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Hydrogenases catalyze the redox interconversion of protons and H2,
an important reaction for a number of metabolic processes and for
solar fuel production. In FeFe hydrogenases, catalysis occurs at the H
cluster, a metallocofactor comprising a [4Fe–4S]H subcluster coupled
to a [2Fe]H subcluster bound by CO, CN–, and azadithiolate ligands.
The [2Fe]H subcluster is assembled by the maturases HydE, HydF,
and HydG. HydG is a member of the radical S-adenosyl-L-methionine
family of enzymes that transforms Fe and L-tyrosine into an
[Fe(CO)2(CN)] synthon that is incorporated into the H cluster. Al-
though it is thought that the site of synthon formation in HydG is the
“dangler” Fe of a [5Fe] cluster, manymechanistic aspects of this chem-
istry remain unresolved including the full ligand set of the synthon,
how the dangler Fe initially binds to HydG, and how the synthon is
released at the end of the reaction. To address these questions, we
herein show that L-cysteine (Cys) binds the auxiliary [4Fe–4S] cluster
of HydG and further chelates the dangler Fe. We also demonstrate
that a [4Fe–4S]aux[CN] species is generated during HydG catalysis, a
process that entails the loss of Cys and the [Fe(CO)2(CN)] fragment; on
this basis, we suggest that Cys likely completes the coordination
sphere of the synthon. Thus, through spectroscopic analysis of HydG
before and after the synthon is formed, we conclude that Cys serves
as the ligand platform on which the synthon is built and plays a role
in both Fe2+ binding and synthon release.
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FeFe hydrogenases catalyze the reversible interconversion of
H2 with protons and electrons, and thereby provide either an

electron source or an electron sink for a variety of metabolic
processes (1). Hydrogenase reactivity occurs at the H cluster,
which consists of a conventional [4Fe–4S]H subcluster coupled to
an organometallic [2Fe]H subcluster that features a 2-aza-1,3-
propanedithiolate (“azadithiolate”) ligand and multiple CO and
CN– ligands (Fig. 1A) (2, 3). The biosynthesis of the H cluster
has garnered much attention (4, 5) given its unusual structure
and exceptional H2 production activity (6). Whereas the [4Fe–
4S]H subcluster is inserted by the housekeeping Fe–S cluster
machinery, the [2Fe]H subcluster is synthesized and inserted by
three accessory proteins: the HydE, HydF, and HydG maturases
(5, 7–9). Both L-tyrosine (Tyr) and L-cysteine (Cys) have been
shown to stimulate in vitro [2Fe]H subcluster biosynthesis (10,
11) with Tyr serving as the precursor to the CO and CN– ligands
(12–14); the role of Cys in H-cluster maturation is less clear and
an emerging area of focus (15).
Significant progress has been made toward elucidating the indi-

vidual functions of the maturases (5). HydG is a member of the
radical S-adenosyl-L-methionine (SAM) family of enzymes (16) and
performs a complex reaction in which Tyr and Fe are transformed
into an [Fe(CO)2(CN)] synthon that is eventually incorporated into
the [2Fe]H subcluster (17) (Fig. 1B). The substrate and product of
the radical SAM enzyme HydE are presently unknown, although it
is thought that HydE plays a role in building the azadithiolate ligand
(5, 15). HydG and HydE are thought to function in concert with the
GTP-hydrolyzing enzyme HydF (18, 19) to generate a [2Fe]H sub-
cluster-like precursor (20–22) that is transferred to the hydrogenase

apoprotein (apo-HydA) to yield the mature H cluster. This mech-
anistic framework continues to undergo substantial refinement as
the chemical details of these processes are unraveled.
HydG contains two Fe–S clusters that play separate roles in

building the [Fe(CO)2(CN)] synthon (17, 23–26). Cleavage of
Tyr to CO and CN– is initiated at the N-terminal, SAM-binding
[4Fe–4S]RS cluster where one-electron reduction of SAM generates
the 5′-deoxyadenosyl radical (5′-dAdo•) (Fig. 1B). Subsequent
H-atom abstraction from the amino group (27) of Tyr (28) in-
duces Cα–Cβ bond cleavage. The resulting 4-hydroxybenzyl radical
(4HOB•) has been observed by EPR spectroscopy (23) indicating
that dehydroglycine (DHG) is an intermediate to CO and CN–;
the mechanism of DHG conversion to CO and CN– is under in-
vestigation (29) and beyond the scope of this paper. The auxiliary,
C-terminal cluster adopts an S = 5/2 spin state and is proposed to
be the site of [Fe(CO)2(CN)] synthon formation (17, 26). The X-ray
crystal structure of chemically reconstituted Carboxydothermus
hydrogenoformans HydG features a [4Fe–4S]RS cluster, however no
auxiliary cluster was observed (25). On the other hand, an X-ray
crystal structure of chemically reconstituted Thermoanaerobacter
italicus (Ti) HydG shows the auxiliary cluster in a structurally un-
precedented [5Fe–5S]aux form, consisting of a conventional [4Fe–
4S] cluster linked via a bridging sulfide to a partially occupied
dangler Fe (26). In this structure, the dangler Fe is further ligated by
a histidine residue and a nonproteinaceous, unidentified amino acid
via its carboxylate and amino groups; this unidentified amino acid
was suggested to be mechanistically irrelevant (26). Support for a
[5Fe]aux cluster was also obtained from EPR spectroscopic studies
of Shewanella oneidensis (So) HydG (26). Taken together, these
results point to the dangler Fe as the site for synthon formation.
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In this work, we report spectroscopic studies of HydG before
[Fe(CO)2(CN)] synthon formation and after synthon release,
including evidence for exogenous Cys binding to the dangler Fe and
formation of a [4Fe–4S]aux[CN] species during turnover. Based on
these results, we propose a mechanism in which Cys serves as the
ligand platform on which the synthon is built and discuss its role in
Fe binding and release.

Results
Wild-type (WT) SoHydG (“HydG”) was expressed in Escherichia
coli BL21(DE3) ΔiscR::kan and purified using StrepTactin
affinity chromatography as previously described (12). Typical
X-band EPR spectra of HydG samples reduced by dithionite
(DTH) show two distinct signals: an S = 1/2 signal near g = 2 that
corresponds to the [4Fe–4S]+RS cluster and an unusual S = 5/2
signal with resonances at geff = 9.5, 4.7, 4.1, and 3.8 that corre-
sponds to the C-terminal, auxiliary cluster (Fig. 2 and SI Appendix,
Fig. S1) (23, 26). In light of the crystallographically observed
TiHydG auxiliary cluster structure, the S = 5/2 spin system ob-
served by EPR spectroscopy may be understood as resulting from

exchange coupling between an S = 2 dangler Fe2+ and an S = 1/2
[4Fe–4S]+aux subcluster (SI Appendix, Fig. S2) (26).
The dangler Fe in HydG may be selectively and reversibly re-

moved by treatment with the metal chelating agent EDTA,
resulting in conversion of the S = 5/2 [5Fe]aux cluster to an S = 1/2
[4Fe]aux cluster (Fig. 2). Subsequent addition of excess Fe2+ cleanly
regenerates the S = 5/2 EPR signal of the [5Fe]aux cluster. This
procedure allows for other metals to be installed into the dangler
position to give nonnative, heteronuclear clusters. For example,
addition of Ni2+ converts the S = 1/2 signal to a new S = 3/2 signal,
as indicated by resonances at geff = 4.8 and 3.6. This spin system
is consistent with a dangler S = 1 Ni2+ center that is exchange-
coupled to the S = 1/2 [4Fe–4S]+aux subcluster (SI Appendix, Fig.
S2) and is reminiscent of that observed for the S = 3/2 form of the
NiFe CO dehydrogenase α-subunit (30).
The reversible [5Fe]↔[4Fe] conversion of the HydG auxiliary

cluster was also studied by Mössbauer spectroscopy. HydGXN—a
mutant wherein the three Cys residues that bind the [4Fe–4S]RS
cluster have been mutated to Ser residues (26)—was expressed
in cells grown on 57Fe-containing medium (“HydGXN-57Fe”) to
give a sample that contains only the 57Fe-labeled auxiliary clus-
ter. The zero-field Mössbauer spectrum of this sample consists
of three doublets (Fig. 3, Center): two that correspond to the
[Fe2+Fe2+] and [Fe2.5+Fe2.5+] pairs of the [4Fe–4S]+aux subcluster
(31) and one that is characteristic of a six-coordinate, S = 2 Fe2+
site which may therefore be ascribed to the dangler Fe; least-
squares fitting of this spectrum yielded the expected 2:2:1 ratio
of integrated areas, respectively (Table 1). The Mössbauer
spectrum of globally 57Fe-labeled WT HydG (“HydG57Fe”) is
similar in its features with additional intensity corresponding to
the [4Fe–4S]+RS cluster (Fig. 3, Left and Table 1). In a separate
sample, the dangler Fe of natural-abundance WT HydG was re-
moved by treatment with EDTA and subsequently reinstalled using
57Fe2+ (“HydG57Fe-dangler”). The resulting Mössbauer spectrum
(Fig. 3, Right) features the dangler Fe doublet as the predominant
signal (∼55%); the remaining [4Fe–4S]+ cluster signal intensity
(∼45%) indicates some 57Fe exchange with the [4Fe–4S] clusters
during sample preparation with a ∼10:1 average selectivity for la-
beling the dangler Fe over any other single Fe site (Table 1). This
study constitutes one of a few examples of site-selective 57Fe la-
beling of Fe–S clusters (32, 33).
Although most samples of as-isolated HydG and HydGXN

display an intense S = 5/2 EPR signal corresponding to the

Fig. 1. Overview of FeFe hydrogenase (HydA) H-cluster bioassembly.
(A) Maturation of apo-HydA. (B) The reaction promoted by HydG. Met =
L-methionine; 5′dAdoH = 5′-deoxyadenosine; other abbreviations as noted
in the text.

Fig. 2. Studies of dangler metal ion removal and incorporation. X-band EPR
spectra of DTH-reduced HydG recorded at 10 K with 5-mW (Left) or 126-μW
(Right) power.

Fig. 3. Mössbauer spectra (zero field, 80 K) of HydG with the total fit (red)
and components corresponding to the dangler Fe2+ (blue), the [4Fe–4S]+aux
(purple) and [4Fe–4S]+RS (green) mixed valence pairs, and adventitiously
bound Fe (gray) (see Table 1 and SI Appendix for fitting details). Red text
indicates 57Fe labeling.
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[5Fe]aux form (Fig. 2 and SI Appendix, Fig. S1), some samples
exhibit additional S = 1/2 EPR signals of variable intensity,
suggesting that the auxiliary cluster is present in one or more
[4Fe]aux forms. An extreme case is shown for a specific HydGXN

sample in which little of the distinctive S = 5/2 EPR signal from
the [5Fe]aux form is present (Fig. 4A). We do not currently un-
derstand why some preparations result in partially degraded
auxiliary clusters. Nevertheless, this sample of dangler-deficient
HydGXN afforded the opportunity to investigate the reconstitution
to the [5Fe]aux form. Based on the [5Fe–5S]aux cluster formulated
for TiHydG (26), our initial experiments focused on the effects of
added Fe2+ and S2–. Incubation with Fe2+ results in conversion of
some of the S = 1/2 [4Fe–4S]+aux signal intensity into higher-spin
forms (Fig. 4A); however, subsequent addition of S2– gave little
further change to the cluster composition (Fig. 4A), suggesting
that S2– is not necessary for [5Fe]aux cluster formation and that
another component is needed for complete reconstitution.
Given the observation of the unidentified amino acid in the

TiHydG structure (26) as well as the finding that Cys stimulates
hydrogenase maturation (10, 11), we hypothesized that the auxiliary
cluster could be composed of a [4Fe–4S]aux cluster linked to the
dangler Fe via a nonproteinaceous Cys thiolate (rather than via a
bridging S2– ligand). Addition of Cys to dangler-deficient HydGXN

gives an appreciable increase in the S = 5/2 [5Fe]aux signal at the
expense of some S = 1/2 [4Fe–4S]+aux signal intensity (Fig. 4A), and
adding both Cys and Fe2+ gives complete conversion to the [5Fe]aux
signal (Fig. 4A). These results indicate that the auxiliary cluster in
the HydGXN samples used for this reconstitution study initially
adopts structures that are deficient in Fe, Cys, or both Fe and Cys.
Finally, treatment of dangler-deficient HydGXN with Cys and
EDTA results in nearly quantitative formation of an S = 1/2
signal (g = [2.06, 1.90, 1.87]; Fig. 4A and SI Appendix, Fig. S3)
that we assign to a [4Fe–4S]aux[Cys] cluster (vide infra). This
signal is also observed upon EDTA addition to nonreconstituted
samples of WT HydG (Fig. 2), suggesting that Cys binds to the
auxiliary cluster in the as-isolated protein.
Based on these findings, we conclude that the [5Fe]aux cluster has

a [4Fe–4S]aux[(κ3-Cys)Fe] structure with the Cys ligand binding the
dangler Fe in a tridentate mode via its carboxylate, amino, and
thiolate donors and that EDTA treatment gives a [4Fe–4S]aux[Cys]

cluster (Fig. 4B). This proposal is based in part on the coordination
geometry of the unidentified amino acid about the dangler Fe in the
TiHydG crystal structure (26). Although we argue in favor of a
native [4Fe–4S]aux[(κ3-Cys)Fe] cluster structure, the crystallographi-
cally observed TiHydG auxiliary cluster may have a different [5Fe]
composition (e.g. a [5Fe–5S]aux cluster as originally reported [26]).
In addition, we have found that Fe2+ and Cys are the only ad-

ditives that convert S = 1/2 [4Fe–4S]+aux signals to the distinctive
S = 5/2 [5Fe]aux signal that is observed in most samples of non-
reconstituted HydG and HydGXN; reconstitution trials in which
L-Cys is replaced by D-cysteine, L-homocysteine, L-alanine + S2–,
or L-serine do not restore the S = 5/2[5Fe]aux signal (Fig. 4A and
SI Appendix, Fig. S4), suggesting that the auxiliary cluster binding
site is specifically tailored for L-Cys. The observed binding speci-
ficity may be rationalized by the presence of two conserved resi-
dues (S342 and Q343, SI Appendix, Fig. S5) that serve as putative
H-bond donors to the carboxylate group of the unidentified amino
acid in the TiHydG crystal structure (26).
To further probe the nature of Cys binding to the auxiliary

cluster, we characterized the [4Fe–4S]aux[Cys] form in the pres-
ence of isotopically labeled Cys using electron-nuclear double
resonance (ENDOR) spectroscopy. For this purpose, dangler-
and Cys-deficient samples of HydG (that would otherwise require
reconstitution with Fe2+ and Cys) were incubated with excess
15N-13C3-Cys or 3-13C-Cys and treated with EDTA to remove any
dangler Fe (SI Appendix, Fig. S6). The orientation-selected Mims

Table 1. Mössbauer fitting parameters corresponding to Fig. 3

Site δ, mm s−1 ΔEQ, mm s−1 Area, % Relative area

HydG57Fe

[4Fe–4S]+aux 0.61*,† 1.58* 21.9 2*,†

0.53* 1.02* 21.9 2*,†

Dangler Fe2+ 1.19 3.47 11.0 1*
[4Fe–4S]+RS 0.58 1.27 19.4 1.8

0.51 1.00 19.4 1.8
Other Fe 0.72 2.85 6.4 0.6
HydGXN57Fe

[4Fe–4S]+aux 0.61 1.58 40.1 2.0†

0.53 1.02 40.1 2.0†

Dangler Fe2+ 1.23 3.64 19.9 1
HydG57Fe-dangler

[4Fe–4S]+ 0.68‡ 1.68‡ 28.1‡
0.8

0.45‡ 1.20‡ 16.9‡

Dangler Fe2+ 1.22 3.64 55.0 1

*Parameters were determined using the HydGXN57Fe sample and fixed dur-
ing spectral fitting.
†The intensities of the [Fe2+Fe2+] and [Fe2.5+Fe2.5+] doublets for each [4Fe–
4S]+ cluster were fixed to be equal.
‡Because of the low intensity of the [4Fe–4S]+ cluster doublets in this sample,
these fitting parameters are likely not accurate. Rather, they were used to
obtain a close fit to the data to estimate the total intensity of the [4Fe–4S]+

cluster doublets relative to that of the dangler Fe2+ doublet.

Fig. 4. Cys binding to the auxiliary cluster. (A) X-band EPR spectroscopic studies
of auxiliary cluster reconstitution in dangler- and Cys-deficient, DTH-reduced
HydGXN recorded at 10 K with 5-mW (Left) or 126-μW (Right) power. (B) Scheme
showing reversible dangler Fe2+ binding. (C) Q-band Mims ENDOR spectra of
HydG treated with DTH, SAM, and EDTA in the presence of 3-13C-Cys (black) with
simulations (blue) using A(13C) = [0.83, 0.83, 1.09] MHz and Euler angles of
[0°, 40°, 0°].
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ENDOR spectra of the sample prepared with 3-13C-Cys (Fig.
4C) display a relatively isotropic hyperfine coupling tensor of
A(13C) = [0.83, 0.83, 1.09] MHz with associated Euler angles of
[0°, 40°, 0°]. Comparison with the Mims ENDOR spectrum of the
sample prepared with 15N-13C3-Cys reveals that the 3-13C nucleus is
the most strongly coupled (SI Appendix, Fig. S7). These findings
are consistent with Cys-thiolate coordination as depicted in Fig. 4B.
We studied the fate of Cys during [Fe(CO)2(CN)] synthon

formation through EPR spectroscopic examination of HydG-cat-
alyzed reaction mixtures (with added DTH, Tyr, and SAM) that
were incubated for 20 min before freezing—conditions that lead
to [Fe(CO)2(CN)] synthon formation as previously shown by
stopped-flow (SF)-FTIR spectroscopy (17). For these studies,
HydG samples were used in which the auxiliary cluster was in its
typical [4Fe–4S]aux[(κ3-Cys)Fe] form. EPR spectra of these 20-min
reaction mixtures display several signals (Fig. 5A and SI Appendix,
Fig. S8), one of which is characterized by g = [2.09, 1.94, 1.93].
This signal is also observed in samples of HydG treated with KCN
in the absence of Tyr and SAM (under nonreaction conditions)
and was previously identified as a [4Fe–4S]aux[CN] species using
hyperfine sublevel correlation (HYSCORE) spectroscopy (26). To
test if this [4Fe–4S]aux[CN] species is formed during the HydG
reaction, we recorded X-band HYSCORE spectra of 20-min re-
action samples prepared with 2-13C-Tyr or 15N-Tyr to selectively
13C- or 15N-label any CN–-containing intermediates. Both sets of
HYSCORE spectra match those of the K13CN- or KC15N-treated
HydG samples, respectively (Fig. 5 C and D), proving that the
[4Fe–4S]aux[CN] species builds up during the reaction (Fig. 5B).
Importantly, the [4Fe–4S]aux[CN] species can only form after the

dangler Fe—along with its Cys, CO, and CN– ligands—has been
released from the [4Fe–4S]aux cluster. Thus, the [Fe(CO)2(CN)]

synthon likely also contains Cys and may therefore be formulated
as the small-molecule complex [(κ3-Cys)Fe(CO)2(CN)]– (Fig. 6A
and SI Appendix, Table S1 and Fig. S9). A small-molecule synthon
such as [(κ3-Cys)Fe(CO)2(CN)]– may not be stable outside of the
protein environment and as such would be handed off directly to
its downstream acceptor. Consistent with this proposal, we have
thus far been unable to observe any organometallic products in
solution by electrospray ionization mass spectrometry.
Finally, we investigated whether Cys can substitute for CN– at

the [4Fe–4S]aux cluster to regenerate the [4Fe–4S]aux[Cys] form.
Indeed, addition of Cys to the [4Fe–4S]aux[CN] form (initially
generated by addition of KCN) results in complete conversion
of the S = 1/2 [4Fe–4S]aux[CN] signal to the S = 1/2 [4Fe–4S]aux[Cys]
signal (Fig. 5 A and B). The facile displacement of CN– by Cys may
be rationalized by both the strong binding of Cys (vide supra) and the
relatively weak binding of CN–; the latter has been observed in both
biological (34) and synthetic (35) [4Fe–4S] clusters. This experiment
demonstrates that regeneration of the [4Fe–4S]aux[Cys] species is a
plausible step in the HydG catalytic cycle (vide infra).

Discussion
With these studies of dangler Fe removal and insertion, Cys
binding at the auxiliary cluster, and the [4Fe–4S]aux[CN] species
observed during HydG catalysis, there is now spectroscopic
support for each of the species shown in Fig. 6A as well as evi-
dence for their interconversion. At the start of the reaction, the
dangler Fe is loaded into the [4Fe–4S]aux[Cys] cluster to give the
[4Fe–4S]aux[(κ3-Cys)Fe] form; alternatively, a (Cys)Fe complex
could be loaded into HydG with Cys serving as a chaperone for
Fe insertion. After SAM-mediated cleavage of Tyr, CO and CN–

are generated, resulting in an [Fe(CO)(CN)] complex that was

Fig. 5. Formation and ligand substitution reactivity of the [4Fe–4S]+aux[CN] species. (A) X-band EPR spectra of HydG recorded at 20 K (top and middle traces)
or 10 K (bottom trace) with 126-μW power (black: data; red: simulation of the [4Fe–4S]aux[CN] signals; blue: simulation of the [4Fe–4S]aux[Cys] signal).
(B) Scheme showing formation of the [4Fe–4S]aux[CN] form and further transformation to the [4Fe–4S]aux[Cys] cluster form. (C) Orientation-selected X-band
HYSCORE spectra of DTH-reduced HydG after a 20-min reaction using SAM and 2-13C-Tyr (Top) or after addition of K13CN (Bottom; reproduced from ref. 26).
(D) Orientation-selected X-band HYSCORE spectra of DTH-reduced HydG after a 20-min reaction using SAM and 15N-Tyr (Top) or after addition of KC15N
(Bottom).
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previously observed by SF-FTIR (17). A second Tyr cleavage
event results in formation of the [4Fe–4S]aux[CN] species and the
organometallic synthon which we formulate as the S = 0 complex
[(κ3-Cys)Fe(CO)2(CN)]–. The CN– ligand derived from the sec-
ond Tyr cleavage event may be directly involved in product re-
lease by functioning as a nucleophile that displaces the synthon
from the [4Fe–4S]aux cluster. Subsequent displacement of CN–

by Cys [or a (Cys)Fe complex] at the [4Fe–4S]aux cluster could
prime the enzyme for another turnover. The mechanism outlined
in Fig. 6A therefore implies the net HydG reaction shown in
Fig. 6B.
This mechanistic proposal accounts for the discrepancy be-

tween the 3:2 ratio of CO:CN– ligands in the [2Fe]H subcluster
(Fig. 1) and the assumption that each HydG-mediated Tyr
cleavage event should produce equal quantities of CO and CN–.
If the biosynthesis of one [2Fe]H subcluster entails formation of
two [(κ3-Cys)Fe(CO)2(CN)]– synthons, then four HydG-mediated
Tyr cleavage events must occur, requiring the loss of one CO
and two CN– ligands during maturation. The formation of two
[(κ3-Cys)Fe(CO)2(CN)]– synthons and two [4Fe–4S]aux[CN]
equivalents accounts for the requisite loss of two CN– ligands in
the manner described above. A CO ligand may then be lost at a
later stage in maturation to give the 3:2 ratio of CO:CN– that is
observed for all redox states except for Hox–CO (4). One illus-
tration of such a process is the loss of CO upon incorporation
of the synthetic [Fe2(CO)4(CN)2(azadithiolate)]2– precursor into
apo-HydA (36).
The evidence presented for Cys coordination to the HydG

auxiliary cluster may clarify the discrepancies about the Fe–S
cluster composition of HydG (SI Appendix, Table S2). Although
SoHydG has been shown to harbor an S = 5/2 cluster (which we
identify here as the [4Fe–4S]aux[(κ3-Cys)Fe] form) (23, 26), EPR
spectroscopic investigations of Thermatoga maritima (Tm) and
Clostridium acetobutylicum (Ca) HydG identified multiple S = 1/2

EPR signals and on this basis suggested a conventional [4Fe–4S]aux
cluster structure (14, 24, 37). These TmHydG and CaHydG samples
were purified using metal-affinity chromatography with sub-
sequent chemical reconstitution using Fe and S2–; however, Cys
was not included during reconstitution, which may explain the
absence of the [4Fe–4S]aux[(κ3-Cys)Fe] cluster in these samples.
Conversely, the previously reported SoHydG preparation em-
ploys a Strep-II tag (11) which allows for gentler chromato-
graphic purification, usually obviating the need for Fe–S cluster
reconstitution. Thus, SoHydG isolated in this manner is typically
preloaded with both Cys and the dangler Fe and is likely re-
flective of the Fe–S cluster composition during both in vivo and
in vitro (11) H-cluster maturation.
The finding that Cys binds to the dangler Fe provides some

chemical insights into its stimulatory effects on FeFe hydrogenase
maturation (10, 11). At the start of the HydG reaction, Cys pro-
motes Fe2+ binding either as a chelator that is already bound to the
auxiliary cluster (Fig. 6A), or as a chaperone in which a (Cys)Fe2+
complex is inserted into HydG. Cys then serves as the supporting
ligand platform on which the [Fe(CO)2(CN)] synthon is built. Its
ensuing fate is unclear. One possibility is that, upon transfer of
HydG’s organometallic product to its downstream acceptor (likely
HydF), Cys simply dechelates, and thereby functions as a carrier for
the synthon. Another possibility is that Cys functions as a substrate
in a series of complex reactions with HydE and/or HydF, being
transformed into part of the azadithiolate ligand in the [2Fe]H
subcluster (10, 15). In either scenario, the hard, weak-field Cys
amino and carboxylate donors are well matched for high-spin Fe
and poorly matched for low-spin Fe; in this regard, Cys is well suited
for performing the delicate balancing act of binding high-spin Fe2+
with high affinity at the start of the HydG reaction and releasing the
low-spin [Fe(CO)2(CN)] synthon.

Materials and Methods
Materials. Nonisotopically enriched chemicals were purchased from common
commercial vendors. Isotopically enriched chemicals (3-13C-L-cysteine, 15N-13C3-L-
cysteine, 15N- L-tyrosine, 2-13C- L-tyrosine, K13CN, and KC15N) were purchased
from Cambridge Isotope Laboratories. All additives except for tyrosine were
dissolved in 50 mM Hepes buffer (pH = 7.5) with 50 mM KCl and adjusted to
pH = 7.5 before use. Tyrosine solutions were prepared as previously described
(23). 57Fe solutions were prepared as previously described (38).

Protein Expression and Purification. S. oneidensis WT HydG (“HydG”), HydGXN,
and HydGXC [also called “HydGSxxS” (23)] were expressed in E. coli BL21(DE3)
ΔiscR::kan cells, purified using a StrepTactin-Sepharose column as previously
described (11, 12, 26), and frozen before the preparation of spectroscopic
samples. 57Fe-labeled samples were generated as previously described (17).

Spectroscopic Sample Preparation. EPR and Mössbauer samples were pre-
pared in an anaerobic glove box under a N2 atmosphere (<1 ppm O2) and
frozen using liquid nitrogen before spectroscopic analysis. All samples made
for the reconstitution studies in Fig. 4A and SI Appendix, Fig. S4 were pre-
pared identically. Unless otherwise indicated, the final substrate concen-
trations for these samples and all other samples were as follows: freshly
thawed HydG, ∼200–1,000 μM; DTH, 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. For example, addition of DTH
(6 μL at 100 mM), SAM (6 μL at 30 mM), Fe2+ (6 μL at 30 mM), and Cys (6 μL at
30 mM) to HydG (36 μL at 750 μM) gives a Cys- and Fe-reconstituted sample
of HydG. For the reconstitution studies in Fig. 4A and SI Appendix, Fig. S4,
reagents were added in the following order: DTH, SAM, Fe2+, then other
additives with S2– being last. Twenty-minute HydG reaction samples were
prepared using DTH (3 mM), SAM, and either 15N-Tyr or 2-13C-Tyr as pre-
viously described (23). HydG57Fe and HydG57Fe-dangler Mössbauer samples
were prepared with DTH, SAM, and Cys. HydGXN-57Fe Mössbauer samples
were prepared with DTH and Cys.

Protocol for Dangler Fe Removal and Subsequent Reinstallation. DTH, SAM,
Cys, and EDTA solutions were added to a freshly thawed solution of HydG (in
that order). The resulting solution was mixed gently and allowed to stand at
room temperature for 20 min. The solution was then diluted 10-fold with

Fig. 6. (A) Proposed mechanism for synthon formation and release from
the auxiliary cluster. Only one stereoisomer of each organometallic species is
shown. (B) Proposed net HydG reaction.
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buffer containing DTH, SAM, and Cys and subsequently concentrated 10-fold
using an Amicon centrifugal filter (30-kDa cutoff). When applicable, the
samples were further treated with Fe2+, 57Fe2+, or Ni2+. EPR samples were
then frozen for spectroscopic analysis. The procedure for preparing HydGXN

samples is identical to that for WT HydG except SAM is omitted. The WT
HydG57Fe-dangler Mössbauer sample was prepared with the following addi-
tional series of steps before freezing to ensure rigorous removal of excess
57Fe2+: after addition of 57Fe2+, the sample was diluted 10-fold with buffer
containing DTH, SAM, and Cys, and subsequently concentrated 10-fold.
This series of steps was performed a total of three times.

KCN Treatment Followed by CN– Displacement by Cys. DTH, SAM, and 15 mM
K13CN (or KC15N) were added to a freshly thawed solution of HydG (in that
order). The solution was mixed gently and allowed to stand at room tem-
perature for 20 min. The solution was then diluted 10-fold with buffer
containing DTH, SAM, and Cys (or no Cys for the control experiment) and
subsequently concentrated 10-fold using an Amicon centrifugal filter (30 kDa
cutoff) to give the [4Fe–4S]aux[Cys] form (or the [4Fe–4S]aux[CN] form for the
control experiment). This procedure was adapted from a previously reported
protocol (26).

EPR Spectroscopic Methods. X-band continuous-wave EPR spectrawere recorded
at 9.4 GHz using 5.0 G modulation amplitude. HYSCORE spectra were recorded

at 9.7–9.8 GHz and 10 K using the pulse sequence π/2-τ-π/2-t1-π-t2-π/2-τ-echo,
wherein both the excitation and the inversion pulse lengths are identical (16 ns).
Values of τ were chosen to suppress 1H nuclear coherences (τ = 128–140 ns).
Mims ENDOR spectra were acquired in stochastic mode at 34.0 GHz and 7 K. The
π/2-τ-π/2-πRF-π/2-τ-echo pulse sequence was used with an excitation pulse length
of 16 ns, an rf pulse length of 20 μs, and τ value of 220 ns. Spectral simulations
were performed with MATLAB using the EasySpin 4.5.5 toolbox (39). See
SI Appendix.

Mössbauer Spectroscopic Methods. Mössbauer spectra were recorded at zero
field on a See Co. MS4 spectrometer equipped with a Janis SVT-400 cryostat.
Spectra were calibrated using an Fe foil standard at room temperature. Spectra
were processed and least-squares fit using WMOSS4 (40). Quadrupole doublets
were fit to Voigt profiles with Lorentzian linewidths of 0.19 mm s−1 (full-width
at half maximum) and variable Gaussian linewidths. See SI Appendix.
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EPR spectroscopic methods (expanded from the main text) 

X-band continuous-wave (CW) EPR spectra were collected on a Bruker ELEXSYS E500 

spectrometer equipped with a cylindrical TE011-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 5.0 G modulation amplitude unless otherwise indicated. 

HYSCORE and Mims ENDOR spectra were recorded using a Bruker ELEXSYS E580 

spectrometer, a CF935 cryostat (Oxford Instruments), and an ITC-5 temperature controller 

(Oxford Instruments). HYSCORE spectra were acquired at 9.7-9.8 GHz and 10 K with a split-

ring (MS5) resonator using the pulse sequence π/2-τ-π/2-t1-π-t2-π/2-τ-echo wherein both the 

excitation and the inversion pulse lengths are identical (16 ns). Values of τ were chosen to 

suppress 1H nuclear coherences (τ = 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 eight-fold points, and fast Fourier-transformed to yield the frequency-

domain spectra. Mims ENDOR spectra were acquired in stochastic mode at 34.0 GHz and 7 K 

using an R. A. Isaacson cylindrical TE011-mode resonator. The π/2-τ-π/2-πRF-π/2-τ-echo pulse 

sequence was employed with an excitation pulse length of 16 ns, an RF pulse length of 20 µs, 

and τ value of 220 ns. Spectral simulations were performed with Matlab using the EasySpin 

4.5.5 toolbox (1) and anisotropic spectral broadenings were accounted for using the g-strain 

function. Euler angles follow the yzy convention. 
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Notes on Mössbauer spectral fitting 

HydG57Fe: The parameters (δ, ΔEQ, and linewidths) for the [4Fe–4S]+
aux quadrupole 

doublets were initially obtained from the HydGXN-57Fe spectrum and fixed when fitting the 

HydG57Fe spectrum (the relative areas of the two [4Fe–4S]+
aux and dangler Fe2+ quadrupole 

doublets were fixed at 2:2:1 for the HydG57Fe spectrum, respectively, which is consistent with the 

fits to the HydGXN-57Fe spectrum). For the HydG57Fe spectrum, the areas of the [4Fe–4S]+
RS 

quadrupole doublets are somewhat lower relative to those of the [4Fe–4S]+
aux quadrupole 

doublets which may indicate partial degradation of the [4Fe–4S]+
RS cluster. The additional 

intensity ascribed to “other Fe” may be adventitiously bound Fe2+ in the place of the [4Fe–4S]+
RS 

cluster.  

HydGXN-57Fe: The HydGXN-57Fe spectrum displays a single species: [4Fe–4S]+
aux[(κ3-Cys)Fe]. 

HydG57Fe-dangler: This spectrum displays a prominent quadrupole doublet ascribed to the 

dangler Fe2+ as well as additional intensity which may be attributed to 57Fe incorporation into 

one or more of the [4Fe–4S]+ clusters. This additional intensity was fit primarily with the 

purpose of obtaining its area relative to that of the dangler Fe2+ quadrupole doublet. Because of 

the low intensity of these peaks, the δ and ΔEQ parameters for the [4Fe–4S] species in Table 1 

are likely not accurate.  

 

Density functional theory (DFT) methods and results 

The minimum-energy structures of the three stereoisomers of the putative small-molecule 

synthon, [(κ3-Cys)Fe(CO)2(CN)]– (1-3) were optimized using the BP86 functional (2, 3) in 

Gaussian09 (4). The LANL2TZ+ basis set (5) was used for the Fe, and the 6-311+g** basis set 

was used for all other atoms. The environment of the molecular models was considered via self-
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consistent reaction field (SCRF) polarizable continuum model using the integral equation 

formalism (IEF-PCM) (6) as implemented in Gaussian09, with the solvent parameters as default 

for H2O.  

The three stereoisomers were found to be of similar energy and predicted to exhibit broadly 

similar ν(CO) and ν(CN) IR energies and intensities (Table S2). The relative intensities of the 

modes are similar to those of the observed data, but the ν(CO) frequencies of the computed 

models are significantly lower which reflects the overall anionic molecular charge. Although an 

H2O solvation model was employed in these calculations, any effects of the protein environment 

on the effective local charge were not accounted for. Nevertheless, in order to illustrate the 

strong correlation between the overall charge and the ν(CO) energies, we also optimized neutral, 

S-protonated complexes 1H-3H. The proton was oriented trans to the Cys-carboxylate which is 

the orientation in which a Lewis-acidic Fe atom from the [4Fe–4S]aux cluster would be bonded in 

a [4Fe–4S]aux[(κ3-Cys)Fe(CO)2(CN)] intermediate. As expected, the computed ν(CO) energies in 

these hypothetical protonated species are significantly higher than those of the anionic 

complexes 1-3 and are closer to the observed ν(CO) energies.  
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Supplementary Figures 
 

 

 

Fig. S1 
X-band CW EPR spectra of non-reconstituted HydG (top), HydGXC (also referred to as HydGSxxS 
(7); middle), and HydGXN (bottom). All samples were treated with DTH, and the HydG and 
HydGXC samples were further treated with SAM. The S = 5/2 EPR signals in the HydG and 
HydGXN samples (left panel) correspond to the C-terminal [4Fe–4S]aux[(κ3-Cys)Fe] cluster form. 
The major S = 1/2 signal in the HydG and HydGXC samples (right panel) corresponds to the 
SAM-bound form of the N-terminal [4Fe–4S]RS cluster. The additional signal intensity in the 
HydG sample represents a small amount of the [4Fe–4S]aux cluster that is deficient in Fe2+ and/or 
Cys. These HydG and HydGXN spectra are representative of typical HydG preparations, wherein 
the auxiliary cluster is isolated predominantly in its [4Fe–4S]aux[(κ3-Cys)Fe] cluster form. 
Experimental parameters: 10 K; 5 mW (left panel) or 126 µW (right panel). 
  



 
 

 
 

6 

 

Fig. S2 
Exchange-coupling schemes that account for the observed spin states of the auxiliary cluster in 
its native [4Fe–4S]aux[(κ3-Cys)Fe] and non-native [4Fe–4S]aux[(κ3-Cys)Ni] forms. Blue: 
[Fe2+Fe2+] mixed-valence pairs; orange: [Fe2.5+Fe2.5+] mixed-valence pairs; red: Fe2+; purple: 
Ni2+. 
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Fig. S3 
X-band CW EPR spectrum (black) of HydGXN poised in its [4Fe–4S]aux[Cys] cluster form by 
treatment with DTH, Cys, and EDTA. Corresponding simulation (red) with g =  [2.064, 1.895, 
1.865] and g-strain of [0.025, 0.042, 0.038]. Experimental parameters: 10 K, 7.96 µW. 
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Fig. S4 
X-band CW EPR spectroscopic reconstitution studies of a batch of dangler- and Cys-deficient 
HydG. All samples were treated with DTH and SAM; other sample-specific additives are noted 
in the figure. Experimental parameters: 10 K; 5 mW (left panel) or 126 µW (right panel). Very 
little of the distinctive S = 5/2 signal corresponding to the [4Fe–4S]aux[(κ3-Cys)Fe] cluster is 
observed in the absence of added Cys. Addition of Cys with no added Fe2+ gives significant S = 
5/2 signal intensity, suggesting that this batch of HydG is greatly deficient in Cys and only 
partially deficient in Fe. Only Cys restores the S = 5/2 signal that is observed in most batches of 
HydG and HydGXN (as in Figs. 2 and S1).  
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Fig. S5 
Alignment of HydG sequences with the residues responsible for auxiliary cluster binding 
highlighted in red. Two residues in the TiHydG crystal structure—S342 and Q343—serve as 
putative H-bond donors to the carboxylate group of the unidentified amino acid (8) and are 
conserved amongst HydG from various organisms, suggesting that these residues likely 
contribute to the observed L-Cys binding specificity.  In addition to the SQ motif, the Cx2Cx22C 
motif which binds the [4Fe–4S] subcluster and the H residue which binds the dangler Fe (8) are 
highlighted. Sequences were aligned using the UniProt database (9).   
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Fig. S6 
EPR spectra of Cys- and dangler-deficient HydG used for preparing isotopically labeled [4Fe–
4S]aux[Cys] samples. All samples were treated with DTH and SAM; other sample-specific 
additives are noted in the figure. Experimental parameters: 10 K; 5 mW (left panel) or 126 µW 
(right panel). This preparation of HydG was demonstrated to be partially deficient in Fe and 
almost completely deficient in Cys (Fig. S4; two traces are reproduced here for clarity). The 
bottom trace shows clean formation of the [4Fe–4S]aux[3-13C-Cys] signal as well as the [4Fe–
4S]RS[SAM] signal that is present in all three traces. The signals in the bottom trace are more 
intense than the others because a higher HydG concentration was employed for subsequent 13C 
ENDOR studies (Fig. 4C).  
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Fig. S7 
Q-band Mims ENDOR spectra recorded at g = 1.903 of WT HydG treated with DTH, SAM, and 
either 15N-13C3-Cys (black, top) or 3-13C-Cys (black, bottom). Simulation of the 3-13C hyperfine 
tensor (blue): A(13C) = [0.83, 0.83, 1.09] MHz with corresponding Euler angles of [0˚, 40˚, 0˚]. 
This comparison shows that the 3-13C nucleus is the most strongly coupled 13C nucleus. No 
coupling to 15N in the 15N-13C3-Cys sample was observed, which is consistent with thiolate—
rather than amino—coordination of Cys to the [4Fe–4S]aux cluster.  
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Fig. S8 
Representative X-band CW EPR spectrum (black) of HydG reacted with DTH, SAM, and Tyr 
after 20 min. Full simulation (red, top) with four components (middle): [4Fe–4S]aux[13CN] 
cluster, g =  [2.087, 1.930, 1.925], g-strain of [0.025, 0.020, 0.040], 24%, blue; unidentified 
signal I, g =  [2.056, 1.910, 1.894], g-strain of [0.025, 0.014, 0.039], 18%, gold; unidentified 
signal II, g =  [2.046, 1.944, 1.909], g-strain of [0.018, 0.012, 0.041], 34%, teal; [4Fe–
4S]RS[SAM] cluster, g =  [2.014, 1.889, 1.849], g-strain of [0.025, 0.031, 0.042], 25%, magenta. 
Accurate determinations of the g-values and relative populations of the species have not yet been 
made due to the high degree of spectral overlap and similar relaxation profiles for several of the 
signals. Experimental parameters: 20 K, 126 µW.  
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Fig. S9 
Optimized structures of complexes studied by DFT with results presented in Table S1. Fe 
(orange), sulfur (yellow), oxygen (red), nitrogen (blue), carbon (gray), hydrogen (white)..  
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Supplementary Tables 

 

Table S1. DFT calculations of [(κ3-Cys)Fe(CO)2(CN)]– and (κ3-CysH)Fe(CO)2(CN).   

 
Complex 1– 1H 2– 2H 3– 3H Observed 

Molecular charge 1– 0 1– 0 1– 0 
 

Relative energy 
(kcal mol-1) 

0.6 -- 1.5 -- 0 -- 
 

-- 1.3 -- 1.2 -- 0 
 

ν(CO)asym 
ν (cm-1) 1928.2 1972.3 1928.5 1977.9 1930.4 1974.5 2005 

A (km mol-1) 1462.7 1298.3 1557.1 1260.9 1592.2 1363.3 
 

ν(CO)sym 
ν (cm-1) 1988.8 2032.3 1989.6 2033.5 1992.9 2034.2 2057 

A (km mol-1) 1448.3 1097.9 1440.3 1143.3 1142.4 1009.9 
 

ν(CN) 
ν (cm-1) 2097.4 2117 2089.3 2110.9 2094.2 2117.6 2106 

A (km mol-1) 211.1 123.5 256.3 140.4 230.4 118.1 
 

Relative 
intensity 

A(CO)sym / 
A(CO)asym 0.99 0.85 0.92 0.91 0.72 0.74 0.89 

A(CN) / 
A(CO)asym 0.14 0.1 0.21 0.11 0.14 0.09 0.25 
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Table S2. Reports of HydG auxiliary cluster composition.   
 

Organism Purification 
method 

Reconstitution 
procedure 

Reported auxiliary cluster form 
(method of determination) References 

T. maritima Ni-affinity 
Fe2+, S2–, 
DTT, then 
EDTA 

[4Fe–4S] (CW-EPR) (10) 

C. acetobutylicum Ni-affinity Fe3+, S2–, DTT [4Fe–4S] (CW-EPR) (11, 12) 

C. hydrogenoformans Ni-affinity Fe3+, S2–, DTT none (X-ray crystallography) (13) 

T. italicus Ni-affinity Fe3+, S2–, DTT 37% [4Fe–4S][(S)Fe(κ2-a.a.)] 
(X-ray crystallography) (8) 

S. oneidensis Strep-tactin none [4Fe–4S][(κ3-Cys)Fe]  
(CW and pulse EPR) 

(14, 15) 
and this 
work 

C. acetobutylicum Strep-tactin none none (pulse EPR)* (16) 

a.a. = unidentified amino acid. *: Although the C. acetobutylicum (Ca) and S. oneidensis (So) 
HydG purification procedures are similar, the reported EPR spectrum of CaHydG (16) was 
recorded using electron spin echo (ESE) detection at 10 K. These experimental parameters would 
likely preclude the observation of the S = 5/2 spin system that corresponds to the [4Fe–4S]aux[(κ3-
Cys)Fe] cluster form in SoHydG because, in our experience, the S = 5/2 [4Fe–4S]aux[(κ3-Cys)Fe] 
signal relaxes too quickly at 10 K to observe electron spin echoes (as generated, for example, 
using a π/2–τ–π–echo pulse sequence).  
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