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ABSTRACT: Three maturase enzymesHydE, HydF,
and HydGsynthesize and insert the organometallic
component of the [FeFe]-hydrogenase active site (the
H-cluster). HydG generates the first organometallic
intermediates in this process, ultimately producing an
[Fe(CO)2(CN)] complex. A limitation in understanding
the mechanism by which this complex forms has been
uncertainty regarding the precise metallocluster composi-
tion of HydG that comprises active enzyme. We herein
show that the HydG auxiliary cluster must bind both L-
cysteine and a dangler Fe in order to generate the
[Fe(CO)2(CN)] product. These findings support a
mechanistic framework in which a [(Cys)Fe(CO)2(CN)]

−

species is a key intermediate in H-cluster maturation.

The redox interconversion of protons and H2 is central to
a number of metabolic processes and to the generation

of solar fuels from sunlight and water. [FeFe] hydrogenases
are the most active biological catalysts for H2 production

1 and
employ a unique active sitethe H-clusterwhich consists of
a conventional [4Fe-4S]H subcluster bridged via a cysteine
residue to a structurally unique [2Fe]H subcluster (Scheme
1A). The organometallic [2Fe]H subcluster is synthesized
from inorganic and organic precursors (Scheme 1A) in a
complex process performed by three maturase enzymes:
HydE, HydF, and HydG.2 HydF is thought to serve as a
scaffold for the assembly of a di-iron precursor that is inserted
into apo-HydA (which does not contain the [2Fe]H
subcluster) to produce active holo-HydA.3 HydE and HydG
are members of the radical S-adenosyl-L-methionine (SAM)
family of enzymes4 and are involved in the synthesis of this
di-iron precursor. In particular, HydG is responsible for
building the first organometallic intermediates to the [2Fe]H
subcluster and is the subject of this Communication.
HydG reductively cleaves SAM to generate a 5′-

deoxyadenosyl radical (5′-dA•) that abstracts an H-atom
from substrate L-tyrosine (Tyr) (Scheme 1B).5 The resulting
N-centered radical6 undergoes Cα−Cβ bond scission to give
the 4-hydroxybenzyl radical (4HOB•) as observed by EPR
spectroscopy.7 The other fragment of the Tyr cleavage step,
dehydroglycine (DHG), is transformed into CO and CN−.8,9

FTIR spectroscopic studies have demonstrated that these Tyr-
derived diatomics comprise the [2Fe]H subcluster,10 and time-
resolved FTIR spectroscopic studies have shown that
organometallic species are generated when HydG is mixed
with Tyr, SAM, and dithionite (DTH).11 In addition, 57Fe
ENDOR spectroscopic studies have shown that Fe in the
[2Fe]H subcluster is derived from HydG.11 Taken together,
these studies point to an [Fe(CO)2(CN)] species produced
by HydG as a key synthon in H-cluster biosynthesis.11

In order to assess the mechanism by which the [Fe-
(CO)2(CN)] species is formed, the starting metallocluster
composition of HydG must be known. HydG harbors a [4Fe-
4S] cluster that is bound by a CX3CX2C motif near the N
terminus (“[4Fe-4S]RS”) as well as an auxiliary cluster that is
bound by a CX2CX22C motif near the C terminus; the [4Fe-
4S]RS cluster is responsible for SAM cleavage, and the
auxiliary cluster is thought to be the site of [Fe(CO)2(CN)]
synthon formation.11 Four candidates for the starting auxiliary
cluster structure and its transformation to the [Fe-
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(CO)2(CN)] synthon have been proposed (Scheme 2): (a) a
[4Fe-4S]aux cluster,

11 (b) a [5Fe-5S]aux cluster,
12 (c) a [4Fe-

4S]aux[(Cys)Fe] cluster (Cys = L-cysteine),13 and (d) a [4Fe-
4S]aux[(Hcy)Fe] cluster (Hcy = L-homocysteine).14 Proposal
(c) integrates earlier spectroscopic11,12 and structural12

findings with recent EPR spectroscopic studies which showed
that the auxiliary cluster in as-isolated Shewanella oneidensis
(So) HydG binds both a dangler Fe and Cys.13 These studies,
combined with reports that Cys stimulates in vitro hydro-
genase maturation,15,16 indicate a [4Fe-4S]aux[(Cys)Fe]
structure for the auxiliary cluster (Scheme 2c).13 On the
other hand, it has been reported that CO and CN− are
generated in HydG samples that contain only a [4Fe-4S]aux
cluster structure.17 And it has been recently suggested that
Hcy could substitute for Cys (Scheme 2d),14 though EPR
spectroscopic studies have shown that structural analogues of
Cys such as Hcy, D-cysteine, and L-serine do not bind to the
auxiliary cluster to an appreciable extent.13 Regardless, there
have been no reports in which the HydG auxiliary cluster
structure has been rigorously correlated with the production
of the [Fe(CO)2(CN)] synthon, and as such, the importance
of the dangler Fe and/or Cys in this process is uncertain. We
herein use a combined EPR and FTIR spectroscopic approach
to determine which starting auxiliary cluster structure(s) lead
to [Fe(CO)2(CN)] product formation.
When reduced by DTH, So HydG typically displays two

EPR signals: an S = 1/2 signal corresponding the [4Fe-4S]RS
cluster and a distinctive S = 5/2 signal corresponding to the
[4Fe-4S]aux[(Cys)Fe] cluster (Figure 1A).

7,12,13,18 Other forms
of the auxiliary cluster, including [4Fe] forms that are
deficient in the dangler Fe and [5Fe] forms that are deficient
in Cys, have been observed in HydG from other
organisms12,17,19 and in some So HydG batches.13 It is not

clear why some batches of HydG give rise to auxiliary cluster
forms that are deficient in the dangler Fe and/or Cys,
however all such forms are easily distinguished from the [4Fe-
4S]RS and [4Fe-4S]aux[(Cys)Fe] clusters using EPR spectros-
copy and may be converted to the S = 5/2 [4Fe-
4S]aux[(Cys)Fe] form by addition of Fe2+ and/or Cys.13

Four types of samples are required for distinguishing
between the models in Scheme 2: one in which the dangler is
not bound (sample 1), one in which Cys is not bound
(sample 2), one in which both the dangler Fe and Cys are
bound (sample 3), and one in which Cys is not bound and
Hcy is present in solution (sample 4). Sample 3 may be
trivially generated either by using HydG that is preloaded
with both the dangler Fe and Cys or by reconstituting with Fe
and/or Cys as necessary.13 Sample 1 may be generated by
addition of EDTA to HydG in the presence of Cys.13

Although a method for reliably preparing Cys-deficient
samples of HydG (e.g., samples 2 and 4) has not been
reported, samples of HydG that are isolated in a Cys-deficient
form (as determined by EPR spectroscopy) may be used for
this purpose.13

Using the strategy outlined above, the four samples
required for this study were generated from a single batch
of Cys-deficient HydG. In the presence of DTH and SAM,
EPR spectra of all samples show the expected SAM-bound
[4Fe-4S]RS cluster signal with characteristic g1 = 2.01 (Figure
2). Removal of the dangler Fe was effected by treatment with

Scheme 2a

aNote: only one stereoisomer is shown for each [Fe(CO)2(CN)]
complex.

Figure 1. Typical EPR spectra (A) of as-isolated HydG.
Experimental parameters: 9.4 GHz, 10 K, 5 mW (left panel) or
126 μW (right panel). Typical FTIR spectrum (B) of HydG after
reacting with 13C9-Tyr, SAM, and DTH for 1200 s.

Figure 2. EPR spectra of HydG samples 1−4. Experimental
parameters: 9.4 GHz, 10 K, 5 mW (left panel) or 126 μW (right
panel).
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EDTA13 to give the dangler-free, S = 1/2 [4Fe-4S]aux[Cys]
form with the characteristic g1 = 2.06 feature (Figure 2,
sample 1). When only treated with DTH and SAM (Figure 2,
sample 2), this batch of HydG shows a number of signals
indicating multiple S = 1/2 [4Fe-4S]aux cluster forms (with g1
> 2.01, seen as broad shoulders to the [4Fe-4S]RS cluster
signal), multiple S = 5/2 [5Fe]aux forms (indicated by a sharp
feature with geff = 5.2 and other broad features), and a small
amount of the S = 5/2 [4Fe-4S]aux[(Cys)Fe] form with geff =
9.5. Consistent with previous findings,13 addition of Cys
simplifies the auxiliary cluster speciation (Figure 2, sample 3)
with the major auxiliary cluster signal now corresponding to
the S = 5/2 [4Fe-4S]aux[(Cys)Fe] form. Thus, Cys addition
induces transformation of the various [4Fe]aux and [5Fe]aux
forms to the [4Fe-4S]aux[(Cys)Fe] form. Addition of Hcy
affects several of the minor EPR signals (as would be expected
for addition of a thiol to an Fe-S cluster enzyme; Figure 2,
sample 4), but importantly does not regenerate the distinctive
S = 5/2 signal that is observed in typical, as-isolated HydG
samples (Figure 1A).13 This set of HydG samples therefore
comprises the four samples needed to distinguish the models
in Scheme 2.
FTIR spectroscopy is the only reported assay for [Fe-

(CO)2(CN)] synthon formation.11,20 When HydG is mixed
with 13C9-Tyr, SAM, and DTH, an [Fe(CO)(CN)]
intermediate (“Complex A”) is initially generated and
subsequently transformed into a second species (“Complex
B”) with the formula [Fe(CO)2(CN)].

11 FTIR spectra
acquired >100 s after initiating the HydG reaction typically
show a mixture of Complexes A and B (Figure 1B). In this
study, we use the intensity of the ν(13CO) = 2010 cm−1 mode
that corresponds to Complex B as an assay for [Fe-
(CO)2(CN)] product formation;21 similar results are obtained
when using the ν(13CO) = 1960 cm−1 mode (see Figure S1).
Mixing sample 1 with SAM and 13C9-Tyr results in no

Complex B formation, as determined by FTIR spectroscopy
(Figure 3). This demonstrates that the dangler Fe is integral
for [Fe(CO)2(CN)] synthon formation. Both samples 2 and 4
generate a small amount of Complex B with qualitatively
similar kinetic profiles; additional [Fe(CO)x(CN)y] species
are not observed within the detection limit of the experiment
(other than Complex A). On the other hand, sample 3 yields
strong signals corresponding to Complex B that are consistent
with previous findings.11 Thus, the [4Fe-4S]aux[(Cys)Fe]
form, which is the major auxiliary cluster form in sample 3
and a minor form in samples 2 and 4, is clearly implicated in
[Fe(CO)2(CN)] product formation. Moreover, the other

[5Fe]aux forms present in sample 2 are not sufficient for
generating high yields of Complex B, and unlike Cys, Hcy
does not significantly restore activity for Complex B
formation. Similar conclusions may be drawn by analyzing
Complex A formation using the ν(13CO) = 1906 cm−1 mode
(see Figure S2) or by repeating the experiment with a
different batch of Cys-deficient HydG (see Figure S3). These
findings collectively point to the requirement of a [4Fe-
4S]aux[(Cys)Fe] cluster for [Fe(CO)2(CN)] product for-
mation.
It is also noteworthy that the relative intensity of the

ν(13CN) signals(s) to the ν(13CO) signals is higher in
samples 2 and 4 compared with sample 3. This indicates the
presence of additional CN−-containing species such as [4Fe-
4S]aux[CN] (which has been previously identified by EPR
spectroscopy),13 other Fe−CN complexes, and/or free CN−.
The greater relative quantities of these species in samples 2
and 4 may be attributed to enzyme forms that are not active
for [Fe(CO)2(CN)] product generation but are nonetheless
capable of adventitious CN− production.11,14,17,22 In addition,
the yields of Complex B in samples 2 and 4 are lower than
what would be predicted based on the EPR data, which
suggest that these samples contain up to ∼30% of the [4Fe-
4S]aux[(Cys)Fe] form relative to sample 3 and should
therefore generate up to ∼30% as much Complex B.
Moreover, the kinetic profile of Complex B formation is
different between sample 3 and samples 2 and 4. Determining
the origin of these differences will be the subject of future
work. Regardless of the reason for the unexpectedly low
product quantities observed in samples 2 and 4, these findings
indicate that the [4Fe-4S]aux[(Cys)Fe] structure is required
for generating the [Fe(CO)2(CN)] product.
In conclusion, we have linked the starting Fe-S cluster

content of HydG with the activity of HydG toward
[Fe(CO)2(CN)] synthon formation, showing that both Cys
and the dangler Fe in the [4Fe-4S]aux[(Cys)Fe] cluster form
are required for this process. This supports the proposal that a
[(Cys)Fe(CO)2(CN)]

− complex is built on the HydG
auxiliary cluster and is a central intermediate in [FeFe]-
hydrogenase H-cluster maturation.13 This work also highlights
the importance of determining the auxiliary cluster structure
when interpreting biochemical or spectroscopic data on
HydG, particularly because several auxiliary cluster forms
may allow for the generation of byproducts and/or
intermediates such as p-cresol, glyoxylate, CN−, formate, and
CO, but only the [4Fe-4S]aux[(Cys)Fe] structure leads to
[Fe(CO)2(CN)] product formation.

Figure 3. Comparison of Complex B formation in HydG samples 1−4 using 13C9-Tyr and the additives listed in Figure 2. Spectra (A) recorded
at 1200 s. Time evolution of Complex B formation (B).
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