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Abstract

Hydrogenase enzymes catalyze the rapid and reversible interconversion of H, with protons and
electrons. The active site of the [FeFe] hydrogenase is the H cluster, which consists of a [4Fe—

4S]y subcluster linked to an organometallic [2Fe]y subcluster. Understanding the biosynthesis and
catalytic mechanism of this structurally unusual active site will aid in the development of synthetic
and biological hydrogenase catalysts for applications in solar fuel generation. The [2Fe]q
subcluster is synthesized and inserted by three maturase enzymes—HydE, HydF, and HydG—in a
complex process that involves inorganic, organometallic, and organic radical chemistry. HydG is a
member of the radical S-adenosyl-L-methionine (SAM) family of enzymes and is thought to play
a prominent role in [2Fe]y subcluster biosynthesis by converting inorganic Fe2*, L-cysteine (Cys),
and L-tyrosine (Tyr) into an organometallic [(Cys)Fe(CO),(CN)]™ intermediate that is eventually
incorporated into the [2Fe]y subcluster. In this Forum Article, the mechanism of [2Fe] subcluster
biosynthesis is discussed with a focus on how this key [(Cys)Fe(CO)2(CN)]™ species is formed.
Particular attention is given to the initial metallocluster composition of HydG, the modes of
substrate binding (Fe2*, Cys, Tyr, and SAM), the mechanism of SAM-mediated Tyr cleavage to
CO and CNT, and the identification of the final organometallic products of the reaction.
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INTRODUCTION

The development of artificial photosynthetic technologies for the generation of solar fuels
requires the interplay of small molecules with transition-metal clusters that facilitate
multielectron catalysis. The only viable source of inexpensive electrons and protons for
making reduced fuel is water, and nature has evolved an efficient solar-driven water
oxidation machine in the photosystem Il (PSII) reaction center with its integral Mn4Ca-oxo
catalyst.1=3 On the other hand, various reduced fuels can, in principle, be generated, with the
simplest being Hy that results from the combination of the electrons and protons from the
water-splitting reaction. Electrical potential can then be generated in a fuel cell with the
reoxidation of H, by the other product of water oxidation, O,. Hydrogenase enzymes
employing [FeFe] or [NiFe] active sites* are efficient catalysts for H, production. Here we
focus on the [FeFe] hydrogenases, for which Hy production turnover frequencies have been
reported to be as high as 10000 s1- Their catalytic six-Fe H cluster (Figure 1) contains a
unique binuclear Fe subcluster (“[2Fe]y”) with CO and CN™ ligands along with a bridging
azadithiolate ligand.5-10 The only protein residue that ligates the [2Fe] subcluster is a
cysteine which acts as a bridge to a [4Fe—4S] subcluster (“[4Fe-4S]y”) that comprises the
remainder of the H cluster.

Metal-cluster active sites such as those in PSII and the [FeFe] hydrogenase must themselves
be assembled, and we can learn much about building artificial catalysts from the natural
assembly mechanisms. Interestingly, the inorganic water-splitting catalyst of PSII can be
assembled without additional enzymes in a process termed photoactivation, which uses the
photooxidation chemistry intrinsic to PSII to oxidize Mn'! in order to form the Mn,Ca-oxo
cluster.11-14 |n contrast, assembling the organometallic H cluster of the [FeFe] hydrogenase
requires a specific set of Fe-S enzymes—HydE, HydF, and HydG—that perform a series of
complex reactions involving elements of inorganic cluster chemistry, organometallic
chemistry, and organic radical chemistry. These reactions and their mechanisms are only
beginning to be elucidated.

A number of routes can be envisioned for the biosynthesis of the H cluster. Given the
complexity of the process, it is often useful to tackle the problem retrosynthetically.1®
Working backward, the first established disconnection is between the [2Fe]y and [4Fe-4S]H
subclusters (Scheme 1): the [4Fe—4S] subcluster is synthesized and inserted by the
“housekeeping” Fe-S cluster machinery, whereas the HydE, HydG, and HydF “maturase”
enzymes are responsible for the biosynthesis of the [2Fe]y subcluster (Scheme 2A).16.17
Thus, hydrogenase (HydA) expressed without coexpression of the maturases harbors only
the [4Fe—4S]y subcluster and is therefore referred to as “apo-HydA”.1617 The [2Fe]y
subcluster can be installed using in vitro maturation protocols that employ the individually
expressed maturases in conjunction with a cocktail of small-molecule additives (Scheme
2A);18-21 sych protocols allow for the individual roles of both the maturases and small
molecules to be studied in detail (vide infra) as well as for selective isotopic labeling of the
[2Fe]y subcluster.22-25 Alternatively, the [2Fe]y subcluster can be installed into apo-HydA
using diiron synthetic precursors (Scheme 2B), a methodology that allows for artificial and
isotopically labeled variants to be prepared.19-26-29 These processes take advantage of the
stepwise assembly of the H cluster, each employing a late-stage fragment coupling of the
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[4Fe—4S]H and [2Fe]y subclusters; earlier precedent for this chemical step can be found in
the synthesis of a close structural model of the H cluster.30

In vivo activation of apo-HydA is thought to occur by insertion of a preassembled [2Fe]y
subcluster that is generated on HydF. This is based, in part, on the finding that HydF, when
coexpressed with HydE and HydG, is capable of activating apo-HydA.3! In addition, HydF
expressed in this manner harbors a cluster with Fourier transform infrared (FTIR) and X-ray
spectroscopic properties similar to those of the H cluster;32-34 however, the precise structure
of this H-cluster precursor awaits further characterization. This preassembly process on
HydF has parallels in the bioassembly of the nitrogenase FeMo cofactor in which the FeMo
cofactor undergoes its final assembly steps on the NifEN complex before being inserted into
the NifDK complex.35

Perhaps the most interesting questions pertain to how the [2Fe]y subcluster is generated by
the biosynthetic machinery. Significant progress has been made in the synthesis of structural
and functional diiron model complexes,36 some of which uncannily predate the structure
determination of the [FeFe] hydrogenase.8® The preparations of these complexes provide
inspiration for mechanistic proposals for [2Fe]y subcluster biosynthesis and also highlight
the challenges inherent to the biosynthetic process. To illustrate this, we briefly describe the
first synthesis of [(adt)Fe,(CO)4(CN),]?~ (adt = 2-azapropane-1,3-dithiolate; Scheme
2C),37-40 which can be used to activate apo-HydA (Scheme 2B).1026.28 |n this and related
syntheses, Fe and the CO ligands are often sourced from the inexpensive and convenient
starting material Fe(CQO)s, and CN™ ligands are often introduced by ligand substitution for
CO ligands.*1~44 CO substitution chemistry is likewise important in the biosynthetic
process, although displacement by CN~ is likely not operative (vide infra). For
[(adt)Fe5(CO)4(CN),]%~, the adt ligand is built by elaboration of an Fes(ly-SH)2(CO)a
cluster in a series of condensation reactions using formaldehyde and the appropriate amine
(NH,4* in this case; Scheme 2C). Although a related reaction sequence has been proposed for
the biosynthesis of the adt ligand,*> a number of alternative pathways could be envisioned
including some that involve radical chemistry and the maturase HydE.*6 Our knowledge
concerning the biosynthesis of the azadithiolate ligand is limited, and the reaction promoted
by HydE is not known; as such, we will not discuss either of these in detail herein.

Whereas Fe(CO)s is a useful starting material in the laboratory syntheses of [2Fe]y
subcluster model complexes, it is likely not a precursor to the biological [2Fe]y subcluster.
This immediately raises the questions of how the diiron core is assembled and what the
identities of its key inorganic and organometallic precursors are. It has been suggested that a
[2Fe-2S] cluster on HydF could be an inorganic precursor to the [2Fe]y subcluster (Scheme
1),3247 with HydE and HydG subsequently installing the CO, CN~, and azadithiolate
ligands. One attractive feature of this proposal is that [2Fe-2S] clusters are common motifs
in biology and their synthesis and installation by the Fe-S cluster housekeeping machinery
has been documented.*8:49 However, other electron paramagnetic resonance (EPR)
spectroscopic studies of HydF are not consistent with the presence of a [2Fe-2S]
cluster.21:50-53 Moreover, 5’Fe electron—nuclear double resonance spectroscopy (ENDOR)
studies show that Fe in the [2Fe]y subcluster is supplied by HydG, which suggests that a
[2Fe-2S] cluster on HydF is unlikely to be an inorganic precursor to the [2Fe]y
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subcluster.23:25 An alternative mechanistic framework invokes a mononuclear
Fe(CO)x(CN)y precursor that is first formed on HydG (Scheme 1). In support of such a
process, we have reported FTIR spectroscopic evidence for the formation of an
organometallic [Fe(CO)2(CN)] precursor to the H cluster (vide infra).23 Given the 57Fe
ENDOR and FTIR spectroscopic results, mechanistic proposals for the biosynthesis of the
[2Fe]n subcluster should take into account the donation of Fe from HydG and the formation
of an [Fe(CO),(CN)] synthon on HydG.

In this Forum Atrticle, we discuss the spectroscopic characterization of the maturases in the
context of their roles in building the [2Fe]y subcluster with an emphasis on the key role of
HydG. We describe recent studies that elucidate how the [Fe(CO),(CN)] synthon is built
including the characterization of its inorganic precursor on HydG, new experimental results
pertaining to the mode of the substrate binding, the structures of intermediates, and a recent
proposal concerning the organometallic product of the HydG reaction and its role in the H-
cluster assembly process.

MATERIALS AND METHODS

Materials

Nonisotopically enriched chemicals were purchased from common commercial vendors.
Isotopically enriched chemicals were purchased from Cambridge Isotope Laboratories. All
additives except for L-tyrosine (Tyr) were dissolved in 50 mM HEPES buffer (pH = 7.5)
with 50 mM KCI and adjusted to pH = 7.5 before use. Tyrosine solutions were prepared as
previously described.>

Protein Expression and Purification

Shewanella oneidensis (So) wild-type (WT) HydG (“HydG”), HydGXN, and HydG*C (also
called “HydGS**S") were expressed in Escherichia coli BL21(DE3) AiscR::kan cells,
purified using a StrepTactin-Sepharose column as previously described,20:21:55 and frozen
before the preparation of spectroscopic samples.

Spectroscopic Sample Preparation

EPR samples were prepared in an anaerobic glovebox under an N, atmosphere (<1 ppm of
0O») and frozen using liquid nitrogen before spectroscopic analysis. Unless otherwise
indicated, the final concentrations were as follows: freshly thawed HydG, ~200-1000 pM;
dithionite (DTH), 3 mM or 10 mM; all other additives, 3 mM. Other than HydG, each
component was added as a solution of 10-fold higher concentration than its final
concentration. See relevant references for the details of previously reported experiments.

EPR Spectroscopic Methods

X-band continuous-wave (CW) EPR spectra in Figure 6 were collected on a Bruker
ELEXSYS E500 spectrometer equipped with a cylindrical TEO11-mode resonator (SHQE-
W), an ESR-900 liquid-helium cryostat, and an ITC-5 temperature controller (Oxford
Instruments). Spectra were recorded at 9.4 GHz and 10 K using 126 uW microwave power
and 5.0 G modulation amplitude. Hyperfine sublevel correlation spectroscopy (HYSCORE)
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spectra in Figure 7 were recorded using a Bruker ELEXSYS E580 spectrometer, a CF935
cryostat (Oxford Instruments), and an ITC-5 temperature controller (Oxford Instruments).
Spectra were acquired at 9.7-9.8 GHz and 10 K with a split-ring (MS5) resonator using the
pulse sequence m/2— v 72—-t1—7—to— 12— —echo, wherein both the excitation and inversion
pulse lengths were identical (16 ns). Values of 7were chosen to suppress 1H nuclear
coherences (7= 128-140 ns). Four-step phase cycling was employed. Time-domain spectra
were baseline-corrected (third-order polynomial), apodized with a Hamming window, zero-
filled to 8-fold points, and fast-Fourier-transformed to yield the frequency-domain spectra.
Spectral simulations were performed with MATLAB release 2015A using the EasySpin 4.5.5
toolbox.%® The simulations in Figure 7B use g = [2.045, 1.963, 1.908] and the zyz Euler
angle convention. See relevant references for the details of previously reported experiments.

RESULTS AND DISCUSSION

Fe—S Cluster Composition of HydG

Each of the [FeFe] hydrogenase maturase enzymes contains at least one Fe-S cluster. HydE
and HydG are members of the radical S-adenosyl-L-methionine (SAM) family of
enzymes,®’-80 featuring a [4Fe-4S]gs cluster typically bound by a CX3CX,C motif. The
noncysteine-coordinated Fe of the cluster binds SAM as an N/O chelate.61 For many radical
SAM enzymes including HydG, reduction of the cluster triggers homolytic SAM cleavage
(Scheme 3), producing methionine plus a strongly oxidizing 5’-deoxyadenosyl radical (5'-
dA®). 5’-dA° abstracts an H atom from the specific substrate for a given radical SAM
enzyme. For HydG, this substrate is Tyr, the small-molecule precursor to the CO and CN
ligands of the [2Fe]y subcluster.2045.62.63 The transformation of Tyr into CO, CN~, and the
byproduct p-cresol is a main topic of discussion in this Forum Acrticle.

HydG contains a second Fe-S cluster, and we have proposed that this “auxiliary” cluster is
the site of [Fe-(CO),(CN)] synthon formation and the eventual source of Fe in the [2Fe]y
subcluster.23:25.5564 As sych, a detailed understanding of the structure and reactivity of this
intermediate is of paramount importance. When studied in isolation, the Fe-S clusters in
radical SAM enzymes can be quite unstable and may decompose during enzyme isolation or
manipulation; these clusters are therefore often reconstituted with Fe and S2-6° Early EPR
spectroscopic studies of HydG suggested that this enzyme may56 or may not32 harbor an
auxiliary Fe-S cluster. For example, Hisg-tagged Thermotoga maritima HydG that was
expressed in E. coli, isolated using nickel-affinity chromatography, and subsequently
reconstituted with iron and sulfide showed a complex EPR spectrum indicative of a [4Fe—
4S] cluster, with additional shoulders that could arise from a second [4Fe—4S] cluster.56
Subsequent EPR spectroscopic studies on Fe/S-reconstituted Clostridium acetobutylicum
(Ca) HydG compared the EPR spectra of the WT enzyme with those of mutant enzymes
containing cysteine deletions near either the N- or C-terminus.%” The EPR results revealed
two S = 1/, EPR signals in reduced samples, with the N-terminal [4Fe—4S] cluster signal
showing a characteristic shift upon SAM binding. On the basis of these findings, it was
argued that HydG contains two separate [4Fe—4S] clusters: an N-terminal [4Fe—4S] cluster
that binds SAM and generates the primary 5-dA° radical and a C-terminal “auxiliary” [4Fe—
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48] cluster that serves another purpose (orienting substrate and ensuring N-terminal cluster
reduction were two suggested roles).67

Our HydG EPR spectra, 23545564 ghtained from non-reconstituted So HydG expressed in E.
coli and isolated using StrepTactin-affinity chromatography, are distinctly different: in
addition to the S = 1/, [4Fe-4S]gs cluster signal, we observe a strong, low-field S = 5/,
signal in spectra of the WT enzyme (Figure 2). The EPR spectrum of the C394/397S, C-
terminal Fe-S cluster deletion mutant (called “HydGXC” or “HydGS**S”) shows only an S
=1/, [4Fe-4S] cluster signal (Figure 2) that shifts upon the addition of SAM, thereby
confirming the assignment of this signal to the [4Fe—4S]rs cluster.54 On the other hand, the
EPR spectrum of the C103/107/110S, N-terminal Fe-S cluster deletion mutant (“HydGXN”)
shows only an S = 5/, EPR signal, confirming the assignment of this signal to that of the C-
terminal auxiliary cluster (Figure 2).55 S = 5/, spin systems are unusual for biological Fe-S
clusters, and reduced [4Fe—4S] clusters are not known to adopt an S =/, ground state.68.69
In the context of a [4Fe—4S] structural assignment to the C-terminal cluster, one possible
model for the S = %/, EPR signal is a cuboidal [3Fe—4S] cluster.>* However, the [3Fe—4S]
clusters that adopt an S = %/, spin state are linear oxidized clusters such as those found in
“purple aconitase”’? and related model complexes’? or reduced mixed-metal clusters such
as [Zn3Fe-4S]™72 neither is a satisfying structure for the reduced HydG enzyme. The recent
publication of the first X-ray structure of HydG with an intact Fe-S cluster in the C-terminal
domain offered a more compelling and intriguing origin of this high-spin EPR signal,
revealing that HydG can bind a unique five-Fe cluster in the C-terminal domain.5®

Figure 3 shows a schematic of the five-Fe, C-terminal cluster observed in the X-ray structure
of Fe/S-reconstituted Thermoanaerobacter italicus (Ti) HydG. In one asymmetric unit
(Figure 3A), the C-terminal cluster contains a [4Fe—4S],,x cluster core, with three of the Fe
atoms bound by cysteine residues. The fourth Fe of the cubane is linked to the unique fifth
Fe (in 73% occupancy) by a bridging sulfide. A conserved histidine (H265) residue provides
the single protein ligand to the fifth Fe; the remaining ligands are water molecules and an
unidentified nonproteinaceous amino acid. In the other asymmetric unit (Figure 3B), the
fifth Fe is missing, which highlights its lability and suggests the possibility that this is the Fe
atom that is donated by HydG to build the [2Fe], subcluster.5> Moreover, the presence of
the fifth Fe, assigned to a high-spin Fe2* center, provides a compelling explanation for our
observed S = %/, signal in So HydG because this “dangler Fe” contributes an additional S = 2
electron spin center that can couple with unpaired electron spins of the S = 1/, [4Fe—-4S]aux
cluster to give the observed signal 255564

These findings raise the question of why we observe a five-Fe, C-terminal cluster with an S
=5/, EPR signal, whereas other laboratories have reported a [4Fe—4S],,x cluster with an S
=1/, EPR signal. In a recent paper, we identified L-cysteine (Cys) as an integral component
of the auxiliary cluster.5* Given the presence of the bridging sulfide and the unidentified
amino acid ligand in the Ti HydG X-ray structure,>® it seemed possible that Cys provides
both structural features in one molecular unit. In addition, Cys is one of the small molecules
required for the cell-free synthesis of the H cluster.18:21 We demonstrated Cys binding to the
auxiliary cluster using 13C ENDOR spectroscopy and CW EPR spectroscopy of batches of
nonreconstituted So HydG samples that show diminished S = °/, signal intensity with extra S
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=1/, signal intensity;%* although the reason for why some HydG batches occasionally
exhibit weak S = /5 signal intensity is not clear at present, such batches provided fortunate
test samples for studying reconstitution of the S = %/, auxiliary cluster. Treatment of such
samples with Cys and Fe2* quenches the S = 1/, signal(s) and converts the EPR spectrum to
the familiar S = 5/, form.84 Subsequent treatment with ethylenediaminetetraacetate (EDTA)
selectively removes the dangler Fe, resulting in reconversion of the S = 5/, cluster to an S
=1/, cluster; this conversion also occurs upon treatment with EDTA of more typical HydG
batches that are not deficient in Fe and Cys (Figure 4).54 Using this metal reconstitution
procedure, tetranuclear and pentanuclear forms of the auxiliary Fe-S cluster may be
interconverted, thereby allowing for the incorporation of either ®’Fe or Ni2* in place of
natural-abundance Fe with high selectivity into the dangler Fe site (Figure 4).54 Taken
together, these data point to a [4Fe—4S]ux[(Cys)Fe] cluster with a Cys-ligated dangler Fe
form as the active state of HydG during both in vitro and in vivo H-cluster biosynthesis. In
our view, the expression and purification procedures developed for So HydG may largely
preserve this structure, which is why we generally observe the S = °/, five-Fe form. On the
other hand, purification procedures that involve reconstitution without Cys may not give rise
to any appreciable quantity of the S = %/, cluster observed in So HydG. Further work toward
identifying the factors that result in high levels of Cys and Fe incorporation into HydG is
warranted.

HydG Radical Chemistry

In this article, we have thus-far focused mostly on the auxiliary cluster, which is proposed to
be transformed to an [Fe(CO),(CN)] species.23:25:55.64 \We now discuss how this species is
formed, beginning with the cleavage of substrate Tyr initiated by 5’-dA°® formation at the
[4Fe—4S]Rs cluster (Scheme 3). Following the addition of SAM, Tyr, and reductant (DTH)
to initiate the reaction, a radical intermediate can be trapped and characterized using rapid
freeze-quench EPR spectroscopic methods.2554 The amplitude of this trapped radical EPR
signal reaches a maximum at about 30 s, and using a variety of specifically labeled Tyr
isotopologues, we were able to determine multiple specific hyperfine interactions through
their effects on the EPR line shapes (Figure 5). We compared the observed hyperfine
coupling to those predicted for various possible radical species that had been proposed in the
literature for HydG and the related radical SAM Tyr lyase ThiH.”3-75 We concluded that the
radical signal arises from a trapped 4-oxidobenzyl radical (40B"*) or a 4-hydroxybenzyl
radical (4HOB") (Figure 5C) resulting from Ca—Cgbond scission of a transient Tyr radical
produced upon H-atom abstraction of Tyr by the 5/-dA*>4 The other product of the Ca-CJ
bond scission is dehydroglycine (DHG; Scheme 4), which is the source of the CO and CN~
ligands of the H cluster.

Although we have obtained direct evidence for Tyr conversion to the 4(H)OB*—and thus
implicated DHG as an intermediate to the CO and CN™ ligands of the H cluster—the radical
that initially forms upon H-atom abstraction of substrate Tyr by the 5’-dA® has not been
observed in HydG or ThiH. Early assumptions were that this transient radical is an O-
centered Tyr radical generated by H-atom abstraction of the phenolic H(O) atom.>4.73-78
Part of the allure for this proposal was likely the well-documented role of O-centered,
neutral Tyr radicals in biology.”®-81 However, in general these neutral Tyr radicals are not
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formed by H-atom abstraction, and moreover they tend to be very stable (e.g., for several
hours for the Yp' radical of PSI1).81 In the formation of these radicals, Tyr oxidation is
coupled to H(O) deprotonation, but the transferred electrons and protons typically are
vectored to different locations. For example, the PSII Y;" radical is formed upon oxidation
by the photogenerated Pggg™ Chl cation radical as the H(O) proton is transferred across an H
bond to an adjacent histidine.81 Upon rereduction of the ;" radical by an electron from the
Mny4Ca oxygen-evolving complex, the H(N) histidine proton hops back to reform a neutral
Tyr residue. Such coupled proton- and electron-transfer steps are in contrast to H-atom
abstraction of Tyr by 5’-dA° that is proposed for HydG.

In addition, it has been shown that, during the course of the HydG reaction, SAM abstracts a
solvent-exchangeable H atom,>*78 which is consistent with H(O)-atom abstraction. One
piece of evidence that is not readily rationalized by H(O)-atom abstraction is the finding that
H-atom abstraction by 5/-dA" is a reversible process: when run in 2H,0, up to three 2H
atoms can be incorporated into 5’-deoxyadenosine (5’-dAH).54.78 This finding casts doubt
on phenolic H(O)-atom abstraction because a Tyr O-H bond is significantly weaker than the
primary C-H bond of 5’-dAH, making multiple reversible H-atom abstractions unlikely
(though not impossible). Thus, it is the stability of the O-centered Tyr radical that renders it
an unlikely intermediate in this process.

The other solvent-exchangeable candidate for H-atom abstraction is an amino H(N) atom.
The first proposal that this is the site of H-atom abstraction during the HydG reaction was
based on the crystal structure of the related radical SAM enzyme NosL,82 which cleaves the
Ca-Cpbond in substrate L-tryptophan (Trp). In the NosL structure, Trp is positioned such
that the NH, group—rather than the indolyl NH moiety—is 3.8 A from the 5'-C of S-
adenosyl-L-homocysteine (an unreactive structural analog of SAM). This finding strongly
suggests that the amino H(N) atom of Trp is abstracted by 5’-dA°®, and it was proposed that
such regiochemistry may be generalized to related amino acid lyases including HydG and
ThiH.82 The strong amino N-H bond strength is better matched with that of the 5-dAH C—
H bond and is therefore more consistent with the experimentally observed reversibility of H-
atom abstraction. An analogous X-ray crystal structure for HydG with bound Tyr and SAM
(or a structural analogue of SAM) has not been reported. However, both reported crystal
structures of HydG were accompanied by computational modeling that shows Tyr and SAM
binding with the amino group oriented for H(N)-atom abstraction,>>:83 consistent with the
NosL structure.84

One reason we had also originally favored H(O)-atom abstraction was because we observed
that the S = 5/, auxiliary cluster signal was diminished in a sample that contained reductant
and Tyr without SAM.>* We interpreted this as evidence for Tyr interacting with the
auxiliary cluster likely via its carboxylate and amino groups,®* both of which end up directly
bound to the auxiliary cluster as CO and CN™, respectively. Tyr binding in this manner
could leave the phenolic H(O) atom pointed toward the [4Fe—4S]rs cluster and primed for
H-atom abstraction by the 5’-dA®. One problem with this model is that it requires the radical
SAM and auxiliary Fe-S clusters to be relatively close together,58 a feature that has not been
borne out in the crystal structures of HydG>°:83 and is not consistent with modeling studies
that predated the crystal structures.#>:85.86 Thus, the proposal that Tyr binds to the auxiliary
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cluster is in disagreement with the currently accepted model of H-atom abstraction (Scheme
4), a point that we will further address below.

In principle, the structure of HydG with bound Tyr and SAM could be studied in detail using
orientation-selective EPR spectroscopic techniques such as ENDOR and electron spin echo
envelope modulation (ESEEM). Such an experiment entails measuring the hyperfine
coupling between the electron spin on an S = 1/, [4Fe-4S] cluster and the nuclear spins
(e.g., 15N and 13C) of labeled substrates. However, it requires that the [4Fe—4S] cluster be in
its reduced form, which is difficult to observe in the presence of both SAM and substrate
because SAM is rapidly reduced to generate 5’-dA°® (which initiates the substrate H-atom
abstraction). One approach to overcoming this problem is to use a SAM analogue that
generates a more stable allylic radical;8” this radical can then serve as the electron spin to
which substrate nuclear hyperfine couplings can be measured.88 Such an experiment has not
yet been reported for HydG.

To help address the question of how Tyr binds, we generated HydG samples with a reduced,
S = 1/, [4Fe-4S]Rs cluster in the presence of Tyr and the absence of SAM and report their
EPR spectroscopic characterization herein. Since our initial finding that the addition of Tyr
to HydG reduces the S = %/, signal intensity of the auxiliary cluster (vide supra),®* we have
found that Tyr generally has no effect on the auxiliary cluster EPR signal; we suspect that
the original Tyr-containing sample was prepared with a batch of HydG that was deficient in
Cys and/or Fe and therefore had less of the S = /5 signal, which we now know corresponds
to a [4Fe—4S].ux[(Cys)Fe] cluster (vide supra).8* As such, our original interpretation—that
Tyr interacts with the auxiliary cluster—was incorrect, and we now report that the addition
of Tyr to HydG in the absence of SAM induces a slight sharpening of the [4Fe-4S]rs cluster
(Figure 6). This finding is broadly in line with the report that the S = 1/, EPR signal(s) in Ca
HydG are subtly perturbed upon the addition of Tyr, although the presence of S = 1/, forms
of both the [4Fe-4S]rs cluster and the auxiliary cluster precluded assigning which cluster
signal(s) are perturbed by Tyr.67

The observation that Tyr induces sharpening of the [4Fe—4S]rs signal with little effect on
the g values suggests that Tyr does bind to HydG but not directly to the [4Fe—4S]rs cluster
(e.g., in place of SAM). In order to examine this effect more closely using pulse EPR
spectroscopy, we prepared samples with isotopically labeled Tyr; doing so allows for
measurement of the hyperfine coupling between Tyr nuclei and the [4Fe-4S]rs cluster
electron spin. The X-band HYSCORE spectrum of a HydG sample containing DTH

and 15N-Tyr shows a pair of correlation ridges centered at the 1°N Larmor frequency (Figure
7A); these spectral features are absent in samples either lacking Tyr or using different
isotopologues of Tyr (not shown). Similar 1°N hyperfine coupling is also observed in
samples of the C-terminal cluster deletion mutant (HydG*C), which contains no auxiliary
cluster (Figure 7B); thus, the Tyr hyperfine coupling may be definitively assigned to the
[4Fe—4S]Rs cluster. In order to gain more insight into the nature of Tyr binding, we recorded
HYSCORE spectra of the HydGXC + 15N-Tyr + DTH sample at two additional field
positions. The observed orientation-dependent 1°N hyperfine coupling may be simulated
using A(*N) = £[0.4, 0.7, 3.7] MHz with corresponding Euler angles of [0°, 40°, 0°].

Inorg Chem. Author manuscript; available in PMC 2016 March 07.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Suess et al.

CO and CN~

Page 10

Rewritten as A(*N) = ajgo + Tgip[~(L1 + 0), =(1 = p), 2], this gives ajso = +1.6 MHz, Tgjp =
+1.05 MHz, and p = 0.15 MHz.

The magnitude of ajs, is small but nonnegligible. For reference, the 15N hyperfine tensor for
bound 15N-SAM is expected to be approximately 6-9 MHz.61.89-91 Thys, the small
magnitude of ajs is consistent with Tyr not binding directly to the [4Fe—4S]grs cluster.
However, because ajg, is indicative of the electron spin density at the 1°N nucleus, the
observed value of ajs; = £1.6 MHz indicates that there is some bonding interaction between
Tyr and the [4Fe-4S]Rrs cluster; a through-space interaction is expected to give rise to purely
dipolar coupling with ajso = 0. Interestingly, ESEEM spectra of [2Fe—2S] clusters have
shown similar ajs, values [ajso(1*N) ~ 1 MHz, which corresponds to ajso(*°N) = 1.4 MHz]
that have been attributed to peptide amides engaged in NH-S H bonding to a sulfide of the
[2Fe-2S] cluster.92:93 As such, we suggest that Tyr binding in the absence of SAM may be
partially mediated by an H-bonding interaction between the Tyr amino group and either one
of the [4Fe—4S]Rrs cluster sulfides (Figure 8) or one of the three Cys ligands to the [4Fe-
4S]Rs cluster. The precise orientation of Tyr with respect to the [4Fe—4S]rg cluster will
require further investigation, and this binding mode is unlikely to correspond exactly to the
Tyr binding mode when SAM is present (which is thought not to involve H bonding
between Tyr and the [4Fe—4S]Rs cluster).5%:83 However, these data do suggest that Tyr can
bind with its amino group in close proximity to the [4Fe—4S]rs cluster. Interestingly,
preliminary experiments suggest that Tyr binding is specific: no 1°N correlation ridges are
observed in the X-band HYSCORE spectra of samples containing DTH and 15N-L-
phenylalanine, an amino acid with a structure similar to that of Tyr (Figure 7C). These
results are consistent with a substrate binding preequilibrium in the absence of SAM that is
specific for Tyr. However, the functional relevance of this Tyr adduct to HydG activity is
unclear.

Binding to the Auxiliary Fe-S Cluster

The Tyr-derived 4HOB"® radical starts to decay about 30 s after reaction initiation. On the
same time scale of the radical decay, an [Fe(CO)(CN)] species may be observed in parallel
stopped-flow FTIR (SF-FTIR) experiments.23 In the context of the recent dangler Fe model
for the auxiliary cluster,®® we assign this species as the product of the addition of CO and
CN~ (derived from DHG) to the dangler Fe (Scheme 5A). At longer time scales, the SF-
FTIR spectra reveal a second CO ligand to the dangler Fe, verified by isotopic shift effects
on the FTIR line shapes observed in experiments carried out with mixed Tyr
isotopologues.23 Because CO and CN~ are produced in a 1:1 ratio from Tyr cleavage, a
second CN™ should form concurrently with this second CO ligand, but we have no SF-FTIR
spectroscopic evidence of a second CN~ ligand to Fe.

However, on the same 20 min time scale in which we observe the [Fe(CN) (CO),] moiety
using SF-FTIR spectroscopy, the EPR spectrum of the reaction mixture shows a component
with g values of [2.09, 1.94, 1.93],%4 identical with what we had previously observed in
HydG samples that are chemically treated with exogenous KCN.% For KCN-treated
samples, we verified that this EPR signal corresponds to a [4Fe-4S],,x[CN] cluster by
recording the 13C hyperfine interaction of a K13CN-treated sample using HYSCORE
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spectroscopy and noting its similarity to that of the previously studied 13CN-bound [4Fe-4S]
cluster of Pyrococcus furiosus ferredoxin;%* the g values are also nearly identical.

We next sought to evaluate whether this [4Fe—4S],ux[CN] species is indeed generated
during the reaction with Tyr, SAM, and DTH as the substrates (without added KCN).
Because the CN™ ligands of the [2Fe]y subcluster are derived from the N and 2-C atoms of
Tyr, we used either 2-13C-Tyr or 1°N-Tyr as substrates during HydG turnover to isotopically
label any CN~-containing intermediates with high selectivity.* HYSCORE spectra of these
samples correspond precisely to those of the [4Fe—4S],,x[CN] cluster as generated by the
addition of K13CN or KC1°N,54 thus demonstrating that an S = 1/, [4Fe—4S],,[CN] cluster
builds up during the reaction with Tyr, SAM, and DTH.54 Given this finding, we proposed a
possible fate of the second Tyr-derived CN™: binding to the [4Fe-4S],,x cluster, with CN™
acting as a nucleophile to displace a [(Cys)Fe(CO)»(CN)]™ species from the [4Fe—4S],ux
cluster (Scheme 5A).84 Although further experiments are required to determine whether a
[4Fe—4S],ux[CN] species is a certified intermediate in the HydG mechanism, this discovery
provides an interesting new clue as to how HydG may release the [(Cys)Fe(CO),(CN)]~
species to its downstream acceptor. Finally, we also showed using CW EPR spectroscopy
that treatment of the [4Fe—-4S],,x[CN] cluster with Cys allows for regeneration of the Cys-
bound form (Scheme 5A).64 Because subsequent remetalation with Fe2* is facile (Figure
4),54 this reactivity points to the possibility that [(Cys)Fe(CO)2(CN)]~ production by HydG
could be catalytic, although further experiments are required to assess this possibility.

CONCLUSION

These results provide experimental support for the formation and interconversions of several
intermediates during the HydG reaction (Scheme 5A), and they also support the proposal
that the identity of the [Fe(CO),(CN)] synthon is a [(Cys)Fe-(CO),(CN)]™ intermediate to
the [2Fe] subcluster.84 It is unclear at this time whether the [(Cys)Fe(CO)2(CN)]~ species
detected by FTIR is bound to the [4Fe-4S],,x cluster, unbound from the [4Fe—-4S],,x Cluster
yet within the protein environment, or released from HydG altogether. Regardless, the
finding that Cys is involved in the HydG reaction allows for a complete reaction to be
proposed (Scheme 5B)% and should inspire new testable hypotheses. Of course, many
questions remain: (i) Can we reconcile the sulfide-linked five-Fe auxiliary cluster observed
in the crystal structure of Ti HydG®® and the spectroscopically supported model with the
integral Cys ligand?54 (ii) Can the structure of the [(Cys)Fe(CO),(CN)]™ species be fully
elucidated? (iii) What is the fate of the Cys ligand in the [(Cys)Fe(CO),(CN)]~ species? (iv)
How is the [(Cys)Fe(CO),(CN)]™ species transferred to its acceptor, and how is it
subsequently modified by the other maturase enzymes? Answers to these and other
questions await further experimentation, and further surprising discoveries will surely be
made.
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Figure 1.
Ball-and-stick representation of the H cluster from the X-ray crystal structure of Clostridium

pasteurianum HydA (pdb code 3C8Y),% with the dithiolate bridging ligand taken as 2-
azapropane-1,3-dithiolate. Color code: orange, Fe; yellow, S; gray, C; blue, N; red, O.
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300 350 400
B, (mT)

X-band CW EPR spectra of nonreconstituted WT HydG (top), HydG*C (middle), and
HydGXN (bottom). All samples were treated with DTH, and the WT HydG and HydGXC
samples were further treated with SAM. The S = 5/, EPR signals in the WT HydG and
HydGXN samples (left panel) correspond to that of the C-terminal [4Fe—4S]aux[(Cys)Fe]
cluster form. The major S = 1/, signals in the WT HydG and HydG*C samples (right panel)
correspond to that of the SAM-bound form of the N-terminal [4Fe-4S]rs cluster. These WT
HydG and HydGXN spectra are representative of typical HydG preparations, wherein the
auxiliary cluster is isolated predominantly in its [4Fe-4S],ux[(Cys)Fe] cluster form.
Reproduced with permission from ref 64. Copyright 2015 National Academy of Sciences.
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Figure3.
Representations of the two auxiliary cluster forms (A and B) observed in the X-ray crystal

structure of Ti HydG.%®
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Reversible dangler metal-ion lability at the HydG auxiliary cluster: (A) reaction scheme; (B)
X-band EPR spectra of DTH-reduced samples. Adapted with permission from ref 64.

Copyright 2015 National Academy of Sciences.
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Figure5.
(A) Q-band CW EPR spectra of the HydG radical generated with various Tyr isotopologues.

Calculated spin-density plots of a typical O-centered Tyr radical (B) and the 40B° radical
(C). Adapted with permission from 54. Copyright 2013 American Association for the
Advancement of Science.
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X-band EPR spectroscopic analysis of the interaction between the HydG [4Fe-4S]rs cluster

and the substrates, Tyr or SAM.
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L
g=1.941

v1 (MHz)

X-band HYSCORE spectra of WT HydG treated with DTH and 1°N-Tyr (A), HydGX¢

treated with DTH and 1°N-Tyr (B), or WT HydG treated with DTH and 15N-L-

phenylalanine (C). Simulations in the bottom of part B are shown in blue, with the data
reproduced in red for clarity. The features centered at (3.8, 3.8) MHz that are present in all
spectra are assigned to a weakly coupled 1N nucleus.
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OH

Figure8.
Representation of a possible H-bonding interaction between the substrate Tyr and the [4Fe—

4S]Rs cluster in the absence of SAM.
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Scheme 1.

Proposals for Key Synthons in [2Fe]y Subcluster Bioassembly
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Scheme 2. Synthesis and Installation of the [2Fe]y Subcluster into apo-HydA?2

Page 25

aTyr = L-tyrosine; Cys = L-cysteine; SAM = S-adenosyl-L-methionine; GTP = guanosine

triphosphate; PLP = pyridoxal phosphate; DTH = dithionite.
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Scheme 3. General H-Atom Abstraction Reaction Promoted by Radical SAM Enzymes?
aMet = L-methionine.
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HydG-Mediated H-Atom Abstraction of Substrate Tyr Followed by Ca—C/f Bond Cleavage
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[(Cys)Fe(CO),(CN)]~ + CN- + 2 p-cresol + 2H;0* + 2Met + 2 5'dAH

Scheme 5. (A) Mechanistic Proposal for the HydG Auxiliary Cluster Reaction? and (B) Proposed
Net HydG Reaction

aKey steps include the following: (1) the initial binding of Cys and Fe2* to the [4Fe—4S]aux
cluster either in a stepwise fashion (as shown here) or by binding of a preassembled (Cys)Fe
complex; (2) binding of Tyr-derived CO and CN~; (3) binding of a second equivalent of
Tyr-derived CO at the dangler Fe and CN™ at the [4Fe—4S]4,x Cluster; (4) substitution of
CN~ with Cys at the [4Fe—4S],,x cluster and release of the [(Cys)Fe(CO),(CN)]~ product.
The His residue depicted is that observed in the Ti HydG X-ray crystal structure.®.
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