesize and insert such clusters, e.g.,
via the isc operon, and that the three maturases assemble
another H-cluster precursor, proposed to be the intact [2Fe]y
subcluster, which when transferred to HydA provides full
hydrogenase activation. To strongly reinforce this point, an X-
ray structure of the HydA enzyme expressed in E. coli without
coexpression of HydE, HydF, and HydF, shows only the [4Fe-4S]
cluster, with an open pocket in the location of the [2Fe]y cluster
in the holoenzyme.>*

These important studies set the stage for a number of pio-
neering investigations providing initial characterization of the
roles played by each of these three maturase proteins, HydG,
HydE, and HydF. Radical SAM enzymes such as HydE and HydG
all contain a site differentiated [4Fe-4S] cluster, where one iron
has an open coordination position to which SAM binds,
whereas the other three irons are coordinated to the protein via
cysteine ligands, canonically provided in a Cys-X;-Cys-X,-Cys
sequence. The 5'dAdo’ radical is generated by 1-electron
reduction of the [4Fe-4S] cluster which leads to a homolytic
cleavage between the S-atom of methionine and the C5' of
adenosine. In the most characterized subgroup of rSAM
enzymes, including HydG, the resulting 5'dAdo’ immediately
abstracts an H-atom from a substrate molecule to generate the
primary substrate radical and dAdoH. This requires the
substrate to be bound in the active site precisely relative to the
transient 5'dAdo" radical in order to achieve regio- and stereo-
fidelity for this potent reaction. Along these lines, Pilet et al.>®
noted the high sequence homology between HydG and ThiH,*®
a rSAM enzyme that lyses r-tyrosine to generate dehydroglycine
(DHG) and p-cresol. In the ThiH reaction the DHG is vectored
into thiazole biosynthesis. Pilet et al. indeed confirmed that
HydG SAM cleavage is stimulated by tyrosine and identified p-
cresol as a product in analogy to ThiH. They went on to suggest
this rSAM reactivity is used in synthesizing the azadithiolate
bridge of the H-cluster. However Driesener et al.”” soon followed
with a demonstration that HydG instead produces cyanide from
tyrosine. Shortly after, Shepard et al*® showed that HydG
produces CO as well (as measured by CO binding to external
deoxyhemoglobin), and it was therefore clear the HydG is
responsible for forming both the CO and CN ligands of the
[2Fe]y subcluster via a rSAM-based radical interaction with its
tyrosine substrate. The HydF GTPase was also subjected to
detailed investigation. HydF isolated from E. coli without
subsequent iron and sulfide reconstitution showed EPR
evidence for substoichiometric binding of [4Fe-4S] and [2Fe-2S]
clusters.” However HydF isolated from E. coli with HydE and
HydG coexpressed showed little of the [2Fe-2S]" EPR signal and
displayed vibrational bands in the FTIR spectrum assigned to
CO and CN ligation to Fe. This led to the proposal that the CO
and CN formed by HydG bind to the [2Fe-2S] unit of HydF.* But
what about the role of the other rSAM enzyme HydE? With the
role of HydG now assigned to CO and CN production, it was left
to HydE to be the enzyme responsible for adt bridge synthesis in

This journal is © The Royal Society of Chemistry 2020
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this early model.**** But there was no direct evidence for this,
and a fuller characterization of the mechanism of HydE was
delayed because there was no defined substrate for this rSAM
enzyme, unlike HydG where there was a simple substrate,
tyrosine, identified by HydG's high homology with a known
rSAM tyrosine lyase. In summary, a reasonable skeletal model
based on the data of the time was that the [2Fe]y subcluster is
built upon an existing [2Fe-2S] cluster on HydF, with the CN
and CO provided by HydG and the adt bridge provided by HydE,
with the HydF assembled cluster then transferred to HydA with
its extant [4Fe-4S] cluster to complete the assembly of the active
H_Cluster.16,28,29,31,33

3 Alternative biosynthesis approaches

Berggren et al.* provided a fresh breakthrough in the synthesis of
the H-cluster, showing that a synthetic precursor of the [2Fe]y
complex, [Fe,(adt)(CN),(CO)4]> ", can be integrated with the [4Fe-
48] cluster form of HydA1 to form a highly active H-cluster. Active
hydrogenase only resulted with an azadithiolate bridge in the
synthetic di-iron cluster, not with complexes substituting its
bridgehead NH by O or CH,, clearly demonstrating that the light
atom at the center of this dithiolate bridge is nitrogen. This study
included the HydF maturase (but not HydE or HydG) in the
reaction mix, but it was quickly shown that the semisynthesis can
be carried out without even HydF,* thus clearly reinforcing the
picture that the three maturases are required for building the
natural [2Fe]y subcluster since they can all be deleted if the
appropriate synthetic analog is instead provided. Importantly,
this approach also allows for the incorporation of isotopically
labeled and chemically modified forms of the [2Fe]y subcluster.

The James Swartz laboratory at Stanford had been working
on cell free synthetic approaches to [FeFe] hydrogenase
production, and Kuchenreuther et al.*® carried out the in vitro
maturation of [FeFe] hydrogenase using individually expressed
and purified HydE, HydF, and HydG. This allowed them to vary
the concentration of each maturase and to measure how each
affects the kinetics of hydrogenase activation. This study
introduced an alternative mechanistic proposal wherein HydG's
role is to generate an Fe complex with bound CO and CN
ligands, rather than free CO and CN. An advantage of this cell
free synthesis approach is that isotope labels and chemical
analogs can be added efficiently as substrates and cofactors in
the in vitro reactions, allowing isotope and element sensitive
spectroscopies such as pulse EPR and EXAFS to track their
incorporation into an isotope or element edited H-cluster.'”*"-*!

4 Characterization of reaction
intermediates

In this earlier phase of studying HydE, HydF, and HydG, the
work described above characterized the maturases themselves,
the products of their reactions, and modeled the interplay of the
three together in building the H-cluster. More recently there
have been advancements not only in further characterizing the
resting states of these enzyme and their ultimate products, but

This journal is © The Royal Society of Chemistry 2020
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also in trapping and characterizing reaction intermediates.
These studies have been enabled by combining of the use of
specific isotope or chemical labels incorporated in substrates
and cofactors with isotope or element sensitive spectroscopic
techniques. The ability to selectively incorporate isotopes or
alternate atoms into the H-cluster, either through the chemical
semisynthesis method or the in vitro maturation method, have
reinforced interpretations of spectroscopic results obtained on
kinetically resolved intermediates in the reactions with one or
more maturases. In addition, the characterization of early
maturase products provides a guide for new semi-synthesis
methods enabling detailed investigations of specific enzyme
mechanisms and the precise sequence in which the enzymes act
in generating the H-cluster. We begin this section with a focus
on the radical SAM enzyme HydG, both because it is now the
best characterized maturase, and because that understanding
reveals that the biosynthesis of the [2Fe]y cluster is initiated by
this very interesting bifunctional Fe-S enzyme.

4.1 HydG and the radical mechanism of tyrosine lysis

Kuchenreuther et al.* targeted the chemistry of HydG driven by 5'-
deoxyadenosyl radical generation using EPR spectroscopy of HydG
reacting with isotopically labeled tyrosine, with samples frozen
rapidly after reaction initiation in order to quench and trap reac-
tion intermediates at different timepoints. The use of specific
magnetic nuclear labelled substrates was crucial to definitively
assign any detected radical in such experiments and to analyze its
electronic structure through site-specific hyperfine (electron -
nuclear spin magnetic coupling) interactions. In this case the EPR
spectrum of the trapped radical was assigned to a 4-oxidobenzyl
(or hydroxybenzyl) radical (Fig. 3A) produced following C,-Cg
bond lysis of some initial tyrosine radical produced by the
5'dAdo’-driven H-atom abstraction. A quantum chemistry study®®
of the homologous ThiH tyrosine lysis reaction had proposed that
the initial 5’dAdo" abstracts the phenolic H of tyrosine to form
a neutral tyrosine radical such as observed in photosystem II and
ribonucleotide reductase,**** which would then be cleaved at the
C,~Cg bond via a homolytic cleavage, forming a transient glycyl
radical. Instead the experimental EPR data pointed to a heterolytic
cleavage resulting in the 4-oxidobenzyl radical plus dehy-
droglycine (DHG), with DHG being the ultimate source of the CO
and CN ligands in the [2Fe] subcluster. Other recent data have
led to a reevaluation of the specific H-atom abstraction that leads
to this tyrosine cleavage. The X-ray structure of a related rSAM
tryptophan lyase NosL included a tryptophan oriented to favor
5'dAdo’ H-atom abstraction from this amino acid's amino group,
and the authors suggested that a similar amino H-atom abstrac-
tion drives the tyrosine fragmentation in ThiH and HydG.** Sayler
et al.*® studied the HydG reaction with a non-native substrate, 4-
hydroxy phenyl propanoic acid (HPPA) (Fig. 3B), where a simple
C(2)H, replaces the C,H-NH, of tyrosine. A strong new HPPA-
derived radical EPR signal was observed, with majority spin
density on the C2 carbon: when the HPPA C2 carbon was specif-
ically **C-labeled, a strong '*C-hyperfine splitting was observed.
Moreover, mass spectrometry of dAdoH with the HPPA reactions
run in buffer with natural abundance water versus *H-enriched

Chem. Sci., 2020, 11, 10313-10323 | 10315
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Fig. 3 The rSAM chemistry performed by HydG. (A) Reaction mech-
anism of tyrosine cleavage into the diatomic CO and CN-ligands. (B)
Alternative substrates tested with HydG, 4-hydroxy phenyl propanoic
acid and cis-p-coumaric acid, and the corresponding radicals trapped
in their reactions.

water showed that the abstracted H-atom is not exchangeable with
HPPA as a substrate, eliminating the H of the HPPA phenol OH
group as the abstracted hydrogen. Thus it is clear it is the amino
group of the tyrosine that is the target of the H-atom abstraction by
5'dAdo’, generating a transient, and yet to be observed, nitrogen
centered tyrosine radical that rapidly fragments to form the DHG
and 4-oxidobenzyl radical products of the rSAM component of
HydG. Interestingly, when the more oxidized cis-p-coumaric acid
was employed in place of HPPA, Sayler et al.*® were able to trap the
primary 5'dAdo’ which is accumulated because it cannot abstract
the hydrogen atom from the sp’-carbon.

We next turn to the other “auxiliary” Fe-S center of the
enzyme and the evolution of our understanding of its structure
and its role in the assembly of the [2Fe]y subcluster.

4.2 HydG and the formation of an organometallic
[Fe(u)(CO),CN(cysteine)] “synthon” precursor to the binuclear
subcluster

In addition to the rSAM [4Fe-4S] cluster, HydG harbors an
additional auxiliary Fe-S cluster (Fig. 4) that carries out
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a second key reaction, using the CO and CN ligands formed by
two sequential tyrosine lysis reactions to form a organometallic
Fe(un) species with cyanide, carbon monoxide, and cysteine
ligands.

The existence of this HydG auxiliary Fe-S cluster was first
predicted by sequence analysis, with a CysX,CysX,,Cys
sequence near the C-terminus in addition to a parallel sequence
near the N-terminus that binds the [4Fe-4S]-SAM cluster. The
first HydG EPR study*” did not find clear evidence of the second
cluster. Driesener et al.*® characterized C. acetobutylicum HydG,
including knockout mutants alternatively eliminating the rSAM
Fe-S cluster or the auxiliary Fe-S cluster, as expressed in E. coli
and purified via a chelating sepharose column charged with
NiSO, and eluted via an imidazole gradient (to 250 mM). Fe-S
centers were then reconstituted with FeCl; and Na,S. EPR
spectroscopy clearly demonstrated that both Fe-S clusters, as
reduced by deazariboflavin photoreduction, were of the [4Fe4S]"
type. It was also observed that the mutant in which the auxiliary
cluster is deleted was able to carry out SAM driven tyrosine
cleavage to p-cresol, but did not produce CO (also see Nicolet
et al.*). The HydG Fe-S cluster EPR signals reported by
Kuchenreuther et al.** of Strep-tag isolated Shewanella onei-
densis (So) HydG anaerobically expressed in E. coli were
different, in that a broad, low-field signal with maximum
intensities at g = 9.5 and g = 5 was observed. This was assigned
to a high-spin (HS) S = 5/2 Fe-S cluster form of the auxiliary
cluster.’” Suess et al.*>* also observed this S = 5/2 signal in non-
reconstituted strep-tag isolated S. oneidensis HydG and using
alternative cluster knockout mutants assigned its origin to the
auxiliary Fe-S cluster. This raises a couple of clear questions:

(1) What is the origin of the unusual HS Fe-S EPR signal?

(2) Why are there two different HydG EPR results from the
different labs? Is the discrepancy organism or preparation
dependent?

As to (1), Kuchenreuther et al.*> noted that such HS signals
have not been associated with [4Fe-4S]" clusters, and suggested
that the signal could arise from a linear [3Fe-4S]" form (ref. 51)
of the auxiliary cluster which could bind a fourth iron along
with the tyrosine substrate. We now know this to be incorrect,
and the correct assignment for the HS EPR cluster signal was to
prove quite interesting, providing a key foundation to the
understanding of the role of HydG in H-cluster assembly. An
issue at the time was the lack of a structure for HydG, along with
the ongoing spectroscopic assignment of the auxiliary cluster to
a [4Fe-4S] form. Nicolet et al.** published the first HydG struc-
ture in 2015. This showed a (B/a)s TIM barrel extending from
the [4Fe-4S] SAM binding cluster to the CysX,CysX,,Cys region
where the auxiliary cluster was modeled (as a [4Fe-4S] cluster) to
bind, although this cluster itself was missing in the structure.
However it was clear from the structure that the auxiliary cluster
binding domain is too far from the rSAM cluster where the 4-
oxidobenzyl radical must be formed via tyrosine lysis to support
the model suggested by Kuchenreuther et al.** with the tyrosine
substrate bound directly to the auxiliary cluster. On the
continuing spectroscopy front, a combination of time resolved
FTIR and®” Fe ENDOR led Kuchenreuther et al.>’” to propose that
the CO and CN produced by the rSAM chemistry of HydG bind

This journal is © The Royal Society of Chemistry 2020
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Fig.4 X-ray structure of Shewanella oneidensis HydG (PDB ID: 4WCX). The two Fe-S clusters in HydG are located at each end of the TIM-barrel

channel (magenta).

to an Fe of the auxiliary cluster to form an Fe(CO),CN “synthon”
precursor en route to the synthesis of the [2Fe]y cluster. The
2015 Thermoanaerobacter italicus (Ti) HydG structure by Dinis
et al.>® provided a big breakthrough in showing that the auxil-
iary cluster is not simply a traditional [4Fe-4S], but instead
includes a fifth Fe atom linked to the site differentiated Fe (the
one lacking a cysteine residue ligand) of a [4Fe-4S] cluster via
a sulfide bridge (Fig. 4). In this structure assignment the other
ligands to the fifth Fe are a conserved histidine (265) trans to the
sulfide, an unassigned nonproteinaceous amino acid, and two
waters. The reported occupancy of the fifth Fe site was relatively
low, with 0.73 in one monomer of the structure and none in the
other. Nevertheless the presence of a high spin § = 2 Fe(u)
linked to a [4Fe-48S] cluster opened a window to the assignment
of the S = 5/2 HS signal, with § = 5/2 to § = 1/2 interconversion
verified by EPR experiments. This structure also provided
a likely site for the formation of the proposed synthon, as the
fifth Fe is located at the other end of the 24 A barrel from the
ISAM cluster, and therefore positioned to bind CO and CN
created by the rSAM tyrosine lysis.

The next step in the evolution of the HydG structure was
provided by Suess et al,*® who used CW and pulse EPR and
Mdssbauer spectroscopies to show that in the strep tag isolated
So HydgG, the fifth “dangler” Fe is chelated by 1-cysteine, with
the cysteine providing the bridging sulfur and further ligation
by its amino nitrogen and a carboxylate oxygen. Therefore in the
strep tag isolated So HydG, the cysteine functionally replaces
the bridging sulfide and the unassigned amino acid of the prior
Ti HydG structure. The Suess et al. experiments also provided
a clear answer to (2), why different laboratories reported
different EPR signals. The five-Fe auxiliary cluster form provides
the S = 5/2 HS EPR signal. Chelation and removal of the fifth

This journal is © The Royal Society of Chemistry 2020

dangler Fe converts the auxiliary cluster to an § = 1/2 [4Fe-4S]"
form. Reconstitution with Fe>* and cysteine restore the HS § =
5/2 signal, but reconstitution with Fe*" and inorganic sulfide
but without cysteine, ala Driesener et al.,* results in only the S
= 1/2 [4Fe-4S] EPR signal, as the cysteine is needed to strongly
stabilize the dangler Fe bound form of the cluster. The cysteine
stabilized dangler Fe is also needed to generate the FTIR
signals® that had been crucial in demonstrating the HydG
formation of an organometallic synthon.?*”

Suess et al.*® also proposed a mechanism for the reaction
catalyzed by the auxiliary cluster of HydG, with details of the
intermediates characterized by spectroscopy aided by specific
isotope labeling (Fig. 5).*”°** The resting state of the enzyme is
formed with Fe** binding in the site provided by the cysteine
bound to the [4Fe-4S] cluster along with the conserved histidine
ligand. The cleavage of the first tyrosine leads to the formation
of the first pair of CO and CN ligands to the dangler Fe (complex
A). The cleavage of the second tyrosine results in the second CO
binding to the dangler Fe (complex B), but the CN attacks the
unique Fe of the [4Fe-4S] cluster, forming a [4Fe-4S]-CN
complex, and releasing the proposed product, a Fe(u)
Cys(CO),CN organometallic precursor to the [2Fe]y component
of the H-cluster.

Though much of the HydG reaction chemistry seems well
understood at this point, a few key questions remain:

(a) How is the DHG intermediate converted stoichiometri-
cally to CO and CN™? Is the auxiliary 5Fe cluster directly
involved in this specific DHG reaction?

(b) Is there further on-pathway radical chemistry involving
the transient 4-oxidobenzyl radical, or is this radical simply
quenched to form the p-cresol product?

Chem. Sci., 2020, 11, 10313-10323 | 10317
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sponding spectroscopic features. The pulse EPR methods such as hyperfine sublevel correlation (HYSCORE) and electron nuclear double
resonance (ENDOR) are designed to probe weaker hyperfine interactions than may be evidenced in the conventional CW EPR.%®

4.2.1 Synthon activation as probed by a synthetic analog of
the HydG [Fe(u)(CO),CN(cysteine)] product. In order to verify
the key role of HydG in building the organometallic precursor,
the Rauchfuss laboratory at the University of Illinois developed
a synthetic carrier on this proposed [Fe(u)(CO),CN(cysteine)]
HydG product, termed “syn-B”, which on the basis of elemental
analysis appears to a cluster consisting of 3-4
[Fe(u)(Cys)(CO),(CN)(H,0)] units bound to a high-spin Fe(u)
center.* Although the conventional in vitro maturation of [FeFe]
hydrogenase has an absolute requirement for HydG for acti-
vating hydrogenase activity,* replacing HydG and its substrate
tyrosine with this proposed HydG product® carrier results in
high activity, quite comparable to that of the conventional
maturation using HydE, HydF, and HydG.** Moreover, the
resulting EPR signals and "*C ENDOR (when syn-B is syntheti-
cally prepared with 'C-N) are identical to those of the

10318 | Chem. Sci,, 2020, 11, 10313-10323

conventionally maturated H-cluster. This semi-synthesis

approach is analogous to the prior work assembling the H-
cluster with the pre-synthesized binuclear cluster,**** but now
rolled back to the mononuclear Fe level. Although prior matu-
ration studies were able to isotopically label the CN and CO
ligands using the appropriate tyrosine isotopologs,***° isotope
labeling or chemically modifying (e.g. selenocysteine) the
cysteine of the synthon was not routinely possible. Here Rao
et al.*® show that the cysteine of the synthon is cleaved during
the maturation: the sulfur of this cysteine is vectored into the
two adt sulfur bridges of the [2Fe]y subunit (as shown by S/Se
EXAFS, Fig. 6), while the rest of the cysteine is eliminated
(shown by the lack of *>C and "’N-pulse EPR signals when using
syn-B-"*C; *°N - cysteine and the concomitant appearance of
3C; - pyruvate in mass spectroscopy). In another paper, Rao
et al.** demonstrated that the non-sulfur components of the adt

This journal is © The Royal Society of Chemistry 2020
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bridge are sourced from serine: specifically the bridgehead
nitrogen comes from the serine amino group and the CH,
groups are sourced from serine's C3 methylene (Fig. 6).

It is noteworthy that the two sulfurs of the adt bridge come
from cysteine of the HydG product synthon. Suess et al*
showed that cysteine chelates the dangler Fe in the resting state
of the HydG enzyme, before any Fe-CO and Fe-CN bonds are
formed. It is now clear that this Fe-S bond is maintained all the
way into the H-cluster, even when the rest of the cysteine moiety
is stripped away via S-C3 cleavage. Remaining questions
include:

(a) What is the enzymology that drives the cysteine cleavage?

(b) How is serine enzymatically processed, directing its C3
(x2) and N to be installed in the adt bridge?

4.2.2 The second rSAM enzyme HydE activates the HydG
product synthon on route to the binuclear [2Fe]y; subcluster.
Recently Tao et al.®” addressed the first question: what is the
mechanism of cysteine cleavage? This work revealed this
specific reaction is performed by HydE, the other rSAM enzyme
of the HydE/F/G maturase set.

The reaction mediated by HydE requires only the [4Fe-4S]
SAM binding cluster, as not all HydE gene sequences show the
conserved cysteines needed to bind a second Fe-S cluster.*® An
early EPR spectroscopy study of Tm HydE expressed in E. coli

This journal is © The Royal Society of Chemistry 2020

favored the existence of a second [4Fe-4S] cluster,”” although
this was not observed in the first X-ray structures of Tm HydE,
which revealed alternatively either no second cluster or a [2Fe-
28] cluster bound at the enzyme surface 20 A from the SAM
cluster, coordinated by three cysteines and a water molecule.*®
As far as the previously unassigned substrate for this rSAM
enzyme, Betz et al.**> interpreted SAM turnover studies to favor
a possible thiol-containing substrate, though no specific reac-
tivity was defined. Rohac et al.>® uncovered an interesting result
in a series of crystal structures of Tm HydE incubated with 1,3-
thiazolidines, showing that the 5'dAdo’ reacts with these to
form a C5'-S1 bond, with this new adduct bound into a large
cavity observed near the SAM binding site.

Tao et al.”” tested a sequential synthesis model, where first
HydG generates its product synthon, which then serves as the
substrate for the HydE rSAM enzyme. The first intermediate
characterized by EPR, resulting from the 5'dAdo" attack on the
cysteine sulfur of the [Fe(u)(CO),CN(cysteine)] provided by the
syn-B carrier, forms in about 10 s (Fig. 7). Analysis of cw and
pulse EPR spectra shows this to be an adenosylated Fe(1) species
with the CO, CN, and cysteine ligands still present, but with the
cysteine now covalently attached to the adenosine via a new S-
C5’ linkage. This reaction has clear analogies to the HydE
reactions with the 1,3-thiazolidines,* but here with a substrate

Chem. Sci., 2020, 11, 10313-10323 | 10319
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reaction.

known to be a direct precursor to the [2Fe]y subcluster.*® It is
particular interesting that instead of the classic rSAM enzyme
H-atom abstraction, HydE uses its 5'dAdo’ to attack an electron
rich sulfur, in turn forming a biologically rare mononuclear
Fe(1) complex. This transient species undergoes a further reac-
tion on the =10 m timescale, with a cleavage of the cysteine S-
C3 bond, just as reported in the prior HydG-minus activation
study.*® This demonstrates that HydE is the enzyme that carries
out this crucial conversion of the HydG [Fe(u)(CO),CN(cysteine)]
product to a new [Fe(1)(CO),(CN)S] center. This activated
organometallic unit could in turn condense pairwise® to
a [Fe(1),(C0O)4(CN),S,] dimer that only needs the addition of the
serine-derived CH,NHCH, component of the adt bridge to
complete the [2Fe]y subcluster. Remaining questions include:

(a) Do two [Fe(1)(CO),(CN)S] monomers dimerize within
HydE itself, specifically in the large pocket adjacent to the SAM
cluster, or are two such monomers transferred to HydF for
assembly of the [Fe(1),(CO)4(CN),S,] core of the [2Fe]y cluster?

(b) What enzyme(s) and mechanistic sequences activate two
serines to build the CH,NHCH, component of the bridge and
link it to the bridging cysteine-derived sulfurs? Does this reac-
tion occur on HydE or HydF? Is the reaction directly coupled to
the cleavage of the S-ribose linkage?

4.2.3 The role of HydF. HydF is the only one of the three
[FeFe] hydrogenase maturases that is not in the rSAM enzyme
family. It is instead a GTPase, with the GTPase activity assigned

10320 | Chem. Sci,, 2020, 11, 10313-10323

to its dissociation from the other maturases.®* HydF has long
been believed to serve as an assembly scaffold for the [2Fe]y
cluster, which can then be transferred to the hydrogenase
enzyme to link with the preinstalled [4Fe-4S] component as the
final step of H-cluster synthesis.***® This proposal has been
reinforced by the semisynthesis approach that introduces the
synthetic [2Fe]y precursor into the H-cluster assembly process,
as HydF can bind the synthetic cluster and transfer it to the
hydrogenase.**

A recent X-ray structure of HydF from Thermosipho melane-
siensis (Tm HydF) (Fig. 8) reveals a [4Fe-4S] cluster with one
glutamate and three cysteine ligands.”” The glutamate is
exchangeable and was modeled as the site of formation of
a cyanide linkage to the synthetic [Fe,(adt)(CN),(CO),]>~ along
the lines indicated earlier by EPR spectroscopy.** However no X-
ray structure was reported with the [4Fe-4S] cluster bound by
either the [Fe,(adt)(CN),(CO)4]*>~ or an analog with a propane-
dithiolate replacing the adt bridge.®> Additionally, this [4Fe-4S]
cluster was the only Fe-S center revealed in this HydF structure.
Specifically no additional [2Fe-2S] cluster was found as sug-
gested by prior spectroscopic studies,**** and Caserta et al.®
suggest the prior evidence for such was obtained in HydF
samples with incompletely loaded and degraded Fe-S clusters.

Also, while the three cysteinyl ligands are strictly conserved
for the binding of the [4Fe-4S] cluster, the fourth ligand varies
in HydF proteins from different organisms. Instead of the

This journal is © The Royal Society of Chemistry 2020
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glutamate in the TmeHydF X-ray structure, pulse EPR spectro-
scopic studies (especially HYSCORE) of HydF from Clostridium
acetobutylicum® and Thermotoga neapolitana® suggest a water/
hydroxide and a histidinyl residue as the fourth ligand of the
[4Fe-4S] cluster, respectively.

Experiments are now revealing details of how this synthetic
cluster, as installed in HydF, is transferred to HydA.***” Of
course such studies do not directly indicate how nature intro-
duces the binuclear cluster when it is not preassembled by
talented synthetic chemists. Is some binuclear precursor first
formed by HydE in the cavity adjacent to the HydE's SAM
cluster, to then be transferred to HydF en route to HydA1 along
parallel lines as observed for the synthetic binuclear cluster? Or
are a pair of HydE-activated mononuclear [Fe(1)(CO),(CN)S]
species transferred to a binding site in HydF where the [2Fe]y;
cluster is formed with the completion of the adt bridge and the
reconfiguration of one of the terminal COs into the final
bridging CO? This is one of the final big puzzles of H-cluster
biosynthesis.

5 Conclusions

The HydG, HydE, and HydF Fe-S proteins carry out fascinating
chemistry en route to building the organometallic binuclear
[2Fe]y cluster. Advancement in our knowledge of their specific
roles have come from recent X-ray structures as well as studies
combining isotope and element labeling with spectroscopic

This journal is © The Royal Society of Chemistry 2020
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probes of the enzymes, their reaction intermediates, and their
products (Fig. 2). There is now strong evidence for a sequential
model that begins with the radical SAM enzyme HydG, which
over its full reaction cycle lyses two tyrosines, harvesting two CO
and two CN™~ molecules. The two COs and one CN~ bind to
a “dangler” Fe(u) that is chelated by a nonproteinaceous
cysteine whose sulfur bridges to a [4Fe-4S] cluster, forming
a unique 5 Fe auxiliary cluster at the other end of a 24 A TIM
barrel from the SAM binding [4Fe-4S] cluster that initiates the
radical chemistry that drives the tyrosine fragmentation. The
second CN™~ produced in the cycle releases the HydG product,
a [Fe(u)(CO),CN(cysteine)] organometallic complex, by attack-
ing the site differentiated Fe of the [4Fe-4S] cluster where the
chelating cysteine was previously bound. This [Fe(u)(CO),-
CN(cysteine)] product of HydG serves as the long sought for
substrate of the second radical SAM enzyme HydE, which acti-
vates it for incipient dimerization by forming an adenosylated
Fe(1)(CO),CN(cysteine) intermediate within which the cysteine
S-3C bond is subsequently cleaved, forming a highly reactive
Fe(1)(CO),(CN)S species that can pairwise provide all the [2Fe]y
atoms other than the CH,NHCH, central component of the
azadithiolate bridge, which is sourced from serine, specifically
the 3C and amino N of this amino acid. The last major issues
involve the sequence of dimerization of two reactive
Fe(1)(CO),(CN)S units, the mechanism by which the CH,NHCH,
unit is built and attached including the required serine frag-
mentation, the de-adenylation of the HydE intermediate, and
the exact interplay of HydE and HydF in this set of reactions. In
the end the resultant [2Fe]y cluster, presumably bound in HydF,
is transferred to the HydA and linked to the extant [4Fe-4S]
cluster to complete the H-cluster. It is likely that these final
open issues will soon be resolved using the same isotope/
element labeling and spectroscopy techniques that proved so
essential in the earlier stages of the H-cluster biosynthesis.
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